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Preface

This volume is the rzport of the Panel on Nuclear Physics of the
Physics Survey Committee, established by the National Research
Council in 1983. The report presen's many of the major advances in
nuclear phvsics during the past dc zade. sketches the impacts of nuclear
physics on other sciences and on society, and describes the current
frontiers of the field. It concludes with a chapter on the recommended
priorities for this discipiine.

The Panel on Nuclear Physics developed this report through its
meetings in May 1983 and January 1984 and through extensive corre-
spondence. We also joined with the Nuclear Science Advisory Com-
mittee (NSAC) of the Department of Energy and the National Science
Foundation dunng its week-long Workshop in July 1983, -*>n the
major draft of its 1983 Long Range Plan was formulated. Appendix B
lists those who attended the Workshop. which included broad partic-
ipation beyond the members of NSAC or our Panel.

Most of the comments from 11 reviewers (see Appendix B}, chosen
1o provide a representative viewpoint from the nuclear-science com-
munity, were incorporated into the manuscript, which was submitted
to the National Research Council in May 1984 for further review.
Additional comments were subsequently incorporated, and the final
manuscript was submitted in August 1984,

Clearly, a comprehensive coverage of the field of nuclear physics
wouid be impossible in a report of this size. Of necessity, only an
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overview of selected topics can be given, and the Panel has attempted
to maintain a rcasonable balance throughout. Although no explicit
reference to nuclear chemisti'y per se is made in this report, we wish to
note that nuclear chemists and nuclear physicists are working toward
the same goal of understanding the nucleus. They thus have many
interests in common and share the same experimentai facilities.

The Panel wishes to thank the reviewers as well as the members of
the Physics Survey Committee, the Board on Physics and Astronomy
of the National Research Council. and a number of other individuals
for their help in this task. We wish particularly to thank Fred Raab for
his outstanding and invaluable assistance in ihe technical rewnting and
editing of this report.
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Executive Surnmary

MUCLEAR PHYSICS TODAY

Nuclear physics deals with the properties of atomic nuclei, their
structure and interactions, and the laws governing the forces between
their constituents. The interactions in nuclei have their roots in the
interactions of eleinentary particles, the quarks and gluons that to-
gether constitute nuclear matter. But additional dynamical forces, long
known to exist in nuclei, cannot be understood with elementary
particles alone, just as new cooperative interactions, not recognizable
in nuclei or atoms, are known to exist in macroscopic materials.

The basic questions facing nuclear physics today span a broad range,
including strong and electroweak interactions, and cover the properties
of the physical world from the microscopic scale of nuclear forces to
the large-scale structure of the universe. Nuclear physics deals with
many-body aspects of the strong interaction. It also deals with tests of
fundamental theories and symmetries. Furthermore, nuclear physics
plays an important role ir the fields of astrophysics and cosmology.

Our understanding of nuclear structure a=~- =uClear dynamics con-
tinues to evolve. New simple modes of exci....ion have emerged, new
symmetries are appearing, and some completely new phenomena are
being discovered.

In the 1970s, for example, several new modes of vibration of nuclei
were discovered, using the technique of inelastic scattering of charged
particles from target nuclei. One of these vibrations, the giant mono-
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2 NUCLEAR PHYSICS

pole, is particularly significant because of its direct relation to the
heretofore unmeasured compressibility of nuclear matter. In similar
studies using pions as projectiles, important information on the relative
roles of protons and neutrons in nuclear vibrations has been gained, as
well as that of nucleon excited states called deltas. ]

The use of high-energy electron scattering from nuclei has revealed
unprecedented levels of detail of nuclear structure, in terms not only of
the nucleons but also of the mesons present in nuclei and, to a
rudimentary degree, of the quarks that compose ail of these particles.
Such studies represent one of the major frontiers of nuclear physics
today.

At the opposite extreme of projectile size, heavy ions have come into
increasingly widespread use, particularly as versatile probes of nuclez.r
dynamics. Their massive impact on target nuclei can cause a great
variety of excitations and reactions, analyses of which are invaluable
for understanding different kinds of motions of the nucleons within a
nucieus. Heavy-ion collisions have also been indispensable for produc-
ing many exotic nuclear species, including four new chemical elements
(numbers 106 through 109) during the past decade.

It is noteworthy that almost all nuclear-physics research to date has
been possible only within the very limited domain of nuclei under
conditions of low nuclear temperature and normal nuclear density. The
vastly greater domain of high-temperature, high-density nuclear phys-
ics has just recently begun to be explored, using heavy-ion projectiles
at relativistic energies. This too is currently a major frontier of the field.

Inevitably, fundamental r.ew problems arise to challenge our under-
standing of nuclear physics. For example, although we now know how
to explain certain nucicar phenomena in tcrms of the presence, within
nuclei, of mesons in addition to protons and neutrons, we are not yet
able to solve the corresponding equations of quantum chromodynamics
(the quantum field theory that is belicved to govern the manner in
which these particles interact) to describe the effects in question.

Current efforts to solve this problem are particuiarly important
because they hold the promise of new ir-ights into one of the
fundamental forces of nature, the so-called stro .g force. Indeed, the
nucleus in general represents a uniquely endowed laboratory for
investigating the relationships among the fundamental forces as well as
the symmetry principles underlying all physical pheroinena. Its key
role in shaping our view of the cosmos is evident in the field of nuciear
astrophysics, which provides information vital to our understanding of
the origin and evolution of stars and of the universe itself. On the
Earth, meanwhile, nuclear medicine (including the development and
use of cpecifically tailored radioisotopes and accelerator beams for
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? both diagnostic and therapeutic procedures), nuclear power (both

: fissicn #nd fusion), materials modification and analysis (for example,
ion implantation and the fabrication of semiconductor microcircuits),
radioactive tracers (used in a number of research areas ranging from
geophysics to medical physics), as well as many routine industrial
applications (including, for example, well-logging in test bores using
miniaturized nuclear acceleratcrs, food preservation by irradiation,
and die hardening by iot: implantation to reduce wear), and even the
analysis of art objects are just a few examples of how the fruits of
nuclear-physics research have found a multitude of useful and some-
times surprising applications in other basic sciences and in modern
technologies, many of which have direct and significant impacts on
society at large.

Much of this research is done with particle accelerators of various
kinds. Some studies require large teams of investigators and high-
energy accelerators, typically operated by national laboratories, while
other, lower-energy studies continue to be performed at colleges and
universities—typically by a professor and a few graduate students—
using smaller accelerators or laboratory-scale equipment. Both pro-
duce fundamental advances in nuclear physics.

This very wide range of facilities and manpower requirements is
among the unusual characteristics of nuclear physics. Maintaining the
proper balance between the research programs of large and small
groups is essential for overall progress in the ficld. Equally important
is the balance between experimental and theoretical research, as well
as the availability of state-of-the-art instrumentation and computers for
the respective programs.

The major advances of the past decade of nuclear-physics research
and the exciting prospects for its future—as well as some of the myriad
ways in which nuclear physics has an impact on the other sciences and
on society at large—~constitute the subject of this nuclear-physics
survey.

RECOMMENDATIONS FOR THE FUTURE
OF NUCLIZAR PHYSICS

In formulating the recommendations for the future of nuclear phys-
ics, as presented below, the Panel on Nuclear Physics has profited from
extensive interactions between its members and the participants in the
1983 Long Range Planning Workshap of the Nuclear Science Advisory
Committee (NSAC) of the U.S. Department of Energy and the
National Science Foundation.

ey i e v <




4  NUCLEAR PHYSICS

Accelerators are the basic tools of nuclear-physics research. The
planning, design, and construction of first-rate accelerators and their
associated experimental facilities have become increasingly important
to the nuclear-physics community at large. Designs must be optimized
to support those programs most likely to produce new results in critical
research areas and to satisfy the needs of the largest number of users.
There are currenily two major accelerators, of complementary natures,
whose construction has been recommended by NSAC.

The Planned Ccntinuous Electron Beam Accelerator Facllity

In April 1983, NSAC recommended the construction of a 100-
percent-duty-factor, 4-GeV linear-accelerator/stretcher-ring complex
now called the Continuous Electron Beam Accelerator Facility
(CEBAF), which was proposed by the Southeastern Universities
Research Association. The research and development funding for this
machine began in FY 1984, and construction funding is proposed for
FY 1987. A total accelerator cost of $225 million (in actual-year dollars)
is projected; this includes $40 million for the initial experimental
equipment. The Panel on Nuclear Physics endorses the construction of
CEBAF.

A major focus of nuclear-physics research at CEBAF will be
investigations of the microscopic quark-gluon aspects of nuclear matter
(the regime of high energies, high momentum transfers, and small
distances), using the electron beam to probe the detailed particle
dynamics within an entire nucleus with surgical precision. Of great
importance also, however, will be investigations of baryon-meson
aspects of nuclear matter (the regime of lower encrgies, lower momen-
tum transfers, and larger distances). In particular, it will be most
valuable to study the nature of the transition from the low-energy
regime of nucleon-nucleon interactions (best described b~ indepen-
dent-particle models of nucicar structure) to the intermediate-energy
regime of baryon resonances and meson-exchange currents (described
by quantum field theories of hadronic interactions in nucl:i) and the
ensuing transition to the high-energy regime of quarks and gluons
(described by quantum chromodynamics).

For these and other studies, the variable beam energy of CEBAF,
from 0.5 to 4.0 GeV, is necessary. Also necessary is its 100 percent
duty factor (continuous-wave operation), sc that coincidence measure-
ments can be made; these are vital for isolating particular channels and
variables for study. The unique capabilities of CEBAF will thus
provide unprecedented opportunities for examining nuclear matter at
different levels of structure in great detail.
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The Next Major Initiative: The Relativistic Nuclear Collider

In NSAC's 1983 Long Range Plan (A Long Range Plan for Nuclear
Science: A Report by the DOEINSF Nuclear Science Advisory Com-
mittee, December 1983). the construction of a variable-energy. relativ-
istic heavy-ion colliding-beam accelerator is recommended. Such a
machine is seen by NSAC as the highest-priorily majoi new initiative
in nuclear science after the completion of CEB/.F. The recommenca-
tion is for a collider with an energy of about 30 GeV per aucleon in cach
beam; its estimated cost would be roughly $250 million (in FY 1983
dollars).

A major scientific imperative for such an accelerator derives from
one of the most striking predictions of quantum chromodynamics: that
under conditions of sufficiently high temperature and density in nuclear
matter, a transitica will occur from excited hadronic matter to a
quark-gluon plasma, in vhich the quarks, antiquarks. and gluons of
which hadrons are composed become *‘deconfined” and are able to
move about freely. The quark-gluon plasma is believed to have existed
in the first few microseconds after the big bang, and it may exist today
in the cores of neutron stars. but it has never been observed on Earth.
Producing it in the laboratory will thus be a major scientific achieve-
ment, bringing together various elements of nuclear physics, particle
physics, astrophysics, and cosmology.

The only conceivable way at present of producing the coaditions
necessary for achieving quark deconfinement is to colliue the very
heaviest nuciei head-on at relativistic energies, thereby creating enor-
mous nuclear temperaiures and energy densities throughout the rela-
tively large volume of the two nuclei. The ability of quarks and gluons
to move about within this volume will enable fundamental aspects of
quantum chromodynamics at large distances to be tested. It is believed
that various exotic features of deconfined quark matter, such as the
production of many ‘‘strange’’ particles and antibaryons. may be
observed.

In addition to colliding-bcam experiments, operation of such a
refativistic nuclear collider (RNC) in a fixed-target mode with a
variable-energy beam would provide a diversity of important research
programs in high-energy nuclear physics, nuclear astrophysics, and
atomic physics. Among the most valuable of these would be studies
aimed at providing new information on the fundamentally important
nuclear matter equation of state at high temperature and density.

The Panel endorses t' ¢ NSAC 1983 Long Range Plan in recommend-
ing the planning for construction of this accelerator. Construction
should begin as soun as possible, consistent with that of the 4-GeV
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electron accelerator discussed above. Since current funding levels are
barely adequate to respond, with the present facilities, to the exciting
scientific opportunities confronting the field, we recommend an in-
crease in nuclear-physics operating funds sufficient to support the
necessary accelerator research and development as well as the opera-
tions and research programs at these two new facilities as they come
into being.

Additional Facility Opportunities

The major questions currently facing nuclear physics, including
nuclear astrophysics, point to a number of important scientific oppor-
tunities that are beyond the reach of the experimental facilities either in
existence or under construction. Many of these opportunities might be
realized through a variety of upgrades and additions to the research
capabilities of existing facilities, and it appears that a reasonable
fraction of them could be achieved within the base program envisioned
at present. Decisions regarding the relative priorities must be made at
the appropriate later times.

It should be noted that a number of these important research
opportunities could be encompassed by another major new multiuser
accelerator, comprising a synchrotron that would produce very intense
proton beams at energies of up to tens of GeV, followed by a stretcher
ring to produce a nearly continuous spill of protons that would yield
secondary beams of pions, kaons, muons, neutrinos, and antinucleons.
The intensities of these beams could be typically 50 to 100 times greater
than those available anywhere else, allowing a substantial improve-
ment in the precision and sensitivity of a large class of important
experiments &t the interface between nuclear physics and particle
physics.

Although funding for such an accelerator was not recommended by
NSAC, given its commitments to the electron and heavy-ion facilities
discussed above, the accelerator remains an important option for
future consideration because of the unique scientific opportunities that
it would address.

Nuclear Instrumentation

A serious national problem exists in the area of appropriate contin-
ued support for nuclear-physics instrumentation. The NSAC 1983
Long Range Plan notes that the amount spent by the United States for
basic nuclear-physics research relative to its Gross National Product is

Sp—-




EXECUTIVE SUMMARY 1

less than half of that spent in Western Europe or Canada. The effects
of this disparity can readily be seen in the quality and sophistication of
European instrumentation, which in many instances far surpasses that
found in American universities and national laboratories. An increase
in dedicated funding for instrumentation at both large and small
facilities is therefore deemed cssential.

Nuclear Theory

The closer the link between theory and experiment, and the better
the balance in the effort, the more effective they both become in
synthesizing a coherent and clegant body of knowledge. Although the
NSAC 1979 Long Range Plan stressed the need for increased support
of nuclear theory. a comparison of the FY 1984 budget for nuclear
physics with the FY 1979 budget shows that during the intervening §
years, funding for nuclear theory has remained essentially constant as
a percentage of the whole (5.8 percent in FY 1984 versus 6.0 percent in
FY 1979). We believe that there is still a clear need for a substantial
relative increase in the support of nuclear theory, especially in light of
the new and challenging frontiers that are opening up in nuclear
physics.

Progress in current theoretical research depends on substantial
access to firstclass computational facilities. Extensive calculations
based on the complex models describing today’s experiments require
the large memorics and rapid processing capabilities of Class VI
computers. Access by nuclear theorists to a major fraction of the time
available on a central, well-implemented Class V1 computer could
initially meet this need.

Accelerator Research and Development

Acceicrator research and development continues to be vital in
making progress toward new advanced facilities, and it must be
appropriately supported. Among the important new accelerator tech-
nologics that are deserving of such support are superconducting
matenals for various accelerator structures (including main-ficld mag-
nets). the radio-frequency quadrupole pre-accelerator for low-velocity
ions, beam coolers for reducing the cnergy spread of accelerated
beams, beams of short-lived radioactive nuclides with intensities that
are adequate for nucleur-physics and astrophysics experiments. and a
variety of advanced ion sources.
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Traiaing New Scientists

Nuclear physics is among the most fundamental of sciences. The
applications of its principles and techniques are vital to such diverse
arcas of the national interest as energy technology, military prepar.d-
ness, health care, environmental monitoring, and materials engirzer-
ing. To meet these needs and to continue to explore the basic research
opportunities in nuclear physics, a steady influx of first-rate young
scientists to our universities, national laboratories, and industries is
essential.

The Panel is .. ncerned about the continuing decline in the number of
students pursu;i~ g graduate courses in physics, and nuclear physics in
particular. The Uecline has various causes. Its remedy must lic in large
measure in the vigorous support of nuclear-physics education—from
undergraduate to postdoctoral—by the federal government.

Eariched Stable Isotopes

The Calutron facility at Oak Ridge National Laboratory is the major
U.S. source of stable isotopes, which are used both in scientific
research and in the production of radicactive isotopes needed for
biomedical research and clinical medicine. Acute shortages of stable
isotopes now exist (some 50 are currently unavailable), and severe
funding insufficiencies forecast rapid deterioration in the supply.

The worsening shortages couid have disastrous consequences in
many areas of scientific rescarch as well as in clinical medicine, where
stable isotopes are indispensable tools. An important priority is there-
fore to repienish the supply of separated isotopes beforc much nuclear-
physics research is crippled. To ensure that the problem is solved,
corrective steps must continue to be vigorously pursued, both by the
scientific communities affected and by the funding agencies.

Nuciear-Deta Compiiation

For more than 40 years, compilers and evaluators have attempted to
keep scientists abreast of detailed nuclear data as they become
available. With the rapid experimental advances of the last two
decades, however, nuclear-data compilations have begun to f{all be-
hind. Because the costs of this program are relatively small, a modest
increase in funding would greaily enhance the ability to maintain a
thorough compilation/evaluation effort and to ensure the timely publi-
cation of these results in the various formats required both by nuclear
physicists and by applied users of radioactive isotopes.
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Introduction to
Nuclear Physics

All phenomena in the universc are believed to arise from the actions
of just three fundamental forces: graviration and the less familiar
strong force and eleciroweak force. The complex interplay between
these last two forces defines the structure of matter, and nowhere are
the myriad manifestations of this interplay more evident than in the
nucieus of the atom. Much of the substance of the universe exists in the
form of atomic nuclei arranged in different ways. Within ordinary
nuclei. the weak gravitational attraction between the constituent
particles is overwhelmed by the incomparably more powerful <trong
nuclear force, but gravitation's effect is large indeed in neutron stars—
bizarre astrophysiczl objects whose properties are very much like
those of gigantic auclei.

Studies of the nucleus can thus be viewed as a link between the
worlds of the infnitesimal and the asironomical. Collectively, the
vanous nuclei can be regarded as a laboratory for investigatiag the
fundamental forces that '.av. governed our universe since its ongin in
the big bang. Indeed, a: t:is report illustrates, the study of nuclear
physics is becoming ever more deeply connccted with that of cosmol-
ogy as well as elementary-particle physics.

Before venturing into these exciting realms, we will quickly survey
the field of nuclear physics at an elementary level in order to learn the
language. Although nuclear physics has the reputation of being a
difRcult subject, the basic concepts are relatively few and simple.
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107 m Raspberry

Nucleus

Quark

FICURE 1.1 Approximate dimensions for the structure of matter from raspbernes to
quarks (the cellular and molecular levels of structure have been omitted)

THE ATOMIC NUCLEUS

The atomic nucleus is a2 »xtremely dense, roughly sphernical object
cons:isting primarily of protons and neutrons packed fairly closely
together (see Figure 1.1). Protons and neutrons are collectively called
nucleons, and for many years it was thought that nucleons were truly
clementary particles. We now know. however, that they are not
elementary but have an internal strusture consisting of smaller parti-

.t e




INTRODUCTION TO NUCLEAR PHYSICS 11

cles and that there are other particles in the atomic nucleus along with
them. These aspects of the nucleus are discussed below. Protons and
neutrons are very similar, having almost identical physical properties.
An imnportant difference, however, lies in their electric charge: protons
have a unit positive charge, and neutrons have no charge. They are
otherwise so similar that their interconversion in the decay of radio-
active nuclei is a common occurrence.

The character of the nucleus provides the diversity of the chemical
elements, of which 109 are now known, including a number of
man-made ones. (The cosmic origin of the elements is a different
question—one that is addressed by the specialized field of nuclear
astrophysics.) Each element has a unique proton number, Z. This
defines its chemical identity, because the proton number (equal to the
number of unit electric charges in the nucleus) is balanced, in a neutral
atom, by the electron number, and the chemical properties of any
clement depend exclusively 7 its orbital electrons. The smallest and
lightest atom, hydrogen, has one proton and therefore one electron; the
largest and heaviest naturally occurring atom, uranium, has 92 protons
and 92 electrons. In a rough sense, this is all there is to the diversity of
the chemicai elements and the fantastic variety of forms—-inanimate
and animate--that they give rise to through the interactions of their
electron cloucs.

To explaiu the stability of the elements, however, and to study
nuclear physics, we must also take into account the neutron number,
N, of each nucleus. This number can vary considerably for the nuclei
of a given element. The nucleus of ordinary hydrogen, for example, has
oae proton aad no neutrons, the latter fact making it unique among all
nuclei. But a hydrogen nucleus can also exist in a form that has one
proton ard one neutron (Z = 1, N = 1); this nucleus is called a
deuteron, and the atom, with its one electron, is called deuterium.
Chemically, however, it is still hydrogen, as is the even heavier,
radioactive form tritium, which has one proton and two neutrons (Z =
1, N = 2); a tritium nucleus is called a triton.

These separate nuclei of a single chemical element, differing only in
neutron number, are the isotopes of that element. Every element has at
least several isotopes—stable and unstable (radicactive)}—and some of
the heavier elements have alreauy been shown to have more than 35.
Although the chemical properties of the isotopes of a given element are
the same, their nuclear properties can be so different that it is important
to identify every known or possible isotope of the element unambigu-
ously. The simplest way is to use the name of the element and its mass
number, A, which is just the sum of its proton and neutron numbers:
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A = Z + N. Because diffs=ent combinations of Z and N can give the
same value of A, niuclei of different elements can have the same mass
number (chlorine-37 and argon-37, for example). To emphasize the
uniqueness of every .uch separately identifiable type of nuclevs,
scientists refer to them as nuclides.

There are about 300 naturally occurring stable nuclides of the
chemical elements and about 2400 radioactive (i.c., spontaneously
decaying) ones. Of the latter, the great majority do not exist naturally
but have been made artificially in particle accelerators or nuclear
reactors. These machines of modern physics can also create experi-
mental conditions that are drastically unlike those ordinarily existing
on Earth but that are similar, perhaps, to those characteristic of less
hospitable corners of the universe. Thus they enable us, in our efforts
to understand the laws of nature, to extend our intellectual grasp into
domains that would otherwise be inaccessible.

Experimental and theoretical investigations of the broad range of
nuclides available to us represent the scope of nuclear physics. In the
study of nuclear spectroscopy, for example, experimentalists perform
many kinds of measurements in order to characterize the behavior of
the nuclides in detail and to find patterns and symmetries that will allow
the huge amounts of information to be ordered and interpreted in terms
of unifying principles. The theorists, on the other hand, search for
these unifying principles through caiculaiions based on the availabie
facts and the fundamenta! laws of nature. Their aim is not only to
explain all the known facts of nuclear physics but to predict new ones
whose experimental verification will confirm the correctness of the
theory and extend the bounds of its applicability.

A similar approach applies to the study of nuclear reactions, in
whi h experimentalists and theorists seek to understand the changing
nature and mechanisms of collisions between projectile and target
nuclei at the ever-increasing energies provided by modern accelera-
tors. The many ways in which target nuclei can respond to the
perturbations produced by energetic projectile beams provide a rich
fund of expenimental data from which new insights into nuclear
structure and the laws of nature can be gained. In extreme cases, new
states of nuclear matter may be found.

THE NUCLEAR MANY-BODY PROBLEM

The essential challenge of nuclear physics is to explain the nucleus as
a many-body system of strongly interacting particles. In physics, three
or more mutually interacting objects—whether nucleons or stars—are

¥
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considered to be “*many’’ because of the tremendous mathematical
difficulties associated with solving the equations t*-at describe their
motions. With each object affecting the metiors of all the others
through the interactions that exist among them, and with all the
motions and hence all the interactions changing constantly, the prob-
lem very quickly assumes staggering proportions. In fact, this many-
body problem is now just barely soluble, with the largest computers,
for three bodies. For four or more, however, it remains generally
insoluble, in practice, except by methods relying on various approxi-
mations that simplify the mathematics.

