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Preface

The present text grew out of a number of lecture courses for advanced under-
graduate and new graduate students in nuclear physics. They were given at
summer schools in Leuven, Melbourne, and at study weeks for Dutch grad-
uate students which aimed to emphasize fundamental and topical aspects of
nuclear physics. On occasion, part of the present text was presented to stu-
dents from a much wider field than just nuclear physics and also within a