What nuclear physicists try to do—within the constraints imposed by
the many-body problem—is to understand the structure of nuclei in
terms of their constituent particles, the dynamics of nuclei in terms of
the motions of these particles, and the fundamental interactions among
particles that govern these motions. Experimentally, they study these
concepts through nuclear spectroscopy and the analysis of nuclear
reactions of many kinds. Theoretically, they construct simplifying
mzthematical models to make the many-body problem tractable.

These nuclear models are of different kinds. Independent-particle
models allow the motion of a si agle nucleon to be examined in terms of
a steady, average force field produced by all the other nucleons. The
best-known independent-particle model is the shell model, so called
because it entails the consiruction of ‘‘shells’’ of nucleons analogous to
those of the electrons in the theory of atomic structure. At the other
extreme, collective models view the nucleons in a nucleus as moving in
concert (collectively) in ways that may be simple or complex—just as
the melecules in a flowing liguid may move smocthly or turbulently. In
fact, the best-known collective model, the liquid-drop model, is based
on analogies with the behavior of an ordinary drop of liquid.

The above descriptions are necessarily oversimplified. The actual
models in question, as well as related ones, are very sophisticated, and
their success in explaining most of what we know about nuclear
structure and dynamics is remarkable. As we try to push this knowl-
edge to ever deeper levels, however, we must take increasingly
detailed account of specific nucleon-nucleon interactions. Doing so
brings out the other half of the essential challenge of nuciear physics:
that nucleons are strongly interacting particles.

THE FUNDAMENTAL FORCES

In nature, the so-called strong force holds atomic nuclei together
despite the very substantial electrostatic repulsion between all the
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positively charged protons. The distance over which the strong force is
exerted, however, is extremely short: about 107'5 meter, or 1
femtometer—commonly called 1 fermi (fm) after the great nuclear
physicist Enrico Fermi. A fermi is short indeed, being roughly the
diameter of a single nucleon. The time required for light to traverse this
incredibly short distance is itself infinitesimal: only 3 x 10~ second.
As we will see, the characteristic duration of many events taking place
in the nucleus is not much longer than thci: about 1072 1o 1072
second, corresponding to a distance traveled, at the speed of light, of
only about 3 to 30 fm.

This is the domain—incumpreheasibly remote from our everyday
experience-—of the strong force, which dominates the nucleus. Nucle-
ons within the nucleus are strongly attracted to one another by the
strong force as they move about within the confines of the nuclear
volume. If they try to approach each other too closely, however, the
strong force suddenly becomes repulsive and prevents this from
happening. It is as though each nucleon had an impenetrable shield
around it, preventing direct contact with another nucleon. The behav-
ior of the s\rong force is thus very complex, and this makes the analysis
of multiple nucleon-nucleon interactions (the nuclear many-body prob-
lem) much more challenging.

At the opposite extreme of the fundamental forces is gravitation, a
long-range force whose inherent strength is only about 10~ times that
of the strong force. Since the gravitationai force between any two
objects depends on their masses, and since the mass of a nucleon is
extremely small (about 107 g), the effects of gravitation in atomic
nuclei are not even close to being mcasurable. Nonetheless, the
universe as a whole contains so many atoms, in the form of hugely
massive objects (stars, quasars, galaxies), that gravitation is the
dominant force in its structure and evolution. And because gravitation
is extremely important in neutron stars, as mentioned earlier, these
supermassive nuclei are all the more interesting to nuclear astrophys-
icists.

Lying between gravitation and the strong force, but much closer to
the latter in inherent strength, is the electroweak force. This rather
complex force manifests itself in two ways that are so different that
until the late 1960s they were believed to be separate fundamental
forces—just as electricity and magnetism, a century ago, “~ere thought
to be separate forces rather than two aspects of the one force,
electromagnetism. Now we know that electromagnetism itself is but a
part of the electroweak force; it is therefore no longer considered to be
a separate fundamental force of nature.
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Electromagnetism is the force that exists between any two electri-
cally charged or magnetized objects. Like gravitation, its influence can
extend over great distances, and it decreases rapidly in sirength as the
distance hetween the objects increases. Its inherent strength is rela- 1

— -—-tively large, howe ver, being abuut 0.7 percent of that of the strong
force at separation uiss ances of about | fm. Electromagnetism is the
basis of light and all similar forms of radiation (x rays. ultraviolet and
infrared radiation, and radio waves, for example). All such radiation
propagates through space via oscillating electric and magnetic fields
and is emitted and absorbed by objects in the form of tiny bundles of
energy called photons. In some radioactive decay processes, extremely
energetic photons called gamma rays are emitted by the nuclei as they
change to states of lower total energy. A photon is considered to be the
fundamental unit of electromagnetic radiation: a quantum. This pro-
found idea—revolutionary in its time but now commonplace—lies at
the heart of qguantum mechanics, the physical theory that underlies all
phenomena at the submicroscopic level of molecules. atoms, nuclei,
and elementary particles.

The other manifestation of the electroweak force is the weak force,
which is responsible for the decay of many radioactive nuclides and of
many unstable particles, as well as for all interactions involving the
particles called neutrinos, which we discuss below. The weak force in
nuclei is feeble compared with the electromagnetic and strong forces,
being only about 10~* times as strong as the latter, but it is still
extremely strong compared with gravitation. The distance over which
it is effective is even shorter than that of the strong force: about 10~'8 i.
m, or 0.001 fm—roughly 1/1000 the diameter of a nucleon. The weak
force governs processes that are relatively slow on the nuclear time
scale, taking about 10~ ' second or more to occur. As short as this time
may seem, it is about one trillion times longer than the time required for
processes governed by the strong force.

The prediction in 1967—and its subsequent experimental confirma-
tion—that the electromagnetic and weak forces are but two aspects of
a single, more fundamental force, the electroweak force, were tri-
umphs of physics that greatly expanded our understanding of the laws
of nature. However, because these two component forces are so
different in the ways in which they are revealed to us (their essential
similarities start to become clear only at extremely high energies, far
beyond those of conventional nuclear physics), it is usually convenient
to discuss them separately, just as we often discuss electricity and
magnetism separately. Thus they are still often described as though
each were fundamental. In this book, we will let the circumstances
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16  NUCLEAR PHYSICS

decide how they should be discussed: as electromagnetic and weak, or
as electroweak. For the remainder of this chapter, we will discuss them
separately.

The fundamental fo~ces are often called fundamental interactions,
because the forces exist only by virtu: of interactions that occur
between particles. These interactions, in turn, are mediated by the
exchange of orher particles between the interacting particles. This may
seem like Chinese boxes, but as far as we know, it stops right there: in
the realm of elementary-particle physics, which we must now briefly
introduce in order to see where the foundations of nuclear physics lie.

THE ELEMENTARY PARTICLES

The experimental study of elementary-particle physics—also known
by the inexact name higk-energy physics—diverged from that of
nuclear physics around 1950, when developing accelerator technology
made it relatively easy to search for other—and ultimately more
basic—"‘elementary”’ particles than the proton or the neutron. An
enormous variety of subnuclear particles has by now been discovered
and characterized, some of which are truly elementary (as far as we can
tell in 1984), but most of which are not.

Along with the discovery of these particles came major theoretical
advances. such as the electroweak synthesis mentioned above, and
mathematical theories attempting to classify and explain the seemingly
arbitrary proliferation of particles (several hundred by now) as accel-
erator energics were pushed ever higher. Chief among these theories,
because of their great power and generality, are the quantum field
theories of the fundamental interactions. All such theories are relativ-
istic, i.e., they incorporate relativity into a quantum-mechanical frame-
work suitable to the problem at hand. They thus represent the deepest
level of understanding of which we are currently capable.

We will return to these theories shortly, but first let us see what
classes of particles have emerged from the seeming chaos. This is
essential for two reasons. First, the nucieus as we now perceive it does
not consist of just protons and neutrons, and these are not even
clementary particles to begin with. To understand the atomic nucieus
properly, therefore, we must take into account all the other particles
that exist there under various conditions, as well as in compositions
of the nucleons and of these other particles. Second, he theoretical
framework for much of nuclear physics is now deeply rooted in the
quantum field theories of the fundamental interactions, which are the
domain of particle physics. Aspects of the two fields are rapidly
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converging, after their long separation, and it is no longer possible to
investigate many fundamental problems of nuclear physics except in
the context of the elementary particles. Much of the material in this
book, in fact, deals with the ways in which this new view of nuclear
physics has come about and the ways in which it will accelerate in the
future.

Physicists now believe that there are three classes of elementary
particles—leptons, quarks, and elementary vector bosons—and that
every particle, elementary or not, his a corresponding antiparticle.
Here we must make a short digression into the subject of antimatier.
An antiperticle differs from its ordinary particle only in having some
opposite elementary properties, such as electric charge. Thus, the
antiparticle of the electron is the positively charged positron; the
antinucleons are the negatively charged antiproton and the neutral
antineutron. The antiparticle of an antiparticle is the original particle;
some neutral particles, such as the photon, are considered to be their
own antiparticles. In general, when a particle and its corresponding
antiparticle meet, they can annihilate each other (vanish completely) in
a burst of pure energy, in accord with the Einstein mass-energy
equivalence formula, E = mc?. Antiparticles are routinely observed
and used in many kinds of nuclear- and particle-physics experiments,
so they are by no means hypothetical. In the ensuing discussions of the
various classes of particles, it should be remembered that for every
particle mentioned there is also an antiparticle.

Leptons

Leptons are weakly interacting particles, i.e., they experience the
weak interaction but not the strong interaction; they are considered to
be pointlike, structureless entities. The most familiar lepton is the
electron, a very light particle (about 1/1800 the mass of a nucleon) with
unit negative charge; it therefore also experiences the electromagnetic
interaction. The muon is identical to the electron, as far as we know,
except for being about 200 times heavier.* The tau particle, or rauon,
is a recently discovered lepton that is also identical to the electron
except for being about 3500 times heavier (making it almost twice as

*The muon is still occasionally called a mu meson—its original name—which can be
confusing becaus¢ the term *‘meson’ is now restricted to a very different kind of
particle; thus a ‘“‘mu meson'’ is not a mescn in the modern sense.
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heavy as a nucleon). The very existence of these *‘heavy electrons’’
and ‘‘very heavy electrons’’ is a major puzzle for physicists.

Associated with each of the three charged leptons is a lepton called
a neutrino: thus there is an electron neutrino, a muon neutrino, and a
tauon neutrino. Neutrinos are electrically neutral and therefore do not
experience the electromagnetic interaction. They have generally been
assumed to have zero rest mass (see page 31 for an explanation of this
term) and must therefore move at the speed of light, according to
relativity, but the question of their mass is currently controversial. If
the electron neutrino, in particular, does have any mass, it is very slight
indeed. The possible existence of such a mass, however, has great
cosmological significance: because there are so many neutrinos in the
universe, left over from the big bang, their combined mass might exert
a gravitational effect great enough to slow down and perhaps halt the
present outward expansion of the universe.

Neutrinos and antineutrinos are commonly produced in the radioac-
tive process called beta decay (a weak-interaction process). Here a
neutron in a nucleus emits an electron (often called a beta particle) and
an antineutrino, becoming a proton in the process. Similarly, a proton
in a nucleus may beta-decay to emit a positron and a neutrino,
becoming a neutron in the process. Neutrinos and antineutrinos thus
play an important role in nuclear physics. Unfortunately, they are
extremely difficult to detect, because in addition to being neutral, they
have the capability of passing through immense distances of solid
matter without being stopped. With extremely large detectors and
much patience, however, it is possible to observe small numbers of
them.

We have now seen that there are three pairs, or families, of charged
and neutral weakly interacting leptons, for a total of six; there are
therefore also six antileptons. Let us next look at the quarks, of which
there are also three pairs—but there the similarity ends.

Quarks

Quarks are particles that interact both strongly and weakly. They
were postulated theoretically in 1964 in an effort to unscramble the
profusion of known particles, but experimental confirmation of their
existence was relatively slow in coming. This difficulty was due to the
quarks’ most striking single characteristic: they apparently cannot be
produced as free particles under any ordinary conditions. They seem
instead always to exist as bound combinations of three quarks, three
antiquarks, or a quark-antiquark pair. Thus, although they are believed
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to be truly elementary particles, they can be studied—so far—only
within the confines of composite particles (which are themselves often
inside a nucleus). This apparent inability of quarks, under ordinary
conditions, to escape from their bound state is called quark confine-
ment.

There are six basic kinds of quarks, classified in three pairs, or
families; their names are up and down, strange and charm, and top and
bottom. Only the top quark has not yet been shown to exist, but
preliminary evidence for it was reported in the summer of 1984. The six
varieties named above are called the quark flavors, and each flavor is
believed to exist in any of three possible states called colors. (None of
these names have any connection with their usual meanings ia every-
day life; they are all fanciful and arbitrary.) Flavor is a property similar
to that which distinguishes the three families of leptons (electron,
muon, and tauon), whereas color is a property more analogous to
electric charge.

Another odd property of quarks is that they have fractional electric
charge; unlike all other charged particles, which have an integral value
of charge, quarks have a charge of either —1/3 or +2/3. Because free
quarks have never been observed, these fractional charges have never
been observed either—only inferred. They are consistent, however,
with everything we know about quarks and the composite particles
they constitute. These relatively large composite particles are the
hadrons, all of which experience the strong interaction as well as the
weak interaction. Although all quarks are charged, not all hadrons are
charged; sorae are neutral, owing to cancellation of quark charges.

There are two distinctly different classes of hadrons: baryons and
mesons. Baryons—which represent by far the largest single _ategory of
subnuclear particles—consist of three quarks (antibaryons consist of
three antiquarks) bound together inside what is refened to as a bag.
This is just a simple model (not a real explanation) to account for the
not yet understood phenomenon of quark confinement: the quarks are
assumed to be ‘‘trapped’’ in the bag and cannot get out.

Now, finally, we can say what nucleons really are: they are baryons,
and they corsist of up («) and down (d) quarks. Protons have the quark
structur» uud, and neutrons have the quark structure udd. A larger
class of barycns is that of the hyperons, unstable particles whose
distinguishing characteristic is strangeness, i.c., they all contain at
least one strange (s) quark. In addition, there are dozens of baryon
resonances, which are massive, extremely unstable baryons with
lifetimes so short (about 10~2 second) that they are not considered to
be true particles.
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The other class of hadrons is the mesons, of which there are also
many kinds. These are unstable particles consisting of a quark-
antiquark pair, to which the bag model can also be applied. Like the
baryons, all mesons experience the strong and weak interactions, and
the charged ones also experience the electromagnetic interaction. The
most commonly encountered mesons are pi mesons (pions) and K
mesons (kaons); the latter are strange (in the quark sense) particles.

All hadrons are subject to the strong force. But the strong force, as
it turns out, is merely a vestige of the much stronger force that governs
the interactions among the quarks themselves: the color force. The two
forces are actually the same force being manifested in different ways,
at different levels of strength.

These two manifestations of the force that holds nuclei together are
of great importance, because they underlie two distinctly diff~rent
levels of understanding of nuclear phenomena, beyond the simple view
that encompasses only nucleons as constituents of the nucleus. The
strong force is related to the presence of large numbers of mesons
(especially pions) in the nucleus, and many concepts of nuclear physics
cannot be urderstood unless the nucleus is viewed as consisting of
baryons and mesons. The color force, on the other hand, is related to
the presence of particles called gluons inside the baryons and mesons
themselves; this represents a different and much deeper view of
nuclear phenomena—one that is not nearly so well understood, from
either theoretical arguments or experimental evidence. Gluons belong
to the thitd class of elementary particles, the elementary vector
bosons, which we will examine shortly, after a brief introduction to the
concept of spin.

In addition to their mass and charge, ali subatomic particles (i..clud-
ing nuclei themselves) possess an intrinsic quality called spin, which
can be viewed naively in terms of an object spinning about an axis. The
values of spin that particles can have are gquantized: that is, they are
restricted to integral values (0, 1, 2, . . .) or half-integral values (1/2, 3/2,
512, . . .) of a basic quantum-mechanical unit of measure. All particles
that have integral values of spin are called bosons, and all particles that
have half-integral values are fermions. Thus, all particles, regardless of
what else they may be called, are also either bosons or fermions.
Following the sequence of particles that we have discussed thus far,
the classification is as follows: all leptons are fermions; all quarks are
fermions; hadrons are divided—all baryons are fermions, but all
mesons are bosons. In broad terms, fermions are the building-block
particles that comprise nuclei and atoms, and bosons are the particles
that mediate the fundamental interactions.
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The significance of the fermion-boson classification lies in a quan-
tum-mechanical law called the Pauli exclusion principle, which is
{ , obeyed by fermions but not by bosons. The exclusion principle states
'E : that in any system of particles, such as a nucleus, no two fermions are
E ! allowed to coexist in the identical quantum state (i.¢., they cannot have

identical values of every physical property). This means that all the

: protons and all the neutrons in a nucleus must be in different quantum

5 states, which places restrictions on the kinds of motions that they are

. able to experience. No such restrictions apply to mess 1s, however,

f because they are bosons. This situation has profound consequences in
" : the study of nuclear physics.

Most of the bosons to be discussed in the next section are elementary

L particles—unlike mesons—and are called vector bosons (because they 1

5 have spin 1). ‘

Elementary Vector Bosons

Earlier it was mentioned that the fundamental interactions are
mediated by the exchange of certain particles between the interacting
particles. These exchange particles are the elementary vector bosons
(and some mesons, as mentioned below), whose existence is predicted
by the quantum field theories of the respective interactions. For
example, the theory of the electromagnetic interaction, called quantum
electrodynamics (QED), predicts the photon to be the carrier of the
electromagnetic force. A photon acting as an exchange particle is an Y
example of a virtual particle, a general term used for particles whose |
ephemeral existence serves no purpose other than to mediate a force
between two material particles: in a sense, the virtual particles moving
from one material particle to the other are the force between them (see
Figure 1.2).

The virtual particle appears spontaticously near one of the particles
and disappears near the other particle. This is a purely quantum-
mechanical effect allowed by a fundamental law of nature called the
Heisenberg uncertainty principle.* According to this principle. a
virtual particle is allowed to exist for a time that is inverseiy propor-
tional to its mass as a material particle. (Under certain conditions, a
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*Strictly speaking. the Heisenberg uncertainty principle refers to the impossibility of
measuring simultaneously and with arbitrarily great precisson physical quantities such as
the position and momentum of a particle. but the structure of quantum mechanics leads
<J an analogous statement for energv and time.
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FIGURE 1.2 The way in which force is transmitted from one particic to another can be
visualized (crudely) through the exampie of two roller skaters playing different gamee of
catch as they pass each other. Throwing »nd caiching a ball tends to push the skxiers
apart, but using a boomerang tends to push them together. (After D. Wilkinson, in The
Nature of Matter, J. H. Mulvey, ed., Oxford University Press, Oxford, 1981.)
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virtual particle can become a material particle.) The allowed lifetime of
a virtual garticle determines the maximum distance that it can travel
and, therefore, the maximum range of the force that it mediates.
Hence, the greater the mass of the material particle, the shorter the
distance it can travel as a virtual particle, and vice versa. Photons have
zero mass, so the range of the electromagnetic force is infinite.

By contrast with QED. the theory of the weak interaction (the
electroweak theory, aciually) predicts the existence of three different
carriers of the weak force, ali of them extremely massive: about 90 to
100 times the mass of a nucleon. These elementary particles are the
W*, W™, and Z° bosons. collectively callcd the intermediate vector
bosons. Their discovery in 1983 dramatically confirmed the validity of
the electroweak theory. Because of their great ma-+ these particles are
restricted by the uncertainty principle to lifetimes so short that they
can travel only about 10 '"* m before disappearing. This explains the
extremely short range of the weak force.

The strong force exists in two guises, as we have seen. Here the
fundamental quantum field theory, called quantum chromodynamics
:QCD), predicts the existence of no less than eight vector bosons—the
gluons—1o mediate the color force between quarks. Experimental
evidence for the gluons has been obtained. Gluons are massless, like
photons, but because of quark confinement, the range of the color force
does not extend beyond the confines of the hadrons (the quark bags).

In its second, vestigial guise, the strong force is experienced by
hadrons (baryons and mesons) and is mediated by mesons—by pions at
the largest distances. Here we have a type of particle, the meson
(which is a boson, but not an elementary one and not necessarily of the
vector kind), that can act as its own exchange particle. i.e., material
mesons can interact through 'he exchange of virtual mesons. (This is
not a unique case, however, because the gluons, which themselves
possess an intrinsic color, are also self-intcracting particles.) The range
of the strong force—very short. yet much ionger than that of the weak
force—is explained by the mesons’ moderate masses, which are
typically less than that of a nucleon and very much less than that of an
intermediate vector boson. What is most significant for nuclear physics
is that the nucleor.s interact via the exchange of virtual mesons, so the
nucleus is believed always to contain swarms of these particles among
its nucleons.

Thus tke traditional picture of the nucleus as consisiing simply of
protcis and neutrons has given way to a more complex picture in
which the strong nucleon-nucleon interactions inust be viewed in terms
of meson-exchange effects. And even this view is just an approach to
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the deeper understanding of nuclear structure and dynamics thai can
come about only through detailed considerations of the quark-gluon
nature of the nucleons and m2sons themselves. Ultimatcly, the nucleus
must be explainable in terms of a very complex many-body system of
interacting quarks and gluons. The experimental and theoretical chal-
Iznges posed by this goal are eaormous, but so are the potential
rewards in terms of our understanding of the nature of nuclear matter.

CONSERVATION LAWS AND SYMMETRIES

The total amicunts of certain quantities in the universe, such as
electric charge, appear to be immutable. Physicists say that these
quantities are conserved, and they express this idea in the form of a
conservation law. The law of the conservation of charge, for example,
states that the total charge of the universe is a constant—or, simply,
*‘charge is conserved.”’ This means that no process occurring in any
isolated system can cause a net change in its charge. Inaiviaual charges
may be crcated or destroyed, but the algebraic sum of all such changes
in charge must be zero, thus conserving the original charge. whatever
it might have been.

Another important quaniity that is conserved is mass-energy. Before
Einstein, it was thought that mass and energy were always conserved
separately, but we now know that this is not strictly irue: mass and
energy are interconvertible, so it ic their sum that is conserved. Mass,
in the form of eiementary or composite particles, can be created out of
pure energy, or it can be destroyed (annihilated! to yield pure energy;
both of these processes are commonplace in nuclear and particle
physics. This example illustrates the important point that although any
conserved quantity may change its form, the conservation law is not
invalidated. Energy itself, for instance, can exist in many different
forms—chemical, electrical, mechanical, and nuclear, fc. *xample—all
of which are interconvertible in one way or another wiuiout any net
gain or loss, provided one accounts for any mass-energy conversion
zZects. Such effects are significant only in subatomic processes and
are, in fact, the basis of nuclear 2nergy.

Two other conserved quantities, linear momentum and angular
momentum, are related to the linear and rotational motions, respec-
tively, of any object. Conservation laws for these quantities and the
others mentioned above apply to all processes, at every level of the
structure of matter. However, there are also conservation laws that
have meaning only at the subatomic level of nuclei and particles. One
such law is the conservation of baryon number, which states that
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baryons cz 2 be created or destroyed only as baryon-antibaryon pairs.
All baryuns have baryon number + 1, and all antibaryons have baryon
n. mber --1; these numbers cancel each other in the same way that
opposite electric charges cancel. Thus, a given allowed process may
create or des’ "yy a sumber of baryons, but it must also creawe or
destroy the <. nur ber of antibaryons, thereby conserving baryon
number. Proc... ses th . violate tais law are assumed to be forbidden—
none has ever beer observed to occur. There is no conservation law for
meson number, so mesons, as well as other bosons, can proliferate
without such restrictions.

A law of rature that predicts which processes are allowed and which
are forbidden—with virtual certainty and great generality, and without
having to take into account the detailed mechanism by which the
processes might occur—represents a tool of immeasurable value in the
physicist’s effort to understand the subtleties and complexities of the
universe. Conservation laws are therefore often regarded as the most
fundamental of the laws of nature. Like all such laws, however, they
are only as good as the experimental evidence that supports them.
Even a single proved example of a violation of a conservation law is
enough tc invalidate the law—for that class of processes, at least—and
to undermine its theoretical foundation. We will see that violations of
certain conservation laws dc occur, but first let us examine another
important aspect of conse:- ation laws: their connections with the
symmetries of nature.

Symmetry of physical form is so common in everything we see
around us—and in our own bodies—that we take it for granted as a
basic (though clearly not universal) feature of the natural world. An
example of some geometrical symmetries is shown in Figure 1.3.
Underlying these obvious manifestations of symmetry, however, are
much deeper symmetries. For example, the fundamental symmetry of
space and time with respect to the linear motions and rotations of
objects leads directly to the laws of the conservation of linear and
angular momentum. Similarly, the mathematical foundations of the
quantum field theories imply certain symmetries of nature that are
manifest as various conservation laws in the subatomic domain.

One such symmetry, called parity, has to do with the way in which
physical laws should behave if every particle in the system in question
were converted to_ its mirror image in all three spatial senses (i.e., if
right were exchanged for left, front for back, and up for down).
Coaservation of parity would require that any kind of experiment
conducted on any kind of system should produce identical results when
performed on the kind of mirror-image system described above. For
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FIGURE 1.3 Whirlpoolis. a woodcut by M. C. Escher, provides an example of complex
geometrical symmetries, which underlie many aspects of nuclear structure. Equally
important are dynamical symmetries found in the physical laws governing all natural
phenomena. (By permission of the Escher Foundation, Haags Gemeentemuseum, The
Hague. Reproduction rights arranged courtesy of the Vorpal Galleries. New York, San
Francisco, and Laguna Beach.)




i

INTRODUCTION TO NUCLEAR PHYSICS 27

many years, it was believed that parity was an exact (universal)
symmetry of nature. In 1956, however, it was discovered by nuclear
and particle physicists that this is not so; parity is not conserved in
weak interactions, such as beta decay. However, it is conserved, as far
as we know, in all the other fundamental interactions and thus
represents a simplifying principle of great value in constructing math-
ematical theories of nature.

A similar, albeit isolated, example of symmetry violation has been
found for the equally fundamental and useful principle called time-
reversal invariance, which is analogous to parity except that it entails
a mirror imaging with respect to the direction of time rather than to the
orientation of particles in space. This symmetry has been found to be
violated in the decays of the neutral kaon. No other instances of the
breakdown of time-reversal invariance are known—yect—but physi-
cists are searching carefully for other cases in the hope of gaining a
better insight into the underlying reason for this astonishing flaw in an
otherwise perfect symmetry of nature.

The implications of such discoveries extend far beyond nuclear or
particle physics; they are connected to basic questions of cosmolog) ,
such as the ways in which the primordial symmetry that is belizved -0
have existed among the fundamental interactions at the instant of the
big bang was then ‘‘broken’’ to yield the dramatically different inter-
actiors as we know them now. The efforts of theoretical physicists to
construct Grand Unified Theories of the fundamental interactions. in
which these interactions are seen merely as different manifestations of
a single unifying force of nature, depend strongly on experimental
observations pertaining to symmetries, conservation laws, and their
violations.

A most important observation in this regard would be any evidence
of a violation of the conservation of baryon number, which may not be
a universal law after all. Certain of the proposed Grand Unified
Theories predict, in fact, that such a violation snould occur, in the form
of spontaneous proton decay—not in the sense of a radioactive beta
decay, in which a proton would be converted to a neutron (thus
conserving baryon number) but rather as an outright disappearance of
a baryoa (the proton) as such. Extensive searches have been mounted
to find evidence for proton decay, so far without success.

Also of great importance would be any violation of the conservation
of lepton number. This law, which is also obeyed in all currently known
cases, is analogous to the conservation of baryon number, but with an
added twist: lepton number (+1 for leptons, ~1 for antileptons)
appears to be conserved not only for leptons as a class but also for each
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of the three families of leptons individually (the electron, muon, and
tauon, with their respective neutrinos). Any violation of lepton-number
conservation would mean that neutrinos are not, in fact, massless and
that they can oscillate (change from one family to another) during their
flight through space. Exactly these properties are also predicted by
certain of the proposed Grand Unified Theories, and this provides the
impetus for searching for them in various types of nuclear processes.
Such searches for violations of conservation laws represent an impor-
tant current frontier of nuclear physics as well as of particle physics.

ACCELERATORS AND DETECTURS

The principal research tools used in nuclear physics are accelera-
tors—complex machines that act as powerful microscopes with which
to probe the structure of nuclear matter. Equally indispensable are the
sophisticated detecrors that record and measure the many kinds of
particles and the gamma rays emerging from the nuclear collisions
produced by the accelerator beams.

There ar: several different kinds of accelerators, differing mainly in
the ways in whicii they provide energy to the particles, in the energy
ranges that they can span, and in the trajectories foliowed by the
accelerated particles. The most common kinds arc Van de Graaff
electrostatic accelerators, linear accelerators, cyclotrons, and syn-
chrotrons; an example of a modern cyclotron is shown in Figure 1.4,
Most of the details of there machines need not concern us here, but a
survey of some basic ideas is necessary for an appreciation of how
nuclear physics research is actually done. Additional information on
accelerators in general and on several important accelerators of the
future can be found in Chapter 10, and a survey of the major operating
accelerators in the United States is given in Appendix A.

Projectiles and Targets

The basic principle of all accelerators is the same: a beam of
electrically charged projectile particles is given a number of pulses of
energy—in the form of an electric or electromagnetic field—to boost
the particles’ velocity (and hence kinetic energy) to some desired value
before they collide with a specified target. Typically, the projectiles are
electrons, protons, or nuclei. The latter are often called ions, because
they are generally not bare nuclei, i.e., they still retain one or more of
the orbital electrons from the atoms from which they came. Nuclei of
the two lightest elements, hydrogen and helium, are called the light
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FIGURE 1.4 Top view of the main cyclotron of the Indiana University Cyclotron
Facility, a modern accelerator used for basic nuclear-physics research. The field
produced by the four large magnets (no'e the physicist standing between two of them)
confines the projectile particles— light ions up to mass number 7—to a senes of roughly
circular orbits of ever-increasing size as they are accelerated to energies in the range of
40 1o 219 MeV. After about 300 orbits, the beam is extracted and directed at targets in
nearby experimental areas. (Courtesy of the Indiana University Cyclotron Facility.)
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ions; they include the often-used alpha particle, which is just the
nuclide helium-4 (Z = 2, N = 2). Nuclei from those of lithium (4 = 6
or 7) to those with a mass number of about 4¢ can be called medium

ions, and those with a mass number from about 40 on up through the.

rest of the periodic table are called heavy ions. (This classification is
useful but necessarily somewhat arbitrary; the definition of heavy ion,
for example, is sometimes extended all the way down to lithium.)

Accelerators can also produce beams of exotic or unstable charged
projectiles such as muons, mesons, antiprotons, and radioactive
nuclides. These are made in reactions occurring at the target of a
primary beam and are then focused into a secondary beam. Even
neutral particles, such as neutrons and neutrinos, can be produced and
used as secondary beams.

The target struck by the accelerated projectile in a typical nuclear-
physics experiment is a small piece of some solid chemical element of
particular interest, although liquid and gaseous targets can also be
used. The objective may be to use the projectiles to raise nuclei in the
target substance from their lowest-energy ground state to higher-
energy excited states in order to gain insight into the structures and
dynamics of intz~* nuclei; in this way one studies nuclear spectros-
copy. Alternatively, the objective may be to bombard the target nuclei
in such a way that they undergo a nuclear reaction of some kind,
possibly disintegrating in the process.

The above descriptions pertain to the traditional fixed-target ma-
chines (a stationary target being bombarded by a projectile beam), but
accelerators can also be constructed as colliding-beam machines, or
colliders. Here two beams collide violently with each other, nearly
head-on, in a reaction zone where the beams intersect. Colliders have
been pioneered by elementary-particle physicists because of the huge
amounts of energy that can be deposited in the collision zone when
both beams have been accelerated to high velocities. Their use is
becoming increasingly important to nuclear physicists for the same
reason, as described in Chapter 7.

Energies

The kinetic energies to which particles or nuclei are accelerated are
expressed in terms of large multiples of a unit called the electron volt
(eV), which is the amount of energy acquired by a single electron (or
any other particle with unit electric charge, such as a proton) when it
is accelerated through a potential difference of 1 volt (V) as in a 1-V
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battery. The characteristic particle beam energies in modern nuclear-
physics accelerators are of the order of mega-electron volts (1 MeV =
10° eV) and giga-electron volts (1 GeV = 10° eV). When dealing with
accelerated nuclei, which contain more than one nucleon, it is custom-
ary to give the energy per nucleon rather than the total energy of the
nucleus.

For convenience, not only the energies of particles but also their
masses are customarily given in terms of electron volts. Any mass can
be expressed in terms of an equivalent energy, in accord with E = mc?.
Thus the mass of an electron is 0.511 MeV, and the mass of a proton
is 938 MeV. These are the rest masses of these particles, i.e., the
masses that they have when they are not moving with respect to some
frame of reference (such as the laboratory). When they are moving,
however, their kinetic energy is equivalent to additional mass. This
effect becomes significant only when their velocity is very close to the
speed of light; then their kinetic energy becomes comparable to or
greater than their rest mass, and they are said to be relativistic particles
(or nuclei), because the dynamics of their reactions cannot be accu-
rately described without invoking relativity theory.

It is convenient to classify nuclear processes in terms of different
energy regimes of the projectiles, although any such classification, like
that of the projectile masses, is somewhat arbitrary and not likely to
find universal acceptance. Bombarding energies of less than about 10
MeV per nucleon, for example, produce a rich variety of low-energy
phenomena. It is in this regime (at about S M=V per nucleon) that the
effects due to the Coulomb barrier are particularly important; the
Coulomb barrier is a manifestation of the electrostatic repulsive force
between the positively charged target nucleus and any positively
charged projectile. For a collision involving the effects of the strong
force to occur, the projectile must be energetic enough to overcome the
Coulomb barrier and approach the target closely.

Between about 10 and 100 MeV per nucleon is the medium-energy
regime, where many studies of nuclear spectroscopy and nuclear
reactions are carried out; these are the energies characteristic of the
motions of nucleons within a nucleus. In the high-energy regime,
between about 100 MeV per nucleon and 1 GeV per nucleon, high
temperatures are produced in the interacting nuclei; also, some of the
collision energy is converted to mass, usually in the form of created
pions, which have a rest inass of 140 MeV. Above about 1 GeV per
pnucleorn: is the relativistic regime, where extreme conditions, such as
the formation of exotic states of nuclear matter, are explored. {It is
worth noting here that for electrons the transition to relativistic
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behavior occurs at much lower energies (about 0.5 MeV), owing to the
electron’s small rest mass.]

Nuciear Interactions

The principal kinds of nuclear interactions in collisions are scatter-
ing. in which the projectile and target nuclei are unchanged except for
their energy states; transfer, in which nucleons pass from one nucleus
to the other; fusion, in which the two nuclei coalesce to form a
compound nucleus; spallation, in which nucleons or nucleon clusters
are knocked out of the target nucleus: and disintegration, in which one
or both nuclei are essentially completely torn apart.

Not all interacticns that occur in collisions are equally probable, so
it is important to know what does occur to an appreciable extent and
what does not—and why. The probability of occurrence of a given
interaction is expressed by a quantity called its cross section, which
can be measured experimentally and compared with theoretical pre-
dictions.

Another quantity whose experimental measurement is important is
the half-life of a radioactive species—the time it takes for half of all the
nuclei of this nuclide in a sample to decay to some other form or state.
Normally, this decay is by the emission of alpha or beta particles or
gamma rays; less commonly, it is by spontaneous fission, in which a
nucleus simply splits in two, with the emission ~f one or more
neutrons. After half of the nuclei have decayed, it will take the same
length of time for half of the remaining nuclei to decay, and so on. The
characteristic half-lives of radioactive nuclides vary over an enormous
range of values: from a small fraction of a second to billions of years.

Particle Detect

Accelerators would be useless if there were no way to record and
measure the particles and gamma rays produced in nuclear interac-
tions. The detectors that have been invented for this purpose represent
a dazzling array of ingenious devices, many of which have pushed high
technology to new limits. Some are designed to detect only a specific
particle whose presence may constitute a signature of a particular kind
of event in the experiment in question. They may be designed to detect
this particle only within a certain limited range of angles of emission
with respect to the beam direction or ¢ver all possible angles of
emission.

Other detectors are designed to detect as many kinds of particles as
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possible, simultaneously—again ecither for limited angles or for all
angles. This kind of detector is necessarily complex, owing to the many
kinds of particles that must be observed and to the number of particles
actually produced. This laiter number, called the multiplicity, is as
small as one or two for many kinds of events, but in the catastrophic
collisions of relativistic heavy ions, it moy be several hundred. Yet
another consideration in the design of detectors is whether they are to
be used at a fixed-target accelerator or a collider; the requirements are
often very different.

Among the simplest detectors are those in which a visible track is left
in some medium by the passage of a particle. Examples of such visual
detectors are the streamer chamber (in which the medium is a gas), the
bubble chamber (liquid), and photographic emulsions (solid). Most
detectors, however, rely on indirect means for recording the particles,
whose properties must be inferred from the data. The operating

: principles of the great majority of such detectors are based on the
E interactions of charged particies with externally applied magnetic ficlds
or on the ionization phenomena resulting from their interactions with
? the materials in the detectors themselves. The largest of these detector
systems may consist of thousands of individual modules and are used
in the study of very complex events. Sophisticated, dedicated comput-
ers are required to store and analyze the torrenis cf data from such
instruments.

At the largest accelerators, the efforts of many physicists, engineers,
and technicians may bc required for many months to plan and exccute
one major experiment, and months more of intensive effort may be
required to process and analyze the data and interpret their meaning.
This is the “‘big-science’’ approach to nuclear-physics research. A
highly noteworthy feature of nuclear physics, however. is that much
research of outstanding value is still done by individuals or small
. groups working with more modest but nonetheless state-of-the-art
E facilities in many universities and laboratories throughout the world. It

is the cumulative effort of all these scientists and their colleagues
working at the accelerators—together with that of the nuclear theo-
; rists—that advances our knowledge of nuclear physics.
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B A

Muclear Structure and

Dynamics

The modern era of nuclear physics began with the surprising
revelation that, despite the violent forces that are present in the
riucleus, the nucleons can for the most part be considered to be moving
independently in a single, smoothly vaiying force ficld. This is the
conceptnal basis of the shell model, which is the foundation for much
of our quantitative understanding of nuclear encrgy levels and their
properties. In this model, individual nucleons are considered to fill
energy states successively, forming a series of nuclear shells that are
analogous to the shells formed by clectrons in the atom.

At the simplest level, the shell model predicts that nuclei having
closed (completely occupied) shells of protons or neutrons should be
unusually stable—as is, in fact, observed. (The chemical analogy is the
noble gases, in which all the electrons are in closed shells.) If a nucleus
has one nucieon beyond the closed shells, many of the properties of the
nucleus can be attributed to that one nucleon—just as the chemistry of
sodium can be explained largely in terms of the sodium atom's single
valence electron.

The shell model has been developed to incorporate the residual
forces among the nuclecons that are not included in the smooth field.
This has evolved to a valuable tool for understanding and predicting
many of the cnergy levels and their properties, such as electromagnziic
interactions and decay rates. However, the shell model with interac-
tions can be computationally difficult or impossible, depending on the
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number of nucleons and the number of shells that the nucleons move
in.

Under such circumstances, or when a simpler description is needed,
other models have enjoyed considerable success. The liquid-drop
model depicts the nucleus as a drop of liquid having such familiar
properties as pressure and surface tension. This model has been useful
in systematizing the data on binding energies and in providing useful
qualitative pictures of vibrations and the process of nuclear fission. An
important feature of the liquid-drop ..;odel is the collective motion of
many particles, which is often observed in the properties of nuclear
levels.

Another simplified model is the interacting boson mcdel. Here
nucleons spanning many shells are thought to combine to form
even-numbered nucleon clusters (which have integral values of spin
and can therefore be regarded as bosons), which can be studied by the
application of symmetry principles. For many of these models, it is
possible to make the connection with the more fundamental but more
complicated shell-model description.

Experimentalists study nuclear structure by determining what en-
ergy states appear in a given nucleus and what states play a role in
particular nuclear reactions. In the early days of nuclear physics,
experiments were restricted to the states involved in the decay of
naturally occurring radioactive nuclides or in a few low-energy reac-
tions that could be caried cut with alpha particles emitted by radio-
active minerals. The advent of accelerators greatly increased the
number of nuclear states that could be excited, by making available
new projectile species having a wide range of precisely controllable
bombarding energies. Electrons, protons, light ions, and heavy ions
can be supplied by acceleration acting on the projectile’s electric
charge. Furthermore, secondary beams of neutral (uncharged) projec-
tiles—for instance, photons and neutrons—can be produced in primary
reactions, a technique that can also supply exotic projectiles such as
pions and even neutrinos. In fact, intense pion beams have become a
standard tool of nuclear-physics research during the past decade.

A great many nuclear states have thus become accessible, partly
because the number of excited states increases with increasing energy
above the ground state and partly because the interactions of different
projectiles cause different types of internal nuclear motions to be
excited. For example, highly charged heavy-ion projectiles can exert
powerful Coulomb (electric) forces on the protons of a target nucleus
(a process called Coulomb excitation) while remaining well outside the
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range of nuclear forces. Thus, the effects of Coulomb excitation can be 3
studied with no interference from unwanted nuclear interactions.

The ability to excite certain types of nuclear motion selectively has
become an even more important tooi in nuclear-structure studies over
the past decade. The following sections discuss some excitation modes
of current interest and the kinds of information that they provide on
nuclear structure and dynamics.

IR

ELEMENTARY MODES OF EXCITATION

Extreme limiting cases, in which one type of behavior overshadows
all competing effects, are often the ecasiest to deal with in physics.
Nuclear physicists have therefore concen’, ated much of their attention
on excited states corresponding either to the shell model, at one
extreme, or 0 the liquid-drop model, at the other. In the first case, the
excitation is designcd to alter the motion of only one nucleon, while the
remaining core nucleons remain essential’y unaffected, so that the
excited states generated can be related to the motion of just the one
nucleon. In the second case, the excitation requires all the nucleons to
*forget”’ their individual motions and to participate in an overall | 1
coherent motion, much as a milling school of fish, when frightened, ;
suddenly darts away in a single direction. Both of these modes of |
excitation are amenable to experiment and theory and give unique ’
views of the behavior of the nuclear many-body system.

The collective motions of nuclei include rotalions and internal
vibrations. Collective rotations occur only in deformed, nonspherical
nuclei and entail the coherent swirling of some nucleons around a
motionless inner core. Collective vibrations can occur in any nucleus
and are somewhat akin to the complex bulgings of a water-filled balloon
that is being shaken.

The motion of nucleons in three-dimensional space, however, is not
the only way collective modes can arise. The direction of the spin axes
of several nucleons may flip back and forth in concert after an
excitation. Because a nucleon’s magnetic field lies parallel to its spin
axis (similar to the alignment of the Earth’s magnetic field with the
polar axis), a spin-flip collective mode gives the nucleus an oscillating
spin direction and therefore an oscillating magnetic field. In a related
collective mode called the Gamow-Teller resonance, the excitation
flips the isuspin (causing a proton to change to a neutron, or vice versa)
as well as the spin. These spin-flipping and isospin-flipping modes have
both recently beer. observed unambiguously in actual nuclei. as
discussed later in this chapter. These modes make up a new class of
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excited states that gives some insight into how the interaction between
two nucleons is modified by the presence of neighboring nucleons. The
discovery of these _.odes has stimulated the development of nuclear-
structure theory.

Giant Electric Resonances

In the late 1940s, physicists studying neutron-emission reastions
caused by bombarding nuclei with gamma rays were startled to find a
large peak—a resonance—in the curve of the reaction cros; section
(the probability of reaction) when it was nicasured over a wide range of
gamma-ray energies. This peak represented a value typically 50 to 100
times greater than those of the cruss sections for neighboring ener-
gies-~truly a giant resonance. The gamma-ray energy of the pcak was
found to decrease systematically with increasing mass number, from 23
MeV in carbon to 14 MeV in Jead.

The giant resonance is a general characteristic of the nuclear
many-body system and does not depend on the detailed structure of a
particular nuclide. It is now recognized as a giart electric dipole
vibration caused by collective motion in the nucleus: the oscillating
electric field associated with the gamma ray induces the protons in the
nucleus to oscillate. The neutrons, being uncharged, do not respond to
an electric field, so a vibration is set up in which the center of electric
charge (due to the protons) oscillates with respect to the center of
mass, as shown schematically in Figure 2.1. Classically, this type of
linear charge oscillation is described as an oscillating electric dipole—
hence the name of the phenomenon. The peak in the cross-sectional
curve is caused by an amplifying resonance between the oscillation
frequency of the gamma ray’s electric field and the natural frequency of
the dipole oscillation in the target nucleus.

The maximum possible piobability for a nucleus to absorb a gamma
ray can be calculated from very general considerations and is ex-
pressed as a sum rule involving a sum over all the nuclear charges and
masses. The observed probability for absorption of the gamma rays at
resonance energies is nearly equal to the theoretical maximum from the
sum rule for electric dipole oscillations—strong evidence that essen-
tially all of the protons takz part in the collective motion.

The giant electric dipo'e resonance peak extends over a width of 3 to
7 MeV in energy, depending on the nucleus. This is a relatively wide
peak, and wide peaks generally correspond to short lifetimes. The giant
clectric dipole oscillation is estimated to go through only a few
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FIGURE 2.1 The giant electric dipole vibration, as described in the text. The relative
motions of the protons (dark circles) and neutrons (light circles) during the intermediate
stages of the vibration are indicated by the arrows. (After G. F. Bertsch, Scientific
American. May 1983, p. 62.)

complcote cycles before it dissipates, corresponding to a lifetime of
roughly 1072' second.
For about 25 years, the electric dipole resonance remained the only
’ known giant vibrational mode. As the above description implies,
: gamma iays are efficient at exciting only linear dipole vibrations;
vibrations corresponding to more complzx patterns (multipoles) are
best studied with other means of excitation. Experimentalists therefore
turned to the inelastic scattering of charged particles from nuclei, in
which the projectile retains its identity but deposits some of its energy
in the target. In the early 1970s, a group in Darmstadt, West Germany,
using inelastic electron scattering, and a group at Oak Ridge National
Laboratory, using inelastic proton scattering, both found clear evi-
dence for a giant electric quadrup..'e resonance. Here the protons and
neutrons move together in a quadrupole vitration, in which the center
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of charge and the center of mass do not move, but the distributions of
charge and mass change rhythmically as the nucleus oscillates between
a prolate (football) shape and an oblate (doorknob) shape.

Later, the inetastic scattering of alpha rarticles was found to be
particularly efficient at exciting the giant juadrupole vibration. This
technique provides a particularly handv tool, because the necessary
100- to 150-MeV alpha-particle beams wre available at many cyclotrons
and because the scattered alpha particles are easy to detect. Use of the
alpha-particle excitation has established the energy peak, the energy
width, the strength, and some of the decay modes of the giant electric
quadrupole resonance for a wide range of nuclei. The resonance tends
to appear at 10 to 20 MeV above the ground state and has a width
between 2 and 8 MeV, depending on the nuchde. The sum rule
appropriate to quadrupole vibrations indicates that nearly = of the
nucleons in heavy nuclei take part in the collective motion.

Unlike gamma-ray absorption, which excites dipuic vibrations se-
lectively, the inelastic scattering of charged particles can ex .ite several
vibrational modes. To disentangle the individual vibrational patterns
from the measured angular intensities of the scattered particles,
physicists exploit the fact that each multipole is associated with a
definite integer value L of angular momentum (L = 1 for dipole, L =
2 for quadrupole). Thus, the particles scattered during the excitation of
a particular multipole vibration show an angular pattern characteristic
of the L value; the experimental data usually have to be analyzed as a
sum of several different angular patterns from different resonances.

The giant monopole vibration L = 0is a breathing mode in which the
nuclear volume expands and contracts symmetrically, as Figure 2.2
illustrates. Discovering the giant monopole resonance experimentally
was not easy. It is generally masked by the quadrupole resonance
except at very small scattering angles, where the detector system must
be carefully designed to avoid false counts from the intense beam of
undeflected projec:iles. In 1977, a group at Texas A&M University
identified the giant monopole resonance with certainty by studying
inelastic alpha scattering at angles as small as 3° from the projectile
beam direction. The monopole mode was recognized by its unique
small-angle scattering pattern. Further evidence came from the mono-
pole sum rule, which was satisfied essentially fully by the observed
scattering intensity, as would be expected for a collective mode in
which all the nucleons are taking part.

The monopole vibration is particularly important because its fre-
quency is directly related to the compressibility of nuclear matter, a
heretofore unmeasured property. The value for the coinpressibility
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FIGURE 2.2 The giant monopole vibration, as described in the text. As the protons
(dark circles) and neutrons (light circles) move in and out from their equilibrium
positions, the rucleus **breathes,” and its density oscillates. (After G. F. Bertsch,
Scientific American, May 1983, p. 62.)

derived from measured monopole vibration frequencies turns out to be
in good agreement with values predicted by various theoretical models.
To gain an appreciation of the extraordinary differences between
nuclear matter and ordinary atomic matter, it is worth noting that the
latter is about 10?2 times more compressible, i.e., all ordinary matter is
almost infinitely soft by comparison.

Preliminary experimenial evidence exists for giant multipole reso-
nances of higher L values, such as the pear-shaped octupole vibration
L = 3. Heavy ions might be especially suitable projectiles for exciting
vibrations with large L values, because such massive ions can transfer
a large amount of angular momentum to a target nucieus. Also,
variations on monopole or quadrupole vibrations are possible in which
the neutrons and protons move in opposition rather than together.
Such out-of-phase vibrations have not yet been explored systemati-
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cally, but there is recent evidence that the monopole mode is selec-
tively excited in reacticns that transfer charge between a projectile
pion and che target nucleus.

In fact, the pion has turned out to be a. efficient indicator of the
relative roles of protons and neutrons in nuclear excitations. Both
positive and negative pion beams can be focused on a target. Positive
pions in a certain energy range interact with target protons almost ten
times more strongly than with target neutrons; the reverse is true for
negative pions, which interact much more strongly with target neu-
trons. Direct compariscn of the results obtained with these two probes
thus yields a measure of the relative importance of the protons and
neutrons in a particnlar nuclear vibration. Some excited states in light
nuclei, for example, have been shown to be essentially pure proton or
pure neutron excitations. Even when the differences between the target
protons and neutroiis are much smaller, as in the giant quadrupole
vibrations in heavy nuciei, they can be detec.ed through positive and
negative pion scattering. This technique thus provides a sensitive test
of the microscopic theory of nuclear vibrations.

Giant Spin Vibrations

In addition to vibrations involving the motion of nucleons, nucleon
spins can also exhibit collective behavior. A nucleon has a built-in **bar
magnet’’ along its spin axis, so a collective mode for spin is also a
collective mode for magnetism. Nucleons have spin 1/2, and, according
to quantum mechanics, the nucleon spin measured along a coordinate
axis can be oniy + 1/2 (spin oriented parallel to the axis) or —1/2 (spin
antiparallel). Under certain conditions, the spin of a nucleon can flip
between + 1/2 and —1/2, simultaneously reversing the direction of the
magnetic field that it produces.

Researchers at the Indiana University Cyclotron Facilit,, using
proton beams of 100 to 200 MeV, were recently able to flip the spin and
isospin of nucleons in the nucleus without upsetting the spatial
arrangements of the nucleons. Thus, they were able to excite Gamow-
Teller resonances without obscuring them with other forms of excita-
tion. The trick is to observe a neutron coming out of the nucleus in
exactly the same direction in which the proton entered. The neutron
nas nearly the same velocity as the proton, so the law of conservation
of momentum tells us that hardly any momentum was transferred to the
nucleus. Hence, the only change inside the nucieus is that a neutron
changed to a proton, and possibly its spin flipped. In experiments now
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being carried out, the spins of the proton and the . utron are actually
measured.

It is a simple matter to count the number of neutrons that are
available to be changed into protons in the nucleus. Then the total
probability of the Gamow-Teller process for a nucleus relative to the
process for a free neutron can be calculated with great accuracy. A
surprising result of the measurements is that the actual total probability
is only 50 to 75 percent of the calculated probability. One possible
explanation for the strength shortfall is that the transition from a
neutron to a proton is not the elementary process. Rather, we should
consider that the nucleons are made of quarks and that the elementary
Gamow-Teller process is a spin-isospin flip of one of the constituent
quarks. The quark flip can indeed change a neutron into a proton, but
it can also change a neutron to a higher-energy configuration called a
delta resonance (which is a baryon resonance). In this model, the deita
states must also be counted in the total transition probability. Then,
possibly, the strength will come out right. Complete calculations on
this model have not yct been done, and the missing strength problem
has not been resolved.

A Michigan State University-Orsay collaboration working at Orsay,
France, has identified a component of the Gamow-Teller excitation in
which the charge of the nucleus remains the same; according to isospin
symmetry arguments, such ap excitation should exist. The measure-
ment had to be made as close to the beam direction as possible, with
the best possible discrimination between the beam and the scatter:a
particies, which had similar energies. The experimental solution was to
use an extremely precise magnetic spectrometer that could identify the
scattered protons and operate close to the beam.

Deltas in Nuclei

One interesting aspect of the Gamow-Teller resonance arises from
the possible importance of the delta resonance in this low-energy
phenomenon. Deltas are high-energy excited states of the baryon. The
first (lowest-level) such state has a mass of 1.23 GeV, compared with
0.94 GeV for a nucleon, and this great excess of mass-energy causes it
to decay (into a pion and a nucleon) even before it has traversed the
diameter of the nucleus. With such a short lifetime, the delta is not
regarded as a true particle, and yet it can play a crucial role in nuclear
phenomena.

The importance of the delta in nuclear physics has become clear
during the last decade, mostly in experiments with pions. When a pion
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with an energy of several hundred MeV collides with a nucleus, one of
the nucleons may absorb the pion to become a delta. This transforma-
tion creates a vacancy, or hole, in the energy state originally occupied
by the nucleon. The progress of the reaction is then determined by the
dynaraics of the delta-kole system as it propagates through the nucleus.
A comparison of predictions based on this mechanism with experi-
ments on pion-nucleus reactions (carried out at meson factories such as
the Los Alamos Meson Physics Facility) casts light on several phe-
nomena of current interest, e.g., modification of the delta lifetime and
mass by the nuclear environment, the nature of pion absorption by
nucleons, and the nature of the delta-nucleon interaction. It is surpris-
ing that one can even think about the average potential seen by such a
short-lived particle inside the nucleus. And yet experiments can be
interpreted to show that the delta is substantially less bound than a
aucleon in the center of a nucleus, whereas the effective spin-
dependent potentiai for a delta is comparable with that for the nucleon.
Study of the propagation of other baryon resonances in nuclei is just
beginning.

Electron-Scattering Results

There are several reasons why the scattering of high-energy elec-
trons is a powerful tool for studying nuclear structure. First, the
int- ction is electromagnetic and thus more readily understood. (The
we. part of the electroweak interaction plays a significant role only if
one _ooks directly at its unique effects, for example, in an experiment
that exhibits parity violation.) This implies that the experimental
results have a direct interpretation in terms of the quantum-mechanical
structure of the nuclear target. (By contrast, it is often difficult to
separate the reaction mechanism from the target structare in hadronic
scattering of strongly interacting particles.) Of course, these comments
also apply to photon scattering, but a second great advantage of
electron scattering is that, for a fixed nuclear excitation energy, one can
vary the momentum transferred by the scattered electron to the
nucleus and map out the charge and curreni densities, even in the deep
interior of the nucleus. Thus an electron acceleiator is. in effect, a huge
microscope for studying the spatial distributions of charges and cur-
rents inside a nucleus, which has a typical diameter of 107! cm. To see
smaller and smaller distances, we require higher and higher momentum
transfer, which implies higher and higher electron energies.

The charge density in the nucleus arises from the proton distribution.
One part of the current arises because of the motion of the protons.
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Both the neutron and proton have a small magnetic moment, and hence
each behaves like a small magnet. This intrinsic magnetization also
contributes to the electromagnetic interaction of electrons with the
nucleus. In addition, there are exchange currents present in the
nucleus due to the fleeting presence of virtual pions and other charged
mesons.

Another feature of electron scattering allows us to obtain a nuclear
excitation energy profile by varying the momenti'm transferred to the
target. At low momentum transfer, the spectrum is dominated by
electric dipole transitions. At high momentum transfer, however,
transitions that require a high angular momentum may take place, and
it becomes possible to investigate high-spin states. Furthermore,
because the interaction of the electron with the intrinsic magnetization
is enhanced at high momentum transfer and large electron scattering
angles, it is possible to examine high-spin states of a magnetic
character.

Finally, at the very high energy and momenium transfers that are
obtainable at the Stanford Linear Accelerator Center (SLAC), it has
been possible to study small distances in the nuclear system and to see
the pointlike quarks inside the protons and neutrons.

We clearly cannot touch on all the recent advances in electron
scaitering from nuclei. Instead, we will briefly discuss two examples.

Elastic charge scattering of electrons from nuclei makes it possible
to measure the detailed spatial distribution of the charge inside the
nucleus in its ground state. Our most precise knowledge of the sizes
and shapes of nucici comes from such experiments. The basic process
is analogous to what is observed when light passes through a small
circular aperture: the wavelets from each part of the aperture interfere
with each other and produce a diffraction pattern consisting of rings of
varying light intrnsity that can be observed on a screen. Since a basic
hypothesis of quantum mechanics is that electrons also possess wave
properties, a diffraction pattern (of a somewhat different kind) is
observed when an electron is scattered by a nuclear charge distribu-
tion.

To see the details of this charge density due to nuclear orbits and
shells requires measuring the scattered electron energies to better than
1 part in 20,000, a precision unattainable 10 years ago. Today,
spectrometers with the necessary energy discrimination are in use,
notably at CEN Saclay (France) and at the MIT Bates Accelerator
Laboratory. In Figure 2.3 we show an example of a diffraction pattern
of scattered electrons obtained with a calcium-40 target. Such data can
be used to make accurate maps of the spatial distributions of charge in
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FIGURE 2.3 A nuclear diffraction pattern obtained by the elasti scattering of
500-MeV electrons from calcium-40 nuclei. Note that the measurements were made over
the enormous range of about 12 orders of magnitude. (From B. Frois, in Nuclear Physics
with Electromagnetic Interactions, H. Arenhove! and D. Drechsel, eds., Vol. 108 of
Lecture Notes in Phvsics, Springer-Verlag, Berlin, 1979.)

nuclei. In the rare-earth nuclei, these shapes are deformed from
spherical, owing to the tidal forces of outer-shell nucleons orbiting
around a central core (see Figure 2.4). In a recent experiment, the
charge distributions of two neighboring nuclei were compared; the
charge difference was concentrated in peaks at various distances from
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the center of the nucleus. This could be attributed to the extra proton’s
occupying a particular shell, as was expected from the shell model.
However, the peaks were smaller than expected, showing that addi-
tional effects beyord those incorporated in the shell model must be
present.

We now turn to the related topic of elastic magnetic scattering. Each
nucleus, if it has some angular momentum in its ground state, is also a
small magnet. Just as the total charge of the nucleus receives contri-
bution from spatially varying elements of the charge density, the iotal
magnetic moment receives contributions from the spatially varying
elements of the magnetization density. By measuring the diffraction
pattern of electrons elastically scattered from a nucleus in the back-
ward direction, one can measure the spatial distribution of this
magnetization density. Because the individual proton and neutron
spins and angular i..omenta pair off in a nucleus, the total nuclear
magnetization typically coraes from the last valence nucleon. Since
neutrons possess a small intrinsic magnetic moment, they will also
contribute to elastic magnetic scattering. By measuring the scattered
electrons’ diffraction pattern to high values of momentum transfer, one
can see the spatial distribution of the last valence particle—proton or

Nuclear
charge
dengity

Nuclear
axis

FIGURE 2.4 A perspective view of the electric charge distribution in the nucleus of
ytterbium-174. This nucieus is seen to be somewhat elongated, with its maximum charge
density in regions away from *he cenier. (From J. Heisenberg, in Advances in Nuclear
Physics, Vol. 12, J. W. Negele and E. Vogt, eds., Pienum Press, New York, 1981.)
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FIGURE 2.5 A perspective view of the surface of half-maximuin magnetization denisity
in the nucleus of vanadium-S1. The diagram. computed from data obtained by the elastic
scattering of electrons. reveals the circular orbit of the last valence nucleon in this
nucleus. [From T. W. Donnelly and J. D. Walecka, Nuciear Physics A201. 81 (1973).]

ncutron—in the nucleus. Figure 2.5 shows the spatial distribution of
this nuclear magnetization, determined from electron scattering in
vanadium-51. Note how the spatial orbit of the last nucleon is clearly
defined.

Finally. we observe that electron scattering plays a crucial rolc in
interpreting the results of experiments using other projectiles, such as
protons and pions, that have been done at new accelerators and
expenimental facilities developed during the past decade. All of these
particles are now used as precision probes. bringing together comple-
mentary interactions with which the whole of nuclear matter can be
mapped.

The Interacting Boson Model

Geometrical symmetries are usec to describe special, sunple prop-
erties of otherwise complex structures. Examples of geometrical
symmetries, such as those related to reflections and rotations, can be
easily recognized in many objects, including nuclei. Dynamical sym-
metries are related to a similarly simple order that can sometimes be
found in the laws governing the behavior of physical systems. Because
of the complexity of the nuclear many-body problem, it was not
expected that such symmetries would play a major role in nuclear
physics.
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Recently, however, it has been found that the locations and decay
properties of the excited states of a wide range of even-even nuclei
(those with an even number of protons and an even pumber of
neutrons) can be accurately calculated by making use of a symmetry in
which the valence neutrons and valence protons (those outside the
closed-shell, inert core) are paired to form spin-0 and spin-2 bosons
(particles with integer spin). This interacting boson model is charac-
terized by a particular pattern of nuclear energy levels (and their
decays) that depend oniy on the number of available bosons. The
pattern was first recognized in platinum-196 in 1978. This symmetry
has already provided a unification of several different nuclear collective
modes of motion (for example. rotation, vibrution, and the transitional
behavior that falls between these limiting cases). All of these modes
can be described in a uniform way by the symmetry associated with the
interacting boson model, depending simply on the number of valence
(interacting) bosons present in each nucleus. Because of the way in
which this model makes use of shell-model properties in describing the
collective properties of nuclei, it is hcped that it will be able to provide
a unification between the shell model and the collective model of
nuclei.

The most recent development has been the sxtension of this model
to nuclei with an odd number of neutrons and protons. This extension
involves a coupling between the unpaired nucleons (fermions) and the
paired nucleons (bosons) in neighboring nuclei, which allows the
calculation of the properties of nuclear states in both odd-mass and
even-mass nuclei, using a single formula. This coupling is character-
ized by a supersymmetry. A good example of such behavior has now
been found in the comparison between iridium-193 and osmium-192
and in a few neighboring nuclei, such as iridium-191. However, unlike
the interacting boson :a0del, which has had striking success over a
wide range of even-even nuclei, there are so far only a few successful
examples of supersymmetry, with substantial breakdown of the
supersymmetry predictions occurring for nuclei just a little removed
from this region. At present, it is not clear whether this is caused by
problems in the supersymmetric model and its calculations or whether
it points to an inability on our part to analyze and organize the
experimental results properly so as to see the expected supersym-
metric pattern.

Given a highly complex and seemingly random pattern, it is not
always obvious where to look or how to orient one’s perspective in
order to see the underlying symmetry. However, given even the hint
that such an important supersymmetry may exist in the present case
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(the first fermion-boson supersymmetry found in nature), this area of
nuclear spectroscopy will receive much attention in the near future.
The result should be a clarification of our interpretation and under-
standing of the connection between odd-mass nuclei and even-mass
nuclei and the more general connection between fermions and bosons.

MACROSCOPIC NUCLEAR DYNAMICS

A high-energy proton colliding with a nucleus may simply punch
straight through, interacting strongly with only a few of the nucleons.
But if the projectile is itself a nucleus (heavy ion), a collision involves
the interaction of two many-nucileon systems. The large number (as
many as several hundred) of strongly interacting nucleons in a heavy-
ion collision can drastically alter the shapes, neutron-to-proton ratios.
or internal excitation energies of the collision partners. A major
program effort in heavy-ion physics is to utilize these effects to study
macroscopic nuclear properties involving the coop :cative motion of
many nucleons.

Heavy-ion collisions can give rise to new phenromena not seen when
the projectile is a single particle: they can split off chunks of nuclear
matter, they can completely disintegrate nuciei in a burst of nucleons,
and they can transfer large amounts of angular momentum, leading to
instability and breakup. An added source of interest is the wide variety
of projectiles available, all the way 10 the heaviest natural element,
sranium. Some experiments have been done at energies of up to
several GeV per nucicon, but the inost extensive studies have been it
the energy range helow 20 MeV per nucleon.

A usefu _erspeclive on the meaning of the term *‘low energy’” in
heavy-ion physics comes from the example of a calcium-40 nucleus at
10 MeV per nucleon, which has a total kinetic energy of 400 MeV.
Heavy-ion physics, in fact, demands substantial energies to allow the
pr  .ctile nucleus to overcome the powerful repulsive Coulomb force
excrted by the target nucleus. The short-range nuclear forces between
two nuclei, which cause the interesting phenomena in heavy-ion
reactions, cannot act effectively unless the nuclei are at least close
enough to touch.

A characteristic feature of a low-energy heavy ion is its short
wavelength compared to the dimensions of the collision region around
the target nucleus. Its quantum-mechanical wave nature is thus sup-
pressed. and it can be viewed as a classical particle having a well-
defined trajectory. According to the classical trajectory picture, low-
energy heavy-ion collisions can be classified according to their impact
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(a) Elastic scattering

(b Peripheral inalastic scattering

(¢) Deep-inelastic scattering

/4 Fusion

@ @ ©

FIGURE 2.6 Examples of some of the kinds of nuclear interactions that occur in
collisions (shown here in the colliding-beamn mode rather than the fixed-target mode) at
different values of the impact parameter. At large values (a), the nuclei do not touch at
all. At values approuching zero (d), the collision can result in fusion of the two nuclei.

parameter (see Figure 2.6), which is a number describing how close to
being central (head-on) the collision is. At large values of the impact
parameter, the projectile and target nuclei never come close enough to
touch, and their trajectories are governed by the repuisive Coulomb
force between them.

At intermediate impact parameters, the nuclei graze just clos:ly
enough to bring the nuciear forces into play. A likely event during a
grazing collision is the transfer of one or more nucieons tetween the
collision partners, or perhaps the excitation of collective modes. At
relatively small impact parameters, a substantial part of the projectile
hits part of the target. Amazingly, the nuclei typically emerge from the
welter of nucleon interactions with their original identities intact, give
or take a few nucleons, but with a substantial conversion of energy into
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heating of the nuclei. This type of event, called a deep-inelastic
collision, has been a major focus of study during the last decade and is
discussed in detail later.

Finally, an approximately head-on collision (very small impact
parameter) can cause the colliding nuclei to fuse, forming a single
compound nucleus that lives long enough for the nucleons to reach a
degree of equilibrium in shared energy and angular momentum. The
compound nucleus is typically unstable, however, and decays after
10~"® second or so. One decay mode is by the emission of several
low-mass particles, <uch as nucleons and alpha particles. Another
possibility is that of fission into twu smaller fragments. During fission,
the compound nucleus behaves much like a drop of liquid. ‘*necking
off’ as the two portions separate. On rare occasions, the neck
coalesces to form a third small partrer in the fission (typically an alpha
particle), a phenomenon that has a known analogy in the breakup of
real liquid drops.

Fusion reactions such as those described (not to be confused with
the thermonuclear fusion of light nuclei) have been useful in producing
exotic nuclear species, in determining the maximum angular momen-
tum that nuclei can sustain, and in illuminating the dynamics of the
fission process. These reactions are largely a feature of the low-energy
regime; at high or relativistic energi¢s, head-on collisions deliver so
much energy that the collision partners are shattered into smaller
fragments.

When a beam of heavy ions is directed against a target, all impact
parameters are possible among the chance collisions; the smaller
impact parameicrs (near!" head-on collisions) occur with lower prob-
ability, however, because oi the smaller cross-sectional area pre-
sented. Given suificient projectile energy to overcome the repulsive
Coulomb forces, ail the reaction types described above can occur, and
great skill is needed to single out the particular reaction of interest.

Our present understanding of low-energy, heavy-ion reactions spans
a rich phenomenology with a corresponding theoretical framework.
The full scope of progress made during the last decade cannot be
described adequately in this volume. Instead. we will focus on just two
bread topics that give something of the flavor and issues of the field.

Resonances in Heavy-lon Systems

The widely successful shell model of the nucleus views an individual
nuc:con as moving in an average force field produced by all the other
nuclcons. The success of this model stems from the Pauli exclusion
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principle, which states that no two nucleons can have identical states
of motion. The strong nuclear force causes free nucleons (those not
bound inside a nucleus) to scatter markedly in a collision, but for
nucieons in a nucleus, the Pauli principle greatly decreases the
nucleon-nucleon interaction by forbidding many of the final states that
would normally result from scattering.

In the nuclear shell model, the energy of a bound nuclecn is
restricted to certain discrete (quantized) values, just as the sound from
a plucked guitar string is restricted to a fundamental tone and certain
overtones. The shell model describes the energy levels of a nucleus as
the promotion (raising) of one or a few nucleons from the normally
occupied ground level to normally unoccupied excited levels.

A general result from the quantum mechanics of many-body systems
is that the energy levels allowed for the nucleus become more closely
spaced as the energy above the ground level increases. The first few
low-lying levels are rather widely spaced, on the average. and they can
be selectively excited for study in ccllisions if the projectile has the
proper narrowly defined energy. At higher excitation energies, how-
ever, the energy levels are so close together that the spread of energies
in a projectile beam overlaps many levels, blurring the details. Another
factor contributing to the blurring is the short lifetime of most excited
states; as a consequence of the Heisenberg uncertainty principle, the
energy levels of such states are broadened.

In some heavy-ion experiments, pronounced peaks (resonances)
appear unexpectedly in the observed cross sections as the bombarding
energy is varied. For example, when oxygen-16 projectiles scatter
zastically from oxygen-16 target nuclei, the cross-sectional curve
exhibits broad, irregular pcaks as the projectile energy is increased.
For the reaction of oxygen-18 with oxygen-18, however, only a smooth
variation with energy is observed. The exrlanation is related to the fact
that in oxygen-16 the proton and neutron shells are both closed,
whereas in oxygen-18, with two additional neutrons outside the closed
shells, there are numerous low-lying excited levels. Because oxygen-16
has only a few states through which the interaction can proceed, the
wave-mechanical interference effects are not smeared out beyond
recognition.

When a carbon-12 projectile reacts with a carbon-12 target nucleus,
the cross-sectional curve displays narrow, jagged peaks that give
strong evidence for the formation of relatively long-lived nuclear
molerules. A bound system, such as a chemical molecule, exists
because the attractive forces predominate over the repulsive forces.
Two nuclei could possibly form a pound “‘molecule’” if the attractive
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outer part of the nuclear force just balanced the repulsive inner part of
the nuclear force, the repulsive Coulomb force, and the repulsive
centrifugal force that arises when two nuclei revolve around each
other. Because of the way the forces vary with distance, such a balance
may not be possible for most nuclei, and even if it were achieved, it
would not be expected to last long. If the attractive force outweighed
the repulsive forces, the nuclei would crash together; if the attractive
force were too weak, they would fly apart.

According to the uncertainty principle, the narrowness of the
resonances in the reaction of two carbon-12 nuclei suggests lifetimes
between 1072' and 10~ second for these states. Although this is
unimaginably brief on the macroscopic time scale of the everyday
world, it is several times longer than the interaction time in ordinary
nuclear reactions—Ilong enongh for a nuclear molecule to make many
rotations about its center of mass.

Deep-Inelastic Collisions

The compound-rucleus picture of reactions has been used success-
fully in nuclear physics for a long time, because compound-nucleus
formation is a common mode of reaction when the projectiles are
low-energy nucleons or alpha particles. The approximately head-on
collision of heavy ions at low energy is also liable to produce a
compound nucleus. But when the impact parameter lies between the
grazing and head-on limits, the interaction between low-energy heavy
ions is likely to result in a deep-inelastic collision instead (see Figive
2.7).

Deep-inelastic collisions display surprising new phenomena not seen
in compound-nucleus reactions, and they have therefore received
much attention in heavy-ion physics. They involve some of the same
reaction mechanisms that occur in fission, but in deep-inelastic colli-
sions, these can be studied in a controlled way by the suitable choice
of projectile, target, ard energy, for example.

In a deep-inelastic collision, the projectile nucleus can lose most of
its energy as it plows into the target nucleus; the energy loss is often so
great that the emerging reaction fragments are aitially nearly at rest,
and they fly apart mainly because of the repulsive Coulomb force
between them. But unlike reactions that proceed by compound- nucleus
formation, a deep-inelastic collision retains a ‘‘memory’’ of the initial
conditions, so that the reaction fragments are closely related to the
original colliding nuclei.
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A deep-inelastic collision presents seemingly contradictory proper-
ties: the substantial energy loss might appear to indicate a violent
collision, yet the retention of identity of the products suggests a
relatively gentle collision. The most successful approach to under-
standing this paradox views the original nuclei as starting with values
of the basic parameters, such as neutron-to-proton ratio, energy,
angular momentum, and mass, that are suited only to the stable
equilibrium of two nuclei far apart. The new stable equilibrium in the
collision environment requires different values of these parameters,
however, and during the collision, each of the properties begins to shift
toward the new values.

The value of a property cannot change, however, without some
driving mechanism. In general, the mechanisms for different properties
operate at different rates, so some properties move more rapidly than
others toward their new equilibrium values. The pertinent rates in a
deep-inelastic collision can be sorted cut experimentally by using a
built-in “‘clock’’ for the reaction. The off-center nature of the collision
starts the system rotating, so that the angle of rotation increases with
time; fragments given off at small rotation angles therefore correspond
to an early stage in the reaction. Analysis of the reaction fragments
shows that the neutron-to-proton ratio reaches its equilibrium value
very quickly, in 1522 second or so. Energy equilibrates next, followed
by angular momentum. T'he masses of the fragments take so long to
reach equilibrium (roughly 50 times longer tha- ”:r the neutron-to-
proion ratio) that the collision is over befor : sses are able to
change much from their original values. Pro curate models for
the various driving mechanisms has been .nallenge to nuclear
theorisis—combining, as it does, coilective motion with the statistical
nature of the approach to equilibrium.

The nuclear matter in a low-energy, deep-inelastic collision is nct
highly excited, and relatively few excited states are accessible to the
nucleons. Under these conditions, the Pauli exclusion principle still
diminishes the effects of the nuclear force, and a given nucleon can
move fairly freely through the nuclear interiors. Interactions among
nucleons occur mainly near the nuclear surtace, where the average
force on a nucleon is no longer constant. Simple models therefore
describe deep-inelastic collisions as the exchange of freely moving
nucleons between two nuclei, including the effects of surface *‘fric-
tion’" at the contact region between the fragments. Such models have
had considerable success in describing the experimental duta. A more
fundamental description is based on a time-dependent generalization of
the shell model, where now the average potential experienced by each
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nucleon changes rapidly as the colliding system evolves toward a new
equilibrium.

Despite the progress that has been made in understanding deep-
inelastic, heavy-ion collisions, much remains to be done, such as
identifying the mechanism responsible for dissipating excess energy.
On the theoretical side, the successful models need to be related to
more fundamental theories, and the time-dependent ~verage pcientiai
calculations need to be extended to higher bombarding :nergies.
Experimentally, many questions need to be answered. How is angular
momentum transferred in the colliding system? What is the mechanism
for ejecting prompt light particles? How does the behavior of the
reacting system change as the bombarding energy becomes comparable
with the internal energy of nucleons in a nucleus? Can collisions just on
the border between fusion and deep-inelastic collisions be used to
probe the long-term dynamics of nearly unstable nuclear systems?

THE NUCLEAR MANY-BODY PROBLEM

A long-standing goal of nuclear physics has been to develop a
microscopic many-body theory that can account quantitatively for the
structure and interactions of nuclei in terms of the cumulative effects of
individual nucleon-nucleon (NN) forces. There are many roadblocks
on the way toward achieving this ambitious geal. First, the NN force
itself is not known in sufficient detail. The scattering of nucleons
provides much information, but only for a situation characterized by a
constant total energy of the two colliding nucleons; in a nucleus, where
nearby nucleons can transfer energy, c:her aspects of the NN force can
come into play. Furthermore, even if the NN force were completely
understood, available mathematical techniques cannot readily handle
the complexities of many closely spaced, strongly interacting nucleons
in a nucleus.

Great progress has nevertheless been made in microscopic nuclear
theory during the past decade, thanks to the steadily increasing
knowledge of the NN force, improved calculational techniques, and
more precise data on nuclear structure and interactions. A broad
conclusion from this work is that the traditional picture of interacting
nucleons alone cannot explain the detailed behavior of nuclear matter.
Necessary corrections appear to involve many-body forces, the rela-
tivistic description of nucleon motion, the presence of virtual mesons
in nuclei, and, ultimately, the nucleon’s internal quark-gluon structure.
Progress in incorporating these corrections into many-body calcula-
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tions will be hastened if experiments can be devised with specific
sensitivity to the effects in question.

The following sections summarize the status, successes, and short-
comings of the traditional nucleon picture of nuclear matter and discuss k
briefly the seemingly essential corrections to that picture.

The Three-Nucleon Nucleus and Infinite Nuclear Matter

Advances in many-body calculations are usually tested first on two
limiting cases, to see if an extension to more complicated systems is
warranted. Two such: cascs often employed are ihe three-nucleon
nucleus and an infinite nuclear matter consisting of neutrons and
protons filling all space uniformly at a given density. For simplicity, the
neutron and proton masses are taken to be equal in infinite nuclear
matter; the Coulomb repulsion between protons is assumed to be i
inoperative, so that only the strong interaction is operative. :
r The three-nucleon nucleus is the simplest possible many-nucleon :
system. Nature provides two actual examples: hydrogen-3 (tritium; ? 3
one proton, two neutrons) and helium-3 (two protons, one neutron). A
wealth of experimental data for testing theories is available, including
the binding energy (the minimum energy required to separate the three
nucleons completely), the charge and mass distribution (nuclear ra-
dius), the nuclear magnetism, and the ways in which the nuclei react
with photons, nucleons, muons, and pions. With the aid of a new
mathematical technique, the properties of hydrogen-3 and helium-3 can
now be calculated numerically in great detail, once the form of the NN
force is chosen.

In practice, popular choices assume that the force acts only between
pairs of nucleons (two-body forces). Various parameters specifying the
force are adjusted to give good agreement with measured nuclcon-
nucleon scattering and with the properties of the bound neutron-proton
system (the deuteron). A number of admissible forms satisfy these rild
constraints, but in general, all admissible two-body forces give a
three-body binding energy that is too small by | to 2 MeV (out of 8
MeV) and a nuclear radius too large by 9 percent or so. The accuracy
of the binding-energy prediction is better than might at first appear,
however, because binding energy is the relatively small difference
between two large, nearly equal terms: the energy of motion of the :
nucleons and the energy content of the NN forces. Nevertheless, the
discrepancies appear to be greater than the accuracy of the calcula- i
tions, and they must be taken seriously as indicative of shortcomings in :
the assumed interactions.
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Infinite nuclear matter exists in nature in neutron stars. It is a useful
system to consider because it avoids the complications that arise from
having to take into account the properties of a nuclear surface.
Although it does not exist on Earth, its supposed properties can be
inferred from measurements on real nuclei. Of particular interest are
the nucleon density of nuclear matter, 0.16 nucleon per cubic fermi,
and the average binding energy per nucleon, inferred to be 15.8 MeV
per nucleon. A third property, the compressibility, has recently been
derived from giant monopole resonances in real nuclei, as described
earlier; the compressibility tells how the binding energy per nucleon
changes when the nucleon density is varied.

During the 1970s, major advances in mathematical techniques and in
the development of powerful computers spurred a vast amount of
theoretical work that largely eliminated earlier inconsistencies among
various techniq ses for calculating the properties of nuclear matter. The
discrepancies between theoretical predictions and experimental facts
still remain, however. A major long-term challenge for nuclear physi-
cists is to expand the traditional many-body theory of nuclear matter in
ways that will remove these discrepancies. How this goal might be
achieved is discussed at the end of this chapter.

Properties of Finite Nuclei

Although more effective computational techniques are under devel-
opment, most calculations of the properties of real nuclei are carried
out at present using a modification of the Hartree-Fock method, which
was originally invented to calculate the electronic structures of atoms
and molecules. In this method, each nucleon is assumed to move
according to the average force exerted by the other nucleons. But the
average force itself depends on how the nucleons move, so the
calculations are carried out iteratively until the computed nuclcon
motion and the assumed average force are consistent with each other.
Part of the success of the Hartree-Fock method stems from the
exclusion principle, which inhibits strong short-range nucleon colli-
sions in a nucleus, thus allowing two-body interactions to be replaced
by a smoothly varying average force through the nuclear interior.

An important recent advance in the theoretical treatment of finite
nuclei has been the density-dependent Hartree-Fock (DDHF) method,
which takes into account the effect of the density of surrounding
nuzleons on the NN force. The DDHF method is well adapted for
calculating charge and matter distributions in nuclei, because self-
consistency is achieved only when the nucleon motion, average force,
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and local density are in accord. The repulsive short-distance part of the
NN force is particularly important in finits nucleus calculations, to
keep the nucleons the correct distance apart. To obtain agreement of
theory with experiment, the NN interaction in the DDHF method must
be augmented by suitable empirical terms.

Electron-scattering experiments have provided exquisitely detailed
pictures of nuclear charge distributions, all the way to the centers of
nuclei and over the full range of the chemical elements. The detail of
the measurements is sufficient to show the varying proton densities
associated with the nuclear shell structure, providii.g a good test of
DDHF methods. The general agreement with theoretical predictions is
good, but some small systematic discrepancies remain.

Electron-scattering experiments do not yield the distribution of
matter in a nucleus, however, because electrons interact primarily with
the electric charge of the protons and do not ‘‘see’’ the neutrons.
Protons interact with all nucleons, and many of the data on matter
distributions come from the elastic scattering of protons on nuclei.
When the projectile’s energy is much higher than the energies of the
bound nucleons (800-MeV protons are available at the Los Alamos
Meson Physics Facility, for instance), the c&ects of the binding become
less important, and the NN force derived from the scattering of free
nucleons becomes a good approximation. The proton-nucleus scatter-
ing data can then be understood with the help of these factors to derive
the unknown neutron distribution. DDHF calculations generally repro-
duce the measured distributions quite well, but they are more accurate
for the differences among neighboring nuclear species than for absolute
neutron densities.

Calculations of finite nuclei can now also be tested in favorable cases
by the measured distribution of an individual nucleon in a nucleus—a
major advance in the field during the past decade. One method makes
use of electron scattering to measure the proton distributions in nuclei
differing by only one proton—for example, thallium-205 (81 protons,
124 neutrons) and lead-206 (82 protons, 124 neutrons); the comparison
yields a one-proton distribution. Neutrons in a nucleus associate in
pairs with their spins antiparallel, effectively canceling their intrinsic
magnetism. If a nucleus has an odd (unpaired) neutron, this neutron’s
magnetism—and hence iis distribution in the nucleus—can be seen by
electron scattering, especially for scattering at large angles in collisions
that transfer a large amount of momentum from the electron projectile.

DDHEF calculaiions also generally reproduce the measured single-
nucleon distributions well, as in the case of overall charge and matter
distributions. The remaining discrepancies, however, seem to indicate
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the need for small but significant corrections arising, fer example, from
relativistic effects or electromagnetic contributions due to meson
exchange between nuclecns in the nucleus.

The. Effective NN Interaction at Intermediate Energies

For the properties of finite nuclei to be calculated properly, many-
body theory must evaluate how the interaction between two given
nucleons in a nucleus is modified by the presence of the other nucleons.
The attractive gravitational force between a planet and the Sun, or the
repulsive Coulomb force between two electrons in an atom, can be
described in terms of the separation distance alone. The effective
nucleon-nucleon force is more complicated, depending not only on
distance but also on momentum, spin, and isospin—and all of these
factors are modified in a nucleus by the inhititing effect of the Pauli
principle.

With so many factors involved at once, it would obviously benefit
the development of nuclear theory to have experiments that signifi-
cantly test only one specific factor at a time. A suitable type of
experiment for this purpose is the reaction that involves the interaction
of a projectile nucleon with only one nucleon in the target nucleus. A
typical example is the charge-exchange reaction of a fast proton with
carbon- 14, in which the projectile proton changes to a neutron while a
target neutron becomes a proton, leaving a nitrogen-14 nucleus as the
reaction product. This type of reaction (discussed earlier from another
perspective) involves the transfer of a charged pion from the proton !~
the target neutron and is of special interest because of its seusitivity to
the pion field inside a nucleus. The target, bombarding energy, reaction
type, and especi.lly the specific state in which the product nucleus is
left can be chosen so as to make a particular factor in the NN
interaction dominant. Progress in developing such selective filters has
been rapid in recent years, with the availability of high-quality proton
(and electron) beams at intermediate energies.

Intermediate projectile energies from 100 to 400 MeV are emp.oyed
because it is at these energies that the NN interaction is weakest; this
makes it more likely that the projectile nucleon will interact mainly
with only one target nucleon. Also, modifications of the NN force
induced by other nucleons are not too large at intermediate energies,
thus simplifyiny the interpretation of the data. Further information on
the properties of the target-nucleon state can sometimes be obtained
from electron inelastic scattering or from other nuclear processes, such
as beta decay.
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Complementary proton and electron inelastic-scattering experiments
have been carried out with narrow energy resolution (smaller than one
part per thousand) for a number of nuclei. The results have demon-
strated for the first time the real possibility of attaining a quantitative
microscopic understanding of nucleon-nucleus collisions. The density
of surrounding nucleons seems to have an especially important effect
on the part of the NN interaction that is independent of spin or isospin.
Some small discrepancies between theory and experiment remain in
the study of the spin-independent interactions, but their relationship to
the known shortcomings of nuclear theory is not yet clear.

The spin-dependent parts of the NN interaction are currentiy a
subject of great experimental and theoretical interest. As an example of
how nucleon-induced reactions can act as a selective filter, consider
the proton/carbon-14 charge-exchange reaction described earlier,
which flips the isospin of a target neutron, changing it to a proton. If the
reaction does not simultaneously flip the spin, the nitrogen-14 product
nucleus is left in an excitea state with the same spin as the target
nucleus. If, however, the reaction also flips the neutron’s spin (this is
the Gamow-Teller transition described earlier), the product nucleus is
left in an even higher excited state. Experimental results show that as
the bombarding energy is increased from 60 to 200 MeV, the isospin-
flipping reaction (without spin flip) diminishes in iinportance while the
Gamow-Teller reaction increases; this implies different energy depen-
dences for the spin-dependent and spin-independent parts of the NN
interaction. The NN force between free nucleons displays a similar
trend in the relative strengths, but predictions based on it are not in
quantitative agreement with these experiments; the nuclear environ-
ment can dramatically modify pion-exchange processes, as various
many-body calculations have suggested.

The results to date have demonstrated that nucleon-induced transi-
tions at intermediate bombarding energies can indeed act as a selective
filter for various components of the nucleon-nucleon force in nuclei.
This program is likely to have its reai payoff in th< future, with a more
systematic application of state-of-the-art many-body techniques to a
wider variety of reactiohs, nuclear excitations, bombarding energies,
and measured properties (e3pecially spin-dependent observables).

Expanding the Traditional Many-Body Theory

Traditional nuclear theory considers only structureless, non-
relativistic nucleons interacting through two-body forces. The persis-
tent discrepancies between the best traditional calculations and exper-
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iment are widely attributed to the oversimplifications of the traditional
picture, and serious efforts have been made recently to improve the
theory by including some of our modern understanding of strong
interactions.

The main direction of the effert is to incorporate mathematically the
effects of additional hadrons beyond the traditional proton and neu-
, tron—an approach that might descriptively be called quantum
, hadrodynamics (QHD). (Hadrons interact through the strong force and
: . encompass all the baryons and all the mesons.) Much as the electro-
: j magnetic force between charged particles can be viewed 2s arising
) from the exchange of virtual photons, the strong force between
hadrons can be viewed as arising from the exchange of virtual mesons
(which are themselves hadrons). Pions are the mesons of lightest mass,
and since the mass of the virtual particle is inversely related to the
range of the force, single-pion exchange is responsible for the longest-
range part of the nuclear fcrce. The shorter-range part is due to
multipion exchange and to the exchange of heavier mesons, such as the
sigma, rho, and omega mesons.

The existence of baryon resonances in nuclei leads to the possibility
of niew phenomena omitted in traditional thecry. For instance, one
nucleon could excite a second nucleon to the delta state, and the delta
could then interact with a third nucleon. Invoking such three-body
forces may enable theorists to remove the discrepancies that currently
exist between experiment and the theories of three-nucleon systems
and of nuclear matter, as discussed above. For example, this approach
has been suggested in an attempt to explain the unexpected dip in the
central region of the charge disiribution of the helium-3 nucleus
inferred from electron-scattering measurements. However, three-body
forces have not yet been fuily incorporated intc many-body calcula-
tions, nor have their effects been clearly iden:ified expenmcntally.

A quantum field theory of the hadronic interactions in nuclei
combines relativity and quantum mechanics. These are essential
features of any reliable extrapolation of tiie properties of auclear
matter to extreme conditions of temperature (average nuclear energy)
and density. One advantage of relativistic theories is that spin interac-
tions are naturally preseni in the fundamental equations and need not
be included as additional terms. Such theories also predict that the
apparent mass of a nucleon in a nucleus is iltered. a possibly significant
influence on the origin of the repulsive forces ihat keep the nucleus
from collapsing. Although there are as yet few experiments or calcu-
lations bearing on a fully relativistic ficld theory of hadronic interac-
tions in nuclei, the description of nuclei within such a framework will
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be a major future objective. One recent attempt at constructing a
meson-baryon field theory starts from only a2 few mesons (pi, rho,
sigma, omega) and a few baryons (proton, aeutron), but it has already
had significant success in treating both nuclear structure 2nd nucleon-
aucleus reactions.

Although mecons and baryons represesst an efficient and appropriate
language for describing much of nuclear structure, we know that these
hadrons are themselves made up of quarks and gluons, whose behavior
is described by quantum chromodynamics (QCD). Ultimately, QCD
must reproduce the known meson-exchange currents between any two
baryons at large internucleon separation. The central issues for under-
standing the nuclear many-body problem are thus to identify unambig-
uously the quark and color contributions to the description of nuclear
systems, to establish the theoretical relationship between the quantum
chromodynamic and quai~tum hadrodynamic pictures of nuclear struc-
ture, and to develop a description of nuclei entirely within the
framework of quantum chromodynamics.
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Fundamental Forces in the
Nucleus

Since the early days of nuclear physics, researchers have had
considerable success in accounting for the measured properties of
nuclei by assuming that the only constituents of nuclei are protons and
neutrons. The effects of the other constituents, such as virtual mesons,
are present in the strong forces that act between nucleons. However,
the mesons and more fundamental constituents are usually hidden from
view in experimental measurements. The situation is analogous to the
role of the core electrons in the chemical bonding of atoms. The core
electrons certainly affect the chemical bonding forces but can for the
most part be ignored in describing the che  iical bond. In the same way,
nucleons are viewed as composite objects made up of quarks, but only
a few kinds of experiments arc decisive in revealing this underlying
structure.

Experiments measuring the electromagnetic propertics of nuclei are
particularly informative. Many of the constituents are charged and thus
produce measurable electromagnetic currents. Another kind of exper-
iment is to measure violations of symmetry in nuclear transitions.
Nuclear states have symunetries that are easy to classify and measure,
:nd any violations can be attributed 10 fundamental particles that
mediate the nuclear forces. In the next two sections, some of the
studies that connect nuclear properties with the fundamental particles
and interactions are described in morz detail.
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NONNUCLEONIC CONSTITUENTS OF NUCLEI

The lightest hadron, the pion, has a prominent role in both nuclear
and ¢lementary-particle physics. In nuclear physics, the strong inter-
action is mediated at large internucleon distances by virtual pions. The
charged virtual pions found in the nucleus make their presence known
by the magnetic effects of their currents. The pionic aspects of nuclear

. states can be studied in many other ways as well, such as the scattering

of high-energy nucleons from nuclei. In a grazing collision, the
projectile nucleon hardly disturbs the target except for the fleeting
effect of the pionic cloud of the projectile, as well as the effects of the
other forces. Measurement of the scattering and absorption of pions by
nuclei has provided knowledge of the hadronic interactions, supporting
the idea that the symmetries embodied in the quark physics apply to
the pions in the nuclear medium.

The realization that the nucleus contains virtual mesons suggests
that it may contain other virtual particles as well. To complicate even
further this sharp departure from the simple proton-neutron model of
the nucleus, it is now widely accepted that nucleons and mesons are
themselves composite objects made up of quarks. The quarks that
constitute a nucleon interact strongly by exchanging gluons among
themselves. The quarks are strongly bound in the nucleon and have a
spectrum of energy states analogous to those of bound electrons in an
atom. From this viewpoint, a particular nucleon is only one possible
quark state; other excited states corresnond to more massive, non-
nucleonic members of the baryon family, so that a nucleon changes to
a different kind of baryon when the quarks change state. In the five
decades since the discovery of the neutron, the picture of the nucleus
has changed from a simpie cluster of proton and neutron “‘billiard
balls’" to a seething mass of nucleons, « ier baryons, and mesons, all
consisting of quarks and gluons.

It is natural to ask whether the new, nonnucleonic features in the
present model of the nucleus have observable consequences. The
success of the proton-neutron model of the nucleus at low to moderate
energies implies that nonnucleonic contributions must be looked for in
higher energy ranges or in interactions different from the nucleon-
nucleon scattering used so widely in the past. In recent years,
experimenters have probed nonnucleonic effects in nuclei by going to
higher energies, by deliberately creating nonnucleonic constituents in
nuciei, and by studying directly the interactions of more exotic
particles.
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Scientists have long known that an object is difficult to see unless the
wavelength of light is small compared with the object’s dimensions;
this fundamental wave property limits the useful magnification of
optical microscopes, for example. It is one of :he strenger aspects of
quantum mechanics (also called wave mechanics) that any particle of
atomic dimensions or smaller exhibits distinctly wavelike as well as
‘ particlelike behavior and has a definite wavelength that is inversely
; proportional to the particle’s momentum. Exploring sma!! structures in

the nucleus therefore requires a particle probe with high momentum
(and correspondingly high energy) to give a wavelength small enough
to enable inner structures to be distinguished clearly. High-energy
electrons are a good choice for this type of experiment, because they
‘nteract with nuclei through the well-understo~ .iectromagnetic force
and because they seem to be pointlike particles having no dimensions
or mnner structure themselves.

Another recent approach is to implant nonnucleonic baryon inspuri-
ties into a nucleus and to study the subsequent response of the system.
Using advanced experimental techniques, one can replace a single
nucleon in a nucleus by a strange lambda or sigma hyperon (a baryon
that differs from nucleons in having a strange quark rather than up and
down quarks only) with hardly any disturbance of the nucleon orbits.
The result is a hypernucleus, in which a nucleon-nucieon interaction is
replaced by the somewhat different hyperon-nucleon interaction. Be-
cause the internal motions in the hypernucleus are closely rzlated to
known motions in the original nucleus, properties of the nucleon-
hyperon interactions can be inferred from the measured hypernuclear
structure.

A new class of experiments still being developed uses proton-
antiprotor collisions at moderate energies tc b:idge the gap between
nuclear physics and particle physics. On the one hand, the proton- B
ntiproton sysiem represents a familiar interaction mediated by the '
exchange of mesons, but from the vie'vpoint of the quark model it is a
system of three quarks and three antiquarks whose interactions are

! nediated by the exchange of gluons. These experiments should pro-
! vide challenging tests of both meson-exchange theories and quark
models.

; The three types of experiments outlined here are discussed in further
! detail below, to bring out the kinds of information that they can provide
and to meniion some of the exciting surprises that have already been
found.
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Probing Quark Structure with Leptons

Leptons—electrons, muons, tauons, and their associated neutii-
nos—interact with nucleons through the electroweak force rather than
the strong force. Thus a lepton interacting with a nucleus does not
usually exert erough force on the nucleons to perturb them signifi-
cantly from their internal motions, even if the lepton passes directly
through the nuclear matter. Leptons are therefore excellent probes for
observing the nucleus essentially in its natural state. Moreover,
because the electromagnetic force is well understood, the measured
scattering of leptons from nuclei can be related to the properties of the
scatterers without much uncertainty.

Over the past threz decades, the scattering of high-energy electrons
by nuclei has been the most successful method ¢ .viding detailed
information on the distribution of electric charge, and also of magne-
tism, in nuclei. This charge does not reside in the protons alone,
however. Many of the virinal mesons existing momentarily in a nucleus
are electrically charged, and even the neutrons and neutral mesons can
exert magnetic forces. The technique of high-energy electron scattering
is therefore a natural choice in looking for the effects of these mesonic
constituents.

Relatively high bumbarding enzrgies (in the GeV range) are needed
to make the electron’s wavelength short enough to be able to **see’’ the
fine details inside a nucleus. The experimental results of scattering
high-energy electrons from the very light nucleus helium-3 cannot be
explained satisfactorily using theoretical models that take into account
only the effects of the charge and magnetism of the two protons and
one neutron; one must also include the electromagnetic effects arising
from the exchange of a pion or rho meson between nucleons. The
meson-exchuange model gives a strikingly better account of the data
(see Figure 3.1). Such tantalizing results obtained over the past decade
have created intense scientific interest. The 4-GeV Continuous Elec-
tron Beam Accelerator Facility (CEBAF) proposed for construction by
the Southeastern Universities Research Association (SURA) would
allow much-improved investigation of meson-exchange contributions
in experiments of the kind described above.

Electrons, muons, and neutrinos have all been 1sed to investigate
the quark structure of hadrons (baryons and mesons). The usual
method of studying new par.icles—bombarding a taiget with sufficient
energy to create or release the desired particle—does not apply here,
however. Because of the phenomenon of quark confiner ..., it is
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FIGURE 3.1 Data obtained by the high-energy elastic scattering of electrons from the
helium-3 nucleus reveal the superiority of the meson-exchange model in describing the
distribution of magnetism in nuclei, compared with the model that considers only the
nucleons. All three curves represent theoretical calculations; the two solid ones are
based on somewhat different assumptions. [From J. M. Cavedon e al., Physical Review
Letters 49, 986 (1982).]

apparently impossible to liberate quarks from their hadror: with the
means currently at hand.

To describe this unique situation, quark models are based on the
assumption that the constituent quarks of a hadron are confined in an
impenetrable bag or tied together by unbreakable strings, so that they
cannot escape. This aspect of quark bebavior is based on an astonish-
ing characteristic of the strength of their color interaction: it is nearly
zero when they are very close together (a condition called asymptotic
freedom) and grows sironger as they move apart! This is just the
opposite of the gravitational, electromagnetic, and strong interactions
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between hadrons, all of which grow weaker as the interacting particles
move apart. The size of a quark bag (i.e., the size of a hadron)
represents the limit beyond which the quarks are unable to move apart.

The standard quark model was developed in order to account
concisely for the variety of known hadrons. The model requires quarks
to have the spin quantum number 1/2 so that their spins can combine
properly to yield the observed spins of the hadrons. Electron-scattering
and muon-scattering experiments have yieldec results consistent with
this requirement. These experiments make use of the magnetism that
spinning charged particles inherently possess. Comparison of the
fraction of projectiles scattered through small angles with the fraction
scattered through large angles allows tke effect of electric forces to be
eliminated, leaving only the scattering due to magnetism. At the 3
energies where the theoretical model is most accurate, the magnetic
effects are consistent with the scattering from pointlike particles (the
quarks) having spin 1/2. )

The standard quark model also assumes that quarks have fractional 1
electric charge (compared with the unit charge of the electron), to make
the net charge of a given combination of quarks equal to the observed
charge of the hadron that thev constitute, The existence of a free
3 fractional electric charge has never been convincingly demonstrated 3
: for any macroscopic object; this is explained on the basis of quark
confinement. However, electron scattering from hydrogen and deute- :
rium at the Stanford Linear Accelerator Center and neutrino scattering
from a fluorinated hydrocarbon at CERN in Geneva have both pro- '
duced results consistent with those predicted by a quark mode! based
on pointlike particles having charges of — and +2/3 (in units of the
electron charge). Furthermore, the cxperimental results are in excel-

E lent agreement with each other. Taken ac a whole, the lepton-scattering
- experiments provide strong support for the guark model.

Nuclei provide the only available system for hunting for complex ‘
multiquark states, in which more than three quarks are confined in the }
same bag. Finding multiquark states would be of great interest in
developing our understanding of quark confinement. The European
Muon Collaboration at CERN has recently obtained exciting results in
collisions between muon projectiles and deuterium or iron targets. The
experiments have been interpreted tc show that the distribution of
quarks in iron nuclei is slightly, but significantly, different from the
distribution in isolated nucleons (sce Figure 3.2). (The deuteron is so
loosely bound as 1o be essentially two free nucleons.)

Possible explanations base« on the notion that quarks - ¢ less
strongly confined withinn the environment of a nucleus have been
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FIGURE 3.2 Inelastic scattering data from experiments with high-energy muons and
electrons can be interpreted as showing that the distributions of quarks in iron nuclei and
deuterium nuclei are substantially different, as discussed in the text. If they were not
different, the data peints would be expected to fall along the dashed line. (New electron
data courtesy of R. G. Arnola, American University, Washington, D.C.)

advanced. The nucleons may expand as a result of their mutual
interactions, or the quarks may ‘‘percolate’’ from one nucleon to
another. An alternative explanation is that the additional quarks are
part of the virtual pions in the nucleus; the lepton scattering, in effect,
provides a ‘‘snapshot’’ of the nuclear constituents. The progress of
these experiments is being closely watched by nuclear physicists and
elementary-particle physicists, ail of whom have much to gain from a
deeper understanding of the role of quarks in nuclear structure.

The Physics of Hypernuclei

The presence of surrounding nuclear matter can drastically modify
the properties of a particle. A frze neutron, for example, has a half-life
of about 10 minutes for decaying into a proton, but the neutrons in
ordinary atomic nuclei have existed throughout the age of the universe.
In turn, the interactions of an embedded particle can modify the
properties of nuclear matter. The possibility of studying nonnucleonic
particles and nuclear matter in the same svstem has stimulated both
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experimenters and theorists alike since the discovery of the first
hypernucleus about three decades ago.

For several reasons, much of the work in hypernuclear physics has
concentrated on the lambaua-nucleus interaction. A lambda hyperon
implanted in a nucleus does not modify the nucleus drastically, because
a lambda is very much like a neutron: it has zero charge, about 20
percent greater mass, and only somewhat weaker interactions with
nucleons. Thus a lambda hypernucleus is different from the original
nucleus, but not so different as to preclude understanding. Another
useful property of this hypercn is that, compared with other unstable
particles, it has the enormously long lifetime (on the nuclear time scale)
of about 107'° second. The lambda’s lifetime is long enough for the
details of its interaction with nucleons to be studied precisely.

The general technique for making hypernuclei is to produce the
hyperon in situ by allowing a suitable projectile to react with a nucieon
in the target nucleus. The usual projectile is the negative kaon, which
is produced in accelerators at such institutions as CERN (Switzerland),
Brookhaven National Laboratory, and KEK (Japan). The kaon reacts
with a neutron to produce a lambda and a negative pion; the pion is
ejected from the system and provides a signal that a hypernucleus has
been formed.

For the cleanest experiments, the nonnucleonic baryon should be
created nearly at rest in the nucleus, to avoid depositing a burst of
energy hat could boil nucleons out of their orbits or even out of the
nucleus entirely. With the appropriate choice of experimeﬁtal param-
eters, this condition can be achieved in the kaon-induced reactions,
and the created baryon will be moving not much more rapidly than the
nucleons already present in the target nucleus. The baryon will be left
in essentially the same state as the nucleon it replaced; this is called a
substitutional state of the nucleus. Experimentally, substitutional
states can be studied by programming the measuring equipment to
accumulate data only when the detectors spot an exiting pion moving
nearly parallel to the projectile beam direction.

The kaon beams required for producing substitutional states are
difficu!t to produce with high quality. Kaons, which 2re unstable, are
generated as a secondary beam in a multi-GeV proton accelerator. The
kaons produced in the initial proton reaction with a selected target have
a wide spread in energy and angle and are niixed with a large
proportion of pions. Considerable sorting is necessary before the kaons
can be isolated for the production of substitutional stites in
hypernuclei. The research is greatly hampered at present by the lack of
intense kaon beams having a narrow energy spread.
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About two dozen distinct types of lambda hypernuclei have been
produced, mainly from among the light elements (up to oxygen).
Analysis of the binding energy data of the lambda in the nuclear ground
state (i.e., the amount of energy rcquired to break the lambda free)
shows that the spin-independent part of the lambda-nucleon interaction
is only about two thirds as strong as the nucleon-nucleon interaction
and that the spin-dependent interaction is much weaker for the lambda.

If an excited state of a lambda hypernucleus is produced, it may
decay to a lower state by emitting a gamma ray. Measurement of the
gamma-ray energy therefore gives the energy spacing between the
states—the same method commonly used to study the energy levels of
ordinary nuclei and thereby to test theories of nuclear structure.
Researchers at Brookhaven National Laboratory have been especially
active in this field, and they are currently performing experiments with
high-resolution gamma-ray detectors to measure the energies more
precisely.

The sigma hypernucleus has also been studied to a small extent. The
sigma is a hyperon that decays to the lambda—a process that is
expected to be very fast. Workers at CERN and at Brookhaven were
therefore surprised recently to discover quite long-lived substitutional
states in sigma hypernuclei. The data are sparse, and it is not yet
known whether the slow decay of a sigma to a lambda in hypernuclei
represents a special inhibiting effect limited to light nuclei or a general
property of nuclear matter.

Quantum Chromodynamics at Low Energies

It is now widely believed that quantum chromodynamics will be-
come established as the correct theory of the strong interaction. For
the region of asymptotic freedom, where the quarks are close together
and interact very weakly, QCD calculations produce results in good
agreement with experiment. At larger distances however, where the
confined quai.s interact strongly, the calculations become so compli-
cated that reliable results are difficult to obtain, although considerable
progress is being made through the use of lattice gauge theory (see page
142 for an explanation of this term). Because the region of asymptotic
freedo.a can be probed in the laboratory only in experiments at very
high energies, theory and high energy have gone hand in hand in the
development of QCD. At lower energies, however, the exgeriments
performed 30 far do not seem to bear on QCD in a way that would
facilitate extending the theory to the domain of strong quark interac-
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Virtual
gluon
Proton T Lambda
—_—

Antiproton Antilambda
FIGURE 3.3 Annihilation of a « quark and a « antiquark in a proton-antiproton
collision. The annihilation produces a high-energy virtual gluon, which disappears with
the creation of an s quark and an s antiquark in the respective ruclei, which have thus
become a lambda hyperon and an antilambda hyperon.

;; tions. Physicists have therefore tried to conceive lower-energy exper-

iments directly relevant to QCD.

attractive to many user groups trom the United States.

Prime candidates for studying quark properties at lower energies

(less than | GeV) are the proton-antiproton interaction or the proton-

kaon interaction. According to the quark model, a proton has the quark

structure uud (two up quarks and one down quark). An antiproton has

the analogous structure 4izd, made with antiquarks instead of quarks.

During a proton-antiproton collision, one « quark may annihilate its

antiquark 4 to form, for example, the strange quark s and its antiquark

3 § (see Figure 3.3). After the collision, the system separates into two
three-quark hyperons: uds (a lambda) and #ds (an antilambda). The
precise study of such processes over a range of energies is expected to
provide important data for guiding the development of QCD.
Studies of proton-antiproton interactions are already under way at
CERN'’s new Low-Energy Antiproton Ring (LEAR), an accelerator
facility that is a nearly ideal source of low-energy antiprotons. It
provides a copious, essentially pure beam of antiprotons over a wide
energy range, with a very small energy spread. Although it could profit
from the additional ability to produce polarized (spin-aligned)
antiprotons for the investigation of spin-dependent forces, the LEAR
facility offers opportunities for exciting rescarch that make it singularly
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THE NUCLEUS AS A LABORATORY FOR FUNDAMENTAL
SYMMETRIES

Much of our physical understanding of nature is embodied in
conservation laws and in the symmetry principles from which they
stem. Conservation laws make powerful statements of great generality
that apply even if the details of a system are unknown. The classical
laws of electric-charge conservation, energy conservation, and mo-
mentum conservation are routinely applied to the analysis of nuclear
reactions because of their complete reliability. From the opposite
viewpoint, the fact that conservation laws inferred from everyday
physics can be applied to nuclear systems represents a great extension
of these laws to new realms of size and energy. The study of nuclear
systems has also revealed new symmetries and conservation laws not
apparent in the behavior of macroscopic objects. As theory pushes on
to examine the nature of the fundamental forces at energies far betoad
the reach of the largest manmade accelerators, searches for symmetry
violations in the precisely calibrated environment of the nucleus may
be the only viable approach for seeing the subtle residual effects
nredicted to occur at energies that gre accessible.

There are several reasons why the nucleus is an excellent taboratory
for the study of fundamental symmetries. The nucleus readily displays
the effects of both the strong and electroweak forces, and the dimen-
sions of the nucleus place 1t oniy one or two steps away from what we
believe is the ultimate structure of matter. Furthermore, the wide range
of proton and neutron numbers available in nuclei helps to illuminate
differences and distinguish the general from the specific. Strange
particles such as the lambda hypercn can be implanted to form
hypernuclei, thereby extending the variety of nuclei even further.
Finally, nuclei have definite quantum states, so that the systems
studied have well-defined properties. An added advantage is the large
amplification of small effects that can occur when two nuclear states
with specific properties happen to have nearly the same energy; as
physics has advanced to more and more comprehensive theories,
experimental sens:tivity to small effects has become increasingly
important.

The weak force has been an extraordinarily fruitful source of
information about the underlying symmetries of nature. It is exposed
for convenient study ir. the more than 2000 known nuclei that undergo
beta decay—a manifestation of this force. The attention of physicists
was refocused on the question of symmetry laws by a famous experi-
ment carried out in 1956 at the National Bureau of Standards. The beta
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decay of parallel-spin (magnetically oriented) cobalt-60 nuclei was
shown not to give the same result as the corresponding mirror-image
experiment—a most astounding result at the time. In terms of symme-
try, this result is described by saying that the weak force does not
behave symmetrically under reflection; in terms of conservation laws,
it is described by saying that weak-force interactions do not conserve
parity. The strong, electromagnetic, and gravitational forces do not
appear to violate parity; why the weak force does is not understood.

In familiar examples of the phenomena of classical physics—collid-
ing billiard balls, for example—the physical laws that govern the
interactions of objects appear always to be the same, regardless of
whether one considers time to be running forward or backward. This
independence of the direction of time’s arrow is a symmetry principle
called time-reversal invariance, which was long thought to be abso-
lutely valid in all physical systems. In 1964, however, a violation of
time-reversal invariance was discovered in a decay process involving
the weak force. The particlc in question was the neutral X meson
(kaon), which can undr.rgo beta decay by two modes, to give in part
either positive electrous (positrons) or negative electrons. If time-
reversal invariance held, the two rates of decay would be exactly
equal; instead, their ratio is found to be 1.0067.

Although the effect is small and occuirs in an obscure submicroscopic
system, it may have important cosmological implications: it may be
related to the preponderance of matter over antimatter in the known
universe or to the preponderance of radiation over matter. Along with
other cases of symmetry-principle violatiors, time-reversal-invariance
violation has forged unexpected licks between nuclear physics and
cosmology, connecting the unimaginably small with the unimaginably
large.

Finding other exampies of time-reversal-invariance violation in
processes simpler than that of kaon decay would bhelp greatly in
understanding the origin of this surprising phenomenon. Theorists have
therefore tried to predict observable effects of such a violation in
nucleons and nuclei—for instance, a nonzero electric dipole moment
(slight separation of internal positive and negative charges) for the
neutron. Searches for such effects are being conducted in phenome-
nally precise studies that are a tribute to the ingenuity of experimen-
talists.

Because symmetry principles can apply even when the detailed
interactions in a system are unknown, m-dern theory building often
starts by postulating certain symmetries suggested either by experi-
mental data or by beauty of design in the theory. Some symmetries can




FUNDAMENTAL FORCES IN THE NUCLEUS 719

be readily visualized, such as the symmetries of spac~ and time that
underly the conservation laws for momentum, angular momentum,
parity, and energy. But symmetries can also apply to abstract quanti-
ties such as the isospin concept that merges individual proton and
neutron identities into the more general nucleon description.

Prosent-day theorists have set themselves the ambitious task of
unifying iic “‘fundamental’ forces of naturc into one comprehensive
descripticn trom whi<l: everything else can be rigorously derived.
Their achievements to date have been impressive. The the . * showing
that electromagnetism and the weak force both spring from a .om-
mon electroweak force has been a triumph of successful predic-
tions, including the existence of the charm quark and the recently
discovered W*, W, and Z° bosons. These last three particles are
crucial because their exchange (as virtual particles) is at the origin of
the weak force.

Despite these triumphs, the new electroweak theory—which, to-
gether with QCD, is now referred to as the Standard Model—is
incomplete. It does not explain (but does allow) the violations of parity
and time-reversal invariance, it does not unify the strong force or the
gravitational force with the electroweak force, and it does not predict,
a priori, the observed relativc strengths of the electromagnetic and
weak forces. Theorists are still striving for a Grand Unified Theory that
would unite all the forces and that would include a!l the symmetry laws
and their violations. The following sections give some examples of how
nuclear physics is providing guideposts along the dimly outlined road
to grand unification.

Right-Handed Bosons in Beta Decay

Parity is found to be violated to the maximum possible extent by
nuclear beta decay; i.e., the mirror-image decays are never observed.
Suppose that the neutrino emitted in a beta decay is represented by a
partially closed left hand, with the thumb in the direction of the
neutrino’s motion. Th- ..l of the fingers represents the direction of
the classical rotation 32 .ogous to the neutrino’s spin. If this model is
viewed in a niirror par: .'el to the thumb, the direction of motion is
unchanged, but the mirror-image spin is in the opposite direction.
Mirror reflection changes a left hand to a right hand, a complete
reversal of parity. The hypc.aesis that neutrinos are strictly left-
handed therefore successfully accounts for parity violation.

The Standard Model assumes that the W* and W~ bnsons are
left-handed (strictly speaking, it i: their interactions that are left-

P pveemmeemp el

et bt B e L



80  NUCLEAR PHYSICS

handed) =2nd ihat the Z° boson is partly left-handed, which leads
automatically to the left-handedness of neutrinos. Other theories
consider the more symmetric possibility that there are right-handed as
well as left-handed W and Z bosons. If the righi-handed bosons were
significantly more massive than the left-handed ones, their force would
have a shorter range, and left-handed neutrinos would dominate in
present experiments. The situation is somewhat like that of the
electroweak force, where the constituent electromagnetic and weak
forces are fundamentally the same yet manifest themselves to us with
very different strengths.

Several different kinds of experiments have shown that if right-
handed W and Z bosons do exist, they must be extremely massive.
Some experiments have searched for small right-handed effects in
muon decay or in the beta decay of neon-19 nuclei; other experiments
infer the properties of neutrinos from the measured spin and motion of
the much more easily observed decay elcctrons. It will be some time
before accelerators large enough to permit a direct search for the
massive right-handed bosons themselves can be constructed.

The Mass o* *he Neutrino

If an observ~ )uld overtake and pass a left-handed reutrino, the
neutrino’s dire «ion of motion (but not its spin direction) would appear
to reverse, the v.ay cars seem to fall behind when we pass them. The
observer’s motion alone could thus change a left-handed neutrino into
a right-handed one, so that left-handedness would no longer be un
intrinsic property of the neutrino. The way out of this paradox is to
assume that neutrinos move with the speed of light, too fast foi auay
observer 10 overtake. The theory of relativity shows that particles
moving with the speed of light must have zero mass. The Standard
Model admits only massless neutrinos, but in most proposed Grand
Unified Theories, electron nsutrinos, fo. example, can have a very
small mass, typically between 1078 and 1 eV. (By comparison, the
mass of the electron is 511,000 eV .)

Whether a neutrino has zero or norizero mass bears directly on
neutrino handedness and parity, and on the structure of Grand Unified
Theories. The neutrino mass also has impcrtant implications for
cosmology. The universe still contains so many neutri.ios forimed
during the big bang that if the neutrinos have even a very small mass,
their gravitation:! force could eventually brake and reverse the
universe’. current outward expansion. Because the density of ob-
served stars and galaxies appears to be too low to accomplish tisis, the

o



FUNDAMENTAL FORCES IN THE NUCLEUS 8l

neutrinos could represent the'additional ‘‘missing mass’' needed to
hold the universe together. Indeed, arguments from cosmology have
set a rough upper limit of 30 eV on the electron neutrino mass, based
on the observation that the universe is still expanding at present.

In 1980, researchers in the Soviet Union reportad that the electron
neutrino from nuclear beta decay probably has a mass between 15 and
50 eV, iust within the interesting range for cosmology. Their experi-
mental method was to study the beta decay of hydrogen-3. The decay
electron and the neutrino (actually an antineuirino in this case) are
emitted simultaneously and share the available decay erergy between
them, so that in different decays, the electron may receive anywhere
from nearly zero energy to the maximum. The probability of the
electron’s receiving a particuiar energy within this range is a charac-
teristic of the decay and is called the shape of the electron spectrum.
The object of the Soviet experiment was to determine the shape (by
measuiing the energies of the decay electrons), because it depends on
the neutrino mass in a known way.

The experiment is far from easy, and certain systematic effecis can
distort the shape in a way that mimics the effect due to neutrino mass.
Conclusions from this experiment are not universally accepted, and
refiined versions are now being carried out in the United States and
other countries.

Neutrino Osciliations

A mass hanging from a spring is a favorite demonstration in physics
lectures. The system has two modes of oscillation: the mass can vibrate
up and down, or the whole system can swing like a pendulum. With
proper design, the system can pass alternately from one mode to the
other, with swinging changing gradually to springing, and back again.
A quantum-mechanical system may exhibit a similar alternation of
mode, as a kind of swelling and ebbing ‘‘bcat’” of the quantum-
mechanical wave oscillations. In some cases, the beats can evan
manifest themselves as alternations in the identity of a particle.

The : are three apparently distinct neutrinos emitted during beta
decays: a different neutrino is associated with electrors, muons
(essentially, heavy electrons), and tauons (very heavy electrons). The
Standard Model strictly maintains the separate identities of clectrc
neutrinos, muon neutrinos, and tauon neutrinos, in accord with the
currently accepted lepton-family-number conservation laws. the total
number of electrons and electron neutrinos in the universe minus the
total number of antielectrons (positrons) and electron antineutrinos is
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coustant. Similar laws hold separately for the muon family and for the
tauon family.

However, Grand Unified Theorics generally allow a neutrino »f one
kind to transform gradually into another kind. An electron neutrino
from a nuclear decay, for e»ample, could gradually beconie a muon
neutrino or a {auon neutrino a: it sped along its way. The rate of change
as the quantum-mechanical beats ebb and swell depends on the mass
differences between the various neutrinos; equal-mass or zero-mass
neutrinos retain their identities. If neutrino osciliations were observed
experimentally, it would imply that at least one kind of neutrino has
nonzero mass. Also, an observed change in identity would be the first
known violation cf the lepton-family-aumber conservation laws. The
beta decay of fission products in a nuclear reactor produces a copious
flux of antineutrinos, and experimenters at the Savannah River,
Grenoble (Frunce), and Gosgen (Switzerland) reactors have set up
detectors to see if the number of electron antineutrinos diminishes
along their flight path, The most sensitive experiments to date have
produced no eviuence of the disappearance of electron antineutrinos.
Similarly, accelerator experiments at Fermilab, Brookhaven, and
CERN have not reveaied any oscillation of muon neutrinos to other
kinds, or any oscillation of electron neutrinos or muon neutrinos to
tauon neutrincs.

The sensitivity of the reactor experiments to small neutrino-mass
differences increases as the flight path is lengthened; smali mass
differences make the oscillations very slow. so that neuirinos could
travel great distances before undergoing observable transformations.
The flight paths in the reactor cxperiments so far have extended up to
46 im, which sets an upper limit on the possible neutrino oscillations.
Using neutrinos produced in the Sun would give a flight path of 1.5 X
10® km, increasing the sensitivity dramatically. As discussed in Chap-
ter 5, the counting rate in present solar-neutrino detecters is roughly
one fourth the theoretically sxpected value. One proposed solution to
this vexing disparity is that oscillation decreases the number of
solar-electron neutrinos arriving at the Earth. However, present neu-
trino deteciors are sensitive only to the small fraction of the Sun's
nentrinos that result from a rather minor nuclear-energy-generating
process, ;50 the theoretical uncertainties in the expected number may
be larpe.
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The energy for the decay of a radioactive nucleus comes from the

mass difference between the initial nucleus and the decay products.

Accurate mass data are available from many different experimental

methads, so the energy available for decay can be predicted quite well.

Study of these mass data shows that certain ruclides—for excmple,

selenium-82 and tellurium-130—are stable against ordinary beta decay !
but are allowed by energy considerations to undergo double beta i
decay. In this process, the decaying nucleus simultaneously emits two
electrons instead of one, thereby raising the proton number of the
nucleus by 2; double beta decay would therefore change selenium to
krypton, and tellurium to xenon.

In ordinary beta decay, the decaying nucleus emits an electron and
| an antineutrino, a process that conserves lepton family number, as
i ' discussed earlier. The analogous process for double beta decay would
L be the emission of two electrons and twn antineutrinos, again conserv-
ing lepton family number. The more particles that are to be emitted in
i a given decay process, the smaller the probability that the decay will
1 occur. Tzcause four ; articles are emitted in this two-neutrino mode of
i double beta decay, the half-lives are expected to be extremely long,
typically 10°° to 10** vears
: On the other hand, double beta decay might possibly proceed by
emitting only the two electrons and no antineutrinos. This neutrinoless
mode of double be¢ta decay would be expected to have a shorter
! half-tife than the two-neutrino mode, because only two particles need
i be emitted, instead of four. However, the neutrinoless n.ode is
opposed by the conservation law for lepton number—it involves the
creation of two leptons (the two electrons) uncompensated by
antileptoas (the two antineutrinos). If neutrinoless double beta decay
were observed, it would imply a violation of lepton-number conserva-
tion.

Certain conditions in addition to the violation of lepton-number
conservation must also be satisfied to allow neutrinoless double beta
decay to occur. The neutrinoless mode is described as a two-step
process: the decaying nucleus first emits one electron and a virtual
antineutrine, 4 reaction analogous to ordinary beta decay. In the
second step, the daughter nucleus instantancously absorbs this
antineutrino and emits the second electron. The sccond step is analo-
gous to a known process, except that nuclei absorb neutrinos. rather
than antineuirinos, to emit electrons. For neutrinoless double beta
decay to occur, therefore, the antineutrino and the neutrino must in
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FIGURE 3.4 Computer simulation of the two-neutrino double beta decay of a sele-
nium-82 nucleus 1 a particle detector called a time projection chamber. {n this
hypothetical event. the strong masnetic field in the detector causes the two emitted
clectrons to spiral away from the nucleus along separate paths. The computer-generated
helica! tracks of the electrons have been projecied onto a plane in this cross-sectional
view. producing a figure-8 pattern. (The energy scale gives the track diameter of a |-MeV
clectron emitted in the plane of the figure.) Finding such a pattern in an actual experiment
mught signal the occurrence of this extremely rare event. (Courtesy of M. K. Moe.
Uneversity of California, Irvine .}

fact be one and the same particle. Furthermore. the neutrinoless mode
requires the virtual neutrino to be partially right-handed.

Although the necessary conditions described above stack the cards
heavily against the neutrinoless mode, a singie observed instance
would shatter many currently held ideas. Meanwhile, considerable
effort has heen put into the search for two-neutring doubie beta decay,
despite the experimental difficultie< imposed by the very long half-fives
and the consequent lov. rat s of decay. Such difficulties make the
computer simulation of possible events a valuable design tcol (see
Figure 3.4).

The search for the presumably even rarer neutrinoless double beta
decay is made extremely difficult by cosmic rays, which can create
background effects in the experimental apparatus that mask the true
signal. For increased sensitivity  therefore, the experiments must be
moved deep into the Earth, under a thick shield of rock. The Soviet
Union has recently comgpleted a large underground laboratory at
Baksan for physicists who require very high sensitivity in such
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experimeats as the search for neutrinoless double beta decay, the
search for decay of the proton, and the measurement of the solar-
neutrino flux. A similar dedicated facility, the National Underground
Science Facility, has been proposed in the United States. Several
experiments are already under way in deep mines and mountain
tunnels in the United States and Europe.

Parity Violation in Nuclei

According to the Standard Model, nucleons are made of two
different combinations of three up and down quarks. In this picture, all
the properties of nuclei spring ultimately from quark interactions, out
only recently have the first attempts been made to relate nuclear
properties to quark behavior. The strong quark interaction (and the
resulting strong force) is believed to conserve parity strictly, but
quarks also take part in the parity-nonconserving weak force, in which
charged W* or W bosons or neutral Z° besons are exchanged. The
quark model! predicts that the exchange of charged W' or W bosons
wiil add to the nucleon-nucleon force a small weak-force component
that does not conserve parity and that chiefly causes the isospin of a
pair of interacting nucleons either to remain the same or to change by
two units. The neutral Z° exchange gives rise to a weak-force compo-
nent that also does not conserve parity and that changes the isospin of
a pair of nucleons by zero. one, or two units. A great many states of
different parities and isospins are available among the known nuclei,
and careful selection of the test nuclei allows the two different
weak-force components (from W and Z exchange) to be distinguished
experimentally.

The strong force in nuclei conserves parity, so that each nuclear
state can be assigned a definite parity value (even or odd). However,
the parity-nonconserving weak force mixes the parities of the states, so
thai they are actually neither purcly even nor purely odd. The nuclei
fluorine-19 and neon-2! both exhibit the favorable circumstance of
having two closely spaced energy levels of the same angular momen-
tum but opposite parity; this close proximity increases the usually tiny
effects of the weak force in mixing the parities of these states.
Furthermore, the isospins of the states in guestion are such that boti:
the charged and neutral boson-exchange components avz able to
influence the mixing in fluorine-19 and in neon-21.

Experimentally, the parity-nonconserving mixing is observed in
flrorine-19, where the charged and neutral components add. However,
it is not seen in neon-21. where the charged and ncutral components
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tend to cancel. Higher seasitivity should soon allow the pure neutral-
component contribution in a nearby nucleus, fluorine-18, to be mea-
sured. Comparing the experimental results with theory allows two
important conclusions to be drawn. First, the Z° boson exchange
between nucleons is definitely present (the Z° boson has recently been
detected directly as a free particle). Second, the dynamic masses of the
up and down quarks in a nucleon are = ry close o the values originally
predicied.
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Nucleir Under Extreme
Conditions
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As accelerator technology has advanced, so has our ability to
preduce nuclei under highly unusual conditions  This has resulted in
‘ the discovery of exciting new phenomena and has given us a broader
1 perspective on the pronerties of nuclei under more normai conditions.
Increasingly, nuclear projectiles with heavier and heavier masses
accelerated from medium to relativistic energies are being used in
collisions with other nuclei to raise nuclear matter to high temperatures
and densities, to create new elements and exotic isotopes, and to
produce highly excited and deformed nuclear systems.

Some projectile fragments that are formed in relativistic nuclear
] collisions appear to exhibit totally unexpected behavior not explained
3 by current theorv. Called anomalons, they were first sesn sporadically
in cosmic-ray experiments but have now been reporied in some
laboratory experiments as well. Their appearance has stirred a spirited
controversy worldwide, and vigorous efforts are under way to prove—
or disprove—that they are what they seem to be.

As higher projectile energies become avuilable, it may be possible t¢
create from nuclear matter a state of such high temperature and density
that it will undergo a transition {0 a quark-gluon plasma. In this exotic
state of matter, individual nucleons wiil cease to exist, and conditions
will be similar to those that existed briefly after the big bang. Recent
research that is leading toward this ambitious goal is discussed in the
foliowing section.
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NUCLEI AT HIGR TEMPERATURE AND DEMSITY

Some of the nuclear matter in the universe is much hotter and denser
than the relatively cold atomic nuclei on Earth. In order to understand
the origin and evolution of spectacular celestial objects such as
supernovas and ncutron stars, we must produce nuclear temperatures
and densities comparable with theirs. '~ o this in the laboraiory, a
huge amount of energy (on the submicroscopic scale of nuclei) must be
deposited instantaneously throughout a much larger volume than that
of a single nucleon. As we will see below, this requires the violent
collisions of very heavy nuclei in powerful accelerators.

Until 10 years ago, no such nuclear collisions could be produced
systematically. Although tantalizing glimpses of extrem=ly energetic
heavy nuclei were caught in cosmic-ray experiments, these events
were rare and uncontrollable. In 1974, however, the Bevalac acceler-
ator at the Lawrence Berkeley Laboratory became capable of accel-
erating nuclei as heavy as iron to encrgies as high as 2.1 GeV per
nucleon. This achievement marked the beginning of a dedicated
research program of accelerator-based relativistic heavy-ion physics, in

p——10*m—A E §~‘

FIGURE 4.1 A microprojection drawing of the central collision of a relativistic
uranium-38 aucleus. having an energy of | GeV per nucicon, with a hcavy nucleus
(either si'ver ¢ bromine) in a photographic emulsion. In this event, the two nuclei were
completety destroyed (Courtesy of H. H. Heckman, Lawrence Berkeley Laboratory.)
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which a massive projectile (heavy ion) is accelerated to a speed so
close to that of light that its kinetic energy becomes comparable with or
greater than its own rest energy. A! such enormous enecrgies, the
effects of special relativity become dominant and must be taken into
account in interpreting the experimental results.

The Bavalac was further upgraded in 1982 to accelerate all the
natural elements of the periodic table to .elativistic energies. culminat-
ing with uranium at i GeV per nucleon (see Figure 4.i). Thus, a vast
new domain of nuclear physics has been opened up, in which nuclear
temperatures and densities can be achicved—for brief instants—that
far exceed those existing even in most stars.

High Nuclear Temperatures

Implicit in the concept of temperature is the assumption of a system
of particles in a state of equilibrium—even if only for a very short time,
such as 10 ** second (the typical duration of a nuclear collision). In a
central (head-on) collision of two heavy nuclei at relativistic energy, a
nuclear fireball is created in which hundreds of individual nucleon-
nucleon collisions occur very rapidly before the produced particies are
blasted outward in all directions. (This fireball is so infinitesimal that,
if i exploded in one's eye, it would only appear as a pinpoint flash of
light.) The statistical nature of the overall event suggests analysis by
means of nuclear thermodynamics.

A consequence of thermedynamic equilibrium in such a system
would be 2 uniferm distribution (the same in all directions) of the
momenta of the emitted particles. To test for this pattern. one needs a
detector capable of captering and identfying hundreds of particles—
charged hadrons and light uclear fragments—simultaneously, at all
possiole angles of emission of the particles. Such a detector, the Plastic
Ball/Plastic Wali. has been buiit by a team from the GSI laboratory
(Darmstadt, West Germany) and the Lawrence Berkeley Laboratory
{sce Figure 4.2).

Investigations have been carried out with this detector on collisions
of calcium beams with calcium targets and niobium beams with
nmobium targets, both at 0.4 GeV per nucleon. The measured momenta
of all the observed particles were transformed mathematicaliy from the
laboratory frame of reference (in which the expeniments were done) o
the center-of-mass frame (in which the data analysis is casier), and the
momentum distribution of particl>~ was calculated and plotted. The
markedly nonuniform angular distnibution for the relatively light cal-
cium system showed clearly that the: nodvramic equilibrium had not
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FIGURE 4.2 One hemisphere of the Plastic Ball detector during 115 assembly. Consist-
ing of 815 pyramidal scintillator detector modules. each with its own electronics package,
the complete detector covers 9% percent of the total sohd angle into which nuclear-
reaction products can be emitted. (Courtesy of the GSUVLBL Collaboration, Lawrence
Berkeley Laboratory.;

been fully achieved —not even in central collisions, where the highest
multiplicity of emitted particles occurs. By contrast, the more nearly
uniform angular distribution for the heavier niobium system indicated
a much closer approach to equilibriuim. This demonstrates the need for
using the heaviest possible projectiles and targets in relativistic nuclear
collistons. To make vahid thermodynamic analyses—and hence mean-
ingful estimates of nuclear temperature—one needs as many nucleon
nucleon collisions as possible within the firebali.

Experimental and the retical results indicate thet central nuclear
collisions at energies of | to 2 GeV per nucleon do indeed produce a
fireball at extremely high temperatures: about 100 MeV, or 10" K,
which is about 60,000 times hotter than the core of the Sun! Much of
the kinetic energy of the collision is converted directly to mass in the
form of created particles, such as kaons and pions. whose kinetic
energies reflect the temperature of the nreball. It has been observed
that the kaons emilted by the fireball are appreciably hotter than the
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protons, which, in turn, are hotter than the pions. This surprising result
is thought to mean that the kaons reflect the fireball temperature at an
early, hot stage of its evolution, whereas the pions reflect the temper-
ature at the final, “*freeze-out’" stage. Thus, it could be that different
kinds of particles produced in the collision serve as nuclear "*clocks’
in their record of the event.

High Nucleur Densities

Measuring the nuclear density in fireballs that last about 10
second 1s very difficult. First, the average mass of the firebalils is not
known accurately (although it can be estimated), because none of the
collisions that produce them are perfectly central. Most are sufficiently
off center that some of the nucleons in the projectiie and taiget naiclei
do not participate in the fireball formation; they are merely spectators
(see Figure 4.3). Furthermore. the volume into which the participating
nuclei are compressed by the energy of the collision is not known
cither. Surprisingly, however, an indirect way of measunng this

n

FIGURE 4.3 The parucipant-spectator model of relativistic nuclear collisions. The
participant (overlapping) regsons of the two nucler coalesce to form an intensely hot,
dense nuclear fireball, which explodes in a shower of high-energy partcies. The
spectator fragments, meanwhile. remain relatively cold. at normal nuclear density.
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infimtesimal volume has been found 1n a techmique borrowed from the
science that deals with the largest sizes imaginable: astronomy.

The technique., intensity interfo-rometry. was developed in 1956 for
measunng the sizes of galaxies. but it can be applied in nuclear physics
as a4 means for measuring the sizes of the fireballs formed in relativistic
nuclear collisions. These events produce many pairs of identical
perticles, such as protons or positive or negative pions. From mea-
surements of such particle pairs. correlations are determined that
depend on the spatial and temporai properties of the source. The
resuits of these correlations indicate source sizes 2 to 4 fermis in
radius, which are typical of most atomic nuclei and hence plausible.

Theoretical calculations using an intranuclear cascade model—in
which the nucler are treated as collections of independently interacting
particles—for centrai argon-on-argon collisions at energies of | to 2
(ieV per nucleon yield mean nuclear densities of about 4 times norrnal
or about 10'° grams per cubic centimeter. This value is within the range
of densities believed 1o exist in the cores of neutron stars. Similar
results are obtained from hydrodynamic models. in which the nuclear
medium is treated as a fluid. Extrapolations of the cascade calcuiations
to heavier nuclear systems predict mean densities of about S to 6 times
normal.

With some knowledge of high nuclear temperatures and densities
finally in hand. the stage is set for seeking the solution to a very
important problem: the determination of the cquation of state of
nuclear matter.

Nuclear-Matter Equation of State

Equations of state are among the most valuable tools in science.
because they describe the behavior of a physical system over a wide
range of condit.ons. on the basis of a4 fev. measurable quantities, called
state variables (for ordinary gases., these variables include the pres-
sure. volume per molecule. and temperature). If all but one of their
values are known for a given state. -hen the unknown one can be

calculated To deteimine an equation of state, the appropriate state
vanables must be identified and their values measured over wide
ranges.

Until the advent ~f relativistic nuclear ccilivions, there was almost
no direct experimental evidence on vhich to base a nuclear-matter
cquation of state for conditions of high temperature and density,
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although a great deal of theoretical work hed aircady been dore.
However. recent experiments on the interastion of argon with argon
bombarding cnergies of 0.36 to 1.8 GeV oper nucleon may be a major
new step toward understanding hot. dense nuclear matter. One inter-
pretation of the surprisingly low pion yields 1n these experiments is that
much of the kinetic energy that was expected to be transformed into
pions was used for nuclear compression instead. When the resuits were
combined with those from an intranuclear cascade calculation, &
tentative equation of state was extracted for nuclear matter at about 2
to 4 times normal density.

If confirmed. this development would be a major advarce for at least
three reasons:

® [t would buttress the bridge between the hydrodynamic models
that are used to explain many cxperimental obscrvations and the more
detailed tbut difficult) manv-body calculations * .at seek to relate
observed nuclear propertics to vanous aspeci. of the underlying
nucleon-nucleon force.

® It could provide a testing ground for the growing list of theoretical
ideas—such as the existence of extraordinary forms of nuclear matte
called density 1somers and pion condensates—that have been among
the foremost stimuhi for experimental work in relativistic nuclear
ccllisions in the past decade.

o [t would be progress toward the determmnation of such global
nuclear properties as viscosity and thermal cenductivity, which are
important indicators of otherw:-: hidden aspects of the internucleon
force. The behavior of these quantitie . as function, of the temperature
and density 18 expected to reveal aspects of many-body behavior that
are not ac¢»ssibie 1n simple scattering experiments.

With the relatively light argon-on-argon system descnibed above. the
compressional energy produced in the collisions increases smoothly
with bombarding energy. showing no sign of a discontinuity that could
be associated with a new state of matter or a phase transition. Wiih a
very heavy nuclear system at very high relativistic energies. on the
other hand. it 1s very hkely that there will be s tran<ition from hot
hadronic matier to the quark-gluon plusma, the state of matter beheved
to have existed brniefly at the momen? of ¢reation of th - viverse—the
big bang. This prospect. surely one of the most exciting that nuclear
physics has ever conterplated. 15 discussed in Chapter 7.
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THE HEAVIEST ELEMENTS

New Transfermium Elements

Ever since the infancy of nuclear science, chemists and physicists
have iried to discover new elements beyond uranium (atomic number
Z = 92). With the advent of particle accelerators and nuclear reactors,
rapid progress was made, culminating with the synthesis of i wrencium
(7 = 103) in 1961. For the next 13 years, the only proven method of
synthesizing transfermium elements (7 greater than 100) was the
bombardment of radioactive targets heavier than uranium with nuclear
projectiles as heavy as neon. to produce compound nuclei. Since
heavy-ion accelerators are required for this research, the efforts have
been concentrated at the lawrence Berkeley Laboratory, the Juint
Institute for MNuclear Research (JINK) at Dubna, USSR, and, most
recently, the GSI laboratory at Darmstadt, West Germany. Although
these scarches bzve succeeded in producing transfermium clements
through atomic number 105, their already very low yields have been
steadily decreasing with increasing atomic number.

In 1974, element 106 was produced and unambiguously identified at
Berkeley by this method. 'The bombardment of californium-249 (7 =
9%) with oxygen-18 (£ = 8 yielded the unnamed nuchide *** 106, which
decayed by ermmitting alpha particles. with a half-hife of 0.9 second. to
known daughter-granddaughter nucler that decayed in turn by alpha
cmission with distinctive cnergies and half-iives. The reaction yield
was only zbout one atom produced per 10" nuclear collisions.

At about the same time, however, another 1sotope of element 106
may have been observed at JINR in the bombardmant of a somewhat
lighter target. lead-208 (Z = &2), with a much heavier projectile,
chromium-54 (7 ~ 24). These experiments were of great interest
because the excitation energy of the compound nuclens with 106
protons was much lower fone can say that the fused system was colder)
when produced with the Chiromem-34 projectiic. so that fewsr fow-
energy neutrons had to be emitted in order to stabtlize the system: ‘his
resulted in a greater vield of the specific isotope of interest.

More recently. the Darmstadt group has broughi an exquisitelv
senstive new techmque to the search for elements 107 and higher.
adding new dimensions to these cold-fus:on reactions. They coupled
tirerr 12-m-long reconl veloaity selector to an elegant sohid state detec-
tor ~ystem installed at s focus. This carefully tuned filter 1s able to
reject essenually ali of the bombarding beam while transmitung a high
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percentage of the finai reaction products to the detector system, in
times of the order of a microsecond. An array of seven detectors
made of single-crystal silicon is used to record the time of flight of a
reaction product, its energy, and where it stopped in the detector
array. Subsequent alpha-decay or spontaneous fission events can
then be correlated by their pusitions. For an alpha-decay daughter-
granddaughter chain stemming from the implantation of a single
heavy nuclide, such correlation evidence can be extremely power-
ful.

With this impressive system, the bombardment of bismuth-209 (Z =
83) with titaniurm-50 (Z = 22) was found to produce a new alpha-
emitting nuclide, 27105, which in turn decayed to new alpaa-emitting
nuclides of elements 103 and 101. Similarly, the nuclide 2105 was
identified, along with new or known descendants, by alpha emission or
electron-capiure decay.

With their basic work on element 105 completed, the Darmstadt
group then bombarded bismuth-209 with chromium-54 to look for
element 107. In 1981 they found 2¢*107, with a half-life of 4.7 millisec-
onds (msec); the assignment was proved by the nuclide’s decay to its
by-then-known descendant ***105.

The most elegant experiment of all in this extensive series was that
which appears to have produced element 109, one single atom of which
was observed in August 1982. In a 12-day expeniment, bismuth-209 was
bombarded with iron-58 (Z = 26) to produce a single chain of events in
one of the detector crystals. The only observed candidate for complere
fusion of the projectile and target nuclei had a calculated mass of 264
*+ 13, from its time of flight and energy. Five miliseconds after its
implantation, it decayed by emitting an 11.1-MeV alpha particle. A
second alpha particle emitted from the same spot 22.3 msec later
escaped from the detectoi a.ter depositing only 1.14 MeV. Finally, 12.9
seconds after that, a spontaneous fission event was observed, releasing
an erergy of 188 MeV. This sequence of events is coipatible only with
adecay series starting with the nuclide **109 and proce >ding—via two
successive alpha emissions and one beta capture— o the nuclide
%104, which then undergoes spontancous fission. If conaborated, this
event will represcnt the first identification of a new element through the
charactenistics of a single atom.

In March 1984, the gap between elements 107 and 109 was closed:
the Darmstadt group presented convincing evidence for the dis-
covery of eclement 108, based on the observation of three distinctive
events.
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The Search for Superheavy Elements

in "ne mid-1960s, the interest of many nuclear scientists was arnused
Ly theoretical calculations that showed the strong possibility of a
magic island of superheavy clements in the region around proton
number Z = 114 and neutron number N = 184. This island would be
characterized by a relatively high stability associated with the closed
nucleon shells predicted by the shell model of the nucleus. The
calculations, which were based on logical extrapolations of properties
of ordinaiy nuclei, indicated that some half-lives might even be long
enough for superheavy elements to be found in nature.

Since that time. many unsuccessful attempts to find such elements
have besn made throughout the worid, using a great variety of
techniques and covering many possibilities—inc luding primordial ores,
meteorites, and lunar rocks. The effort has recently become focused on
the use of heavy-ion accelerators to make nucle: r species as close as
possible to N = 184 in the general victnity of Z = [114.

The most direct way to make superheavy elements in accelerators is
by the complete fusion of a projectile nucleus and a target nucleus.
Even under optimal conditions. however. the resulting conipound
nucleus contains substantial internal excitation (tens of MeV} and
angular momentum. which must be quickly dissipated by the emission
of light particles {(mostly neutrons), followed by the emission cf gamma
rays, before the ground state of the final rcaction product is reached. At
each step in the de-excitation process, there is a much better chance for
fission to occur instead, so the final probability of producing a
superheavy element may become minuscule.

At Berkeley. Darmstadt, and Dubna. complete fusion has been
pursued vigorously, using reactions such as the bombardmen: of
1 curium-248 (Z = 96) with calcium-48 (Z = 20) and detection
methods sensitive to lifetimes as short as | second. However, nothing
has been seen that can be attnibuted to sr'verheavy elements. The most
promising ideas at present seem to be those involving the bombard-
1 ment of heavier and very zxotic short-lived radioactive targets, such as
276-day einsteinium-254 (Z = 99) or even 40-day einsteinium-255,
in that bombarding these targets with a calcium-48 beam brings one
closer to the goal of 184 neutrons. (Perhaps, as another tool, acceler-
ated beams of radioactive nuclei such as calcium-50 will become
available in the future.) The ivailable amounts of these materals are
very small. however, and the experiments are extraordinarily difficult
to perform. Also, it may simply be that even the best projectile-target
combination does not produce a nucleus close enough to the center of
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the magic island to take advantage of the expected higher stability
there.

The focus of research in this area now is on trying to understand why
these elements have not yet been identified. Is it because such nuclei
cannot be made with the tools we have available, or because they
cannot exist at all?

HIGHLY UNSTABLE NUCLEI

Theoretical models of nuclear structure suggest that some 8000
different nuclides of the chemical elements should exist and be
observable in the laboratory, but only about 2700 have been discovered
so far. Of these. about 300 are the well-known stable nuclides. The
other 2400 are radioactive ones that, for the most part, have been
artificially produced in particle accelerators or nuclear reactors; about
30 to 40 new ones are discovered each year. Studies of these unstadle
nuclides provide a wealth of valuable information about exotic nuclear
decay modes, about the hehavior of the nuclear ground state (mass,
shape. and anguiar momentum) as the neutron-to-proton ratio shifts
into highly abnormal regimes, and about the spectroscopic properties
of nuclei so strangely composed.

When a nucleus is formed, a small amount of the mass of its
constituent nucleons is converted to energy. This becomes the binding
energy of the nucleus. which overcomes the electrostatic (Cculomb)
repulsion between the protons. The more nucleonr mass is converted to
binding energy, the more stable—and i2ss massive, for a given number
of nucleons—is the resulting nucleus. Thus /ess stable nuclei have
proportionally more mass than more stable ones, and the difference is
callcd the mass excess.

Figure 4.4 maps the mass excess fcr the ground states of the lighter
nuclides; the most stable ones, with minimal mass, occupy the valley of
stabilitv Nuclides some distance from the tottom of the valley are
radioactive, typically decaying by beta decay bnt also by alpha decay
or spontaneous fission. Farther up the slopes, near the edges of
stability, it becomes energetically possible for exotic new radioactivi-
ties to appear, and several new decay modes have been discovered in
recent years.

o

Exotic Radioactivities

Beta-delayed particle emission—in which a nucleus beta-dec: s to
an excic.d state of its daughter. which then emits a ncutron, proton, or
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FIGURE 4.4 A computer-graphic piot of the mass excess for nuclides of the elements
up to utanicm. The greater the mass excess. the less stable the nuclide, so the nuclides
on the upper slopes of the valley in this diagram are extremely unstable. Conversely, the
nuclides along the bottom of the valley are the most stabie of all. Tne nuclides ''Li and
Al are discussed in the text. (After J. Cerny and A. M. Poskanzer, Scientific American,
June 1978, p &0.)

alpha particle—has been known for several decades. Within the past
decade, however. as developing techniques have permitted the obser-
vaiica of predicted nuclides at or near the edge of stability, decay
modes have been obse:ved that involve the emission of more than one
pariicle after the beta decay—namely. beta-delayed two-neutron,
three-neutron, and two-proton emission.

Consider two representatives of thesc exotic nuclei, each of which
lies at a limit of stability for the element in guestion. First, on the
neutron--ich side of the valley, is lithium-11 (3 protons, 8 neutrons, and
a half-life of 8.7 msec). This nuclide’s decay energy is so high (greater
than 20 MeV) that a great variety of decay modes are open, and decays
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by both beta-delayed two-neutron and three-neutron emission have
been observed. Since these studies requirs the detection of neutrons,
which is difficult because they are neutral, the parent lithium nuclide is
first separated and identified by an ingenious technique developed at
the Laboratory for Nuclear and Mass Spectroscopy at Orsay, France.
In this technique, the target for the accelerator beam also acts as a
preferential coilector of product alkali metal nuclei, which in turn—
owing to their particular surface-ionization properties—act as the ion
source for an attached mass spectrometer.

Second, on the neutron-deficient side of the valley, is aluminum-22
(13 protons, 9 neutrons, and a half-life of 70 msec). Here the decay
energy is again extre.nely high (greater than 18 MeV), and a number of
decay modes are open, including beta-delayed two-proton emission. A
perticular beta-decay channel produces the daughter nucleus magne-
sium-22, which emits two protons that are detected simultaneously.
The mechanism for this decay is of considerable intersst: is it actually
an extremely fast two-step sequential emission of the protons, or does
the decay occur by the predicted mode of diproton (helium-2) emis-
sion? (The diproton is considered a transient nuclear species.) The
angular correlation of the two protons in the aluminum-22 decay has
been measured. The mechanism is compiex and appears to be largely
sequential; however, some component of helium-2 emission canno: ve
ruled out.

Beta-delayed fission, which is analogous to beta-delayed particle
emission, is another exotic form of radioactivity. It allows ‘‘ordinary”’
spontaneous fission studies to be extended to regions far from beta
stability, because the beta-delay effect makes these nuclides suffi-
ciently long-lived for experimental measurements. A knowledge of the
energy barriers to fission in nuclei far from stability is useful in
undcrstanding the production of heavy elements in the astrophysical
r-process, one of the principa! mechanisms of stellar nucleosynthesis.

In neutron-deficient nuclei at the limits of particle stability, decay by
the direct emission of a proton (similar to alpha decay) is possible. This
decay mode, direct proton radioactivity, was origiaally observed in an
unusual, jong-lived excited state of cobalt-53, a nuclide close to the
valley of stability. Ground-state proton radicactivity has recently been
observed in two rare-earth nuclides, thulium-147 and lutetium-15i. The
proton-decay results can provide valuable empirical tests of nuclear
models that predict both the masses and the half-lives of the parent
nuclei.

A surprising exotic radioactivity was just discovered in 1984. Using
a relatively simple laboratory setup, a team of physicists at Oxford
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University found that radium-223, which ordinarily decays by alpha
emission with a half-life of 1.4 days, occasionally emits a carbon-14
nucleus instead; this occurs about 2 times in every 10° decays. That
such a novel decay mode should be observed in a naturally occurring
nuclide (radium-223 is a member of the radioactive decay series that
begins with uranium-235) is particularly significant because it suggests
that many other decays by the emission of relatively large nuclei might
also be found in nature. Searches for such massive, highly charged
decay products (neon-24, for example) are now under way at many
laboratories around the world.

Long I-vopic Sequences

One of the best ways to learn about a physical system that can be
characterized by two quantities is to change the valve of one of them
while holding the other ~ne constant. If we vary the proton number Z
or the neutron number N while holding the other one constant, we can
examine a long series of nuclides whose properties change more or less
smoothly from one extreme to another (any of the columns or rows in
the map shown in Figure 4.5). This allows models of nuclear structure
to be tested critically by their predictions of changes in behavior as Z
or N is varied.

Centain values of Z or N are called magic numbers because they
correspond to the compleiion of nucieon shells in the shell model of the
nucleus. Any nucicus that has a magic (or near-magic) number of
protons or neutrons will be slightly more stable than one would
otherwise expect, and if it is near stability, it will be spherical. In
regions of the chart of nuclides away from the magi: numbers, on the
other hand, the nuclei will be deformed by varying amounts into a
variety of shapes.

It is most interesting and fruitful to follow a long isotopic sequence
through the spherical and deformed regions and :icross the magic
numbers; every such sequence crosses the valley of stability in one
direction or the other. Generally, deformations in the ground states of
nuclei agree rather well with theoretical calcuiations; the few obscrva-
tions of discrepancies have led to refinements in the theory.

Among the most significant developments in the study of nuciei far
from stability has been the increasing use of atomic-beam and laser
techniques. which provide extremely accurate determinations of such
quantities as the nuclear spin and the maenetic momen . The sensitivity
of these methods permits measuremenis to be mad: on very small
quantities of relatively shc-t-lived iscotopes, and lorg sequences of
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isotopes can thus be studied. Here, on-line mass separators, as
employed by the ISOLDE collaboration at the European Center for
Nuclear Rescarch (CERN) in Geneva, have made great progress
possible.

Nuclei with Extremely High Spin

Nuclear reactions between heavy nuclear projectiles and heavy-
element targets often produce compound nuclei that are spinning
extremely fast, i.e., :hey have high angular momentum. Studying these
~ompound nuclei as they de-excite, or relax, to the ground state helps
us to understand the interplay among the various forces that control
nuclear behavior under such extreme conditions. Among these forces
are the centrifugal and Coriolis forces, which are familiar from classical
physics. As they increase in magnitude, they affect the nuclear
i structure in major ways.

: The centrifugal force tends to stretch the nucleus out into

| nonspherical shapes involving collective rotations of the nucleons.

These deformations, which can be oblate (doorknob-shaped) or prolate
(football-shaped), eventually result in nuclear fission. It is the onset of

fission, in fact, that generally limits the amount of angular momentum

that a nucleus can support. On the Earth, the Coriclis force, arising

from the Earth’s rotation, causes east-west shifts in north-south winds.

In a rotating nucleus, the Coriolis force tries to align the spin of an

_ individual nucieon with the axis about which the collective rotations

Z occur, much as a gyrocompass tries to align itself with the Earth's
rotation axis. These alignments of the single particles tend to weaken

the collective rotations, while the centrifugal stretching tends to |
stabilize them. It is the interplay between these two opposing effects !
that makes high-spin phenomena so richly varied.

One such phenomenon, discovered in 1971, came as a complete
surprise. In measuring the rate of decrease of the nuclear rotation rate
as certain rare-earth nuclides wera relaxing from high-spin states,
physicists found that the otherwise smooth curves had occasional
sha:p kinks, or backbends. Every such backbend signifies an abrupt
increase in the rotation rate, followed by a resumption of its steady
decrease. This is caused by a <udden internal rearrangement of the
nuclear structure that decreases its moment of inertia (the ratio of
angular momentum to angular velocity) ar.d hence increases its rotation
rate. (A spinning skater, pulling the arms in close to the body, spins
faster for exactly the same reason—the law of the conservation of
angular momentum.)
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FISURE 4.6 Plots of the rotation period (the time required for one compiete rotation)
versus ame. for the nucleus of erbium-i58 and for the Vela pulsar. (The nucleus is
initially in a high-spin state.) In each case, the rotation period increases with time, i.e.,
the rotation slows down—except when a backbend occurs, as described in the text.
(Courtesy of R. M. Diamond and F.S. Stephens, Lawrence Berkeley Laboratory.)

The sudden internal rearrangement of the nucieus couid be called a
nucleusquake. As tiny as it is, it mimics a similar (though unrelated)
phenomenon on a colossal scale—the starquakes that were first de-
tected in the Vela and Crab pulsars in 1969. A pulsar is a rapidly
spinning neutron star that, like a high-spin nucleus, is slowing down as
it loses encrgy and angular momentum; it is, in fact, very much like a
giant nucleus in many ways. Backbends (‘‘glitches’’ in the jargon of
asirophysics) that resemble tho~e of nuclei appear in its rotational
decay curve when sudden in :rnal rezrrangements in its structure
cause the starquakes (see Fi_are 4.6).
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Although the effects of nucleusquakes and starquakes are the same,
the causes are not. Nucleusquakes are related to the pairing correla-
tions of nucleons in nuclei (i.e., the tendency of like nucleons to form
pairs with oppositely directed spins) and are proportionally much
larger than starquakes. The latter are poorly understood but are now
thought to be caused by vortexes in the internal flow pattern of the star.
Nonetheless, the similarity between these two phenomena fron: oppo-
site ends of the cosmic scale provides a striking example of the
universality of physical laws and of their power to extend our intellec-
tual grasp of events far beyond ordinary experience.
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Nuclear Astrophysics

When astrophysicists first realized, in the i920s, that processes
producing enormous amounts of heat and outward radiation pressure
must be occurring deep inside the Sun to prevent it from collapsing
under its own gravitational field. the study of nuclear physics had only
barely begun The neutron itself was not discovered until 1932, and it
was another 6 years before a plausible explanation for the Sun’s energy
was advanced by nuclear physicists: in a type of reaction called nuclear
Jusion, four hydrogen nuclei combine to form one helium nucleus, with
the release (on a stellar scale) of vast amounts of energy. Since that
time. a fruitful symbiosis has arisen between nuclear physics and
astrophysics, with progress in each field spurring progress i.1 the other.
Studies of nuclear reactions in laboratories on Earth tell us a great deal
about the birth. evolution. and death of stars, while astrophysical
measurements tell us much about nuclear processes that are difficult or
impossible to produce on Earth.

Nuclear astrophysics is concerned with the mechanisms of stellar
nuclear reactions that generate energy and that lead to the formation of
the chemical elements in the process of nucleosynthesis. Some of the
most active areas of nuclear astrophysics today are concerned with the
mechanisms of supernova explosions, where nucleosynthesis of the
heavy elements occurs. and the formation of neutron stars. The latter
represent nuclear matter under conditions of high temperature and
density, from which a unique insigh! can be gained on the fundamen-
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tally important nuclear-matter equation of state. Perhaps most inter-
=sting of all, however, is the neutron stars’ status as a kind of ultimate
n'«clear laboratory: they are the only known “‘nuclei” in which the
effects of all three of the fundamental forces—the strong force, the
electroweak force, and gravitation—are intimnately interwoven.

In this chapt- we look at a few of the most active current topics in
auclear astrophysics research, which epitomize the ways in which
progress in basic nuclear physics benefits the development of other
sciences and, ultimately, of our technological society as a whole.

NUCLEI UNDER EXTREME ASTROPHYSICAL CONDITIONS

The most extreme condition of matter imaginable existed for only an
instant at the beginning of our universe, but a plausible account of this
awesome event and its aftermath has been re~onstructed from data
available today. Anong the most important of these daia are the known
abundances of the chemical elements in the stars and nebulas—and in
the Earth itself— because these values impose certain constraints on
the theoretical mechanisms by which nucleosynthesis could have
occurred. These constraints are based not only on the nature of nuciear
reactions as we know them from terrestrial studies but also on the
conceivable dynamical processes by which stars can undergo a spec-
tacular death by supermova explosion.

Nucleosynthesis of Light Elements

In the first second= after the big bang. there wcre no nuclei—just
elementary particles and hadrons. The latter were primarily nucleons,
and it was only after about 3 minutes—when the temperature of the
nascent universe had coolec to abou: 10° K—-that these particles could
begin to coalesce to form deuterons (°H) and nuclei of helium-3 and
helium-4 (*He and *“He); it now seems possible that nuclei of the isotope
lithium-7 may also have formed at that time. These four nuclides are
thus the big bang nuclides. 1t took .1 1 ast half a million years more for
the universe 1o cool sufficiendy f( - thexe nuciei to capture electrons
and become atoms. and a few billion years for stars to form. Cnly when
the stars’ nuclear fires began to burn did nuclei of the remaining
elements begin to form. In the universe today, hydrogen and helium
constitute roughly 93 and 7 pescent, respectively, of the nuc'ei. while
all the heavier elements make up only about 0.1 percent.

Although most of the lighter elements are believed to be produced in
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the stellar interiors, a few are too fragile to survive the intense heat and
must be formed at cooler sites. These elements are the ones that lie
between helium and carbon in the periodic table: lithium, beryllium.
and boron. The nuclides in question are °Li, *Be, '°B, and ''B, and
their observed abundances in the universe can now be accounted for
fairly well in terms of a model based on the bombardmenc of heavier
nuclei in the interstellar medium by cosmic rays. In these spallation
reactions, a very energetic projectile breaks the target nucleus up into
several fragments. Measurements of nvzliar spallation reactions at
cosmic-ray energies have recent.; become sufficiently extensive to
allow a meaningful test of the astrophysical model, and it has been
found that these cosmic-ray nuclides are produced in roughly their
observed relative cosmological abundances.

The four big bang nuclidess mentioned above a;e the only four that
can be attributed to that stage of the evolution of the universe.
Remarkabiy, the modern theory of nucleosynthesis can account for the
observed abundances of these four nuclides in terms of a single
assumed value of the baryon density of the early universe. in terms of
the expanding universe, this primordial density would give rise to a
present density between 0.6 x 10 ¥ and 11 x 10" gram per cubic
centimeter (g/cm’). a range that neatly brackets the observed density of
visible matter, 3 x 10" g/cm?® (see Figure 5.1). For the universe to be
closed—i.e., for its own gravitational self-attrzction to be sufficient to
stop the expansion eventually—this density would have to be about 10
times greater. Whether the universe s closed is not known, nor is 2
known where the missing mass, if any, is to be found.

A possible source of the missing mass may be neutrinos—if they turn
out 1o have some mass after all. Neutrinos exist in enormous numbers
throughout the universe, but a limit can be set on the number of kinds
of neutrinos (the three now known correspond o electrons. muons,
and tauons) from the ob<erved abundance of *He produced in the early
universe. If there were still another (as yet undetected) kind of
neutrino—and if it werc present in great numbers—it would have added
substantially to the overall energy den:.ity of the universe dunng the
first 3 minutes. and the universe would therefore have expanded more
rapidly. Among other things. this more rapid expansion would have
increased the neutron-tc-nroton ratio, and because most of the neu-
trons were cventually incorporated into helium nuclei, the result would
have been a greater abundance of ‘He than is actually observed.

It could be, therefore, that we have already discovered all the kinds
of neutrinos that exist in the universe, although a fourth kird cannot be
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FIGURE 5.1 From the observed abundances of the four big bang nuclides, it is possible
to infer the present baryon density of the universe. The -‘.aded bar for cach nuclide
represents the range of values calculated from its abundance, and the solid vertical line
represents the best fit to these data. The inferred baryon deusity of about 5 x 10~ g/cm?
is about 10 times less than that which would be required for the universe to be
gravitatiopally closed (dashed vc tical line). Thus, this evidencs is consistent wit% 2n
open universe. (After S. M. Aistin, in Progress in Particle and Nuclear Physics ., “/0l. 7,
D. Wilkinson, ed., Pesgamon Press, Oxford, 1981.)

entirely ruled out. Uncertainties in the observed abundances of the
nuclides, as weli as certain assumptions in the big bang model that
have not vet been validated, make various details of the picture
unclear. What is clear is that the nucleosynthesis of the light elements
is closely connected to fundamental questicns of particle physics and
cosmology.
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Supernova Explosions and Neutron-Star Formation

The study of supemovas and neutron stars has opened up a new area
of nuclear astrophysics and has motivated theoretical and experimental
research leading to a deeper understanding of the rich properties of
ruclei and nuclear matter, especially at high densities. In ordinary
stars, such as our Sun, the inward force of gravity is balanced by the
outward hydrodynamic pressure of the hot gases and, to a lesser
extent, by the radiation pressure of photons. When their nuclear fuel is
exhausted, however, some siars undergo gravitational collapse and
then explode as a supernova (see Figure 5.2); a small, extremely dense
neutron star may be left as a remnant of this stupendous event. The
physics of neutron-star formation and the establishment of a new
equilibrium against gravity are intimately tied to the behavior of
nuclear matter under extreme conditions. In particular, it now appears
that neutr. ‘os play an important role in the mechanism ot supernova
collapse.

The hydrogen fusion reaction in stars produces two positrons and
two neutrinos. Most nuclear matter is almost perfectly transparent to
neutrinos, so most of them depart the star, headed for dcep space.
(Experiments to detect solar neutrinos passing through the Earth are
described later in this chapter.) The escaping neutrinos cool the star by
carrying away some of its fusion energy, but this energy loss is siight
during ths middle period of a star’s life.

As the star reaches old age and the hydrogen in its intenrior is
consumed. its central temperature will rise, causing the outer layers to
expand to form a red giant—as our Sun is most likely to do. !n later
stages of its evolution, the star’s interior may collapse, with the reiease
of huge amounts of gravitational energy. As the collapse progresses,
the heated nuclei are reformed into much <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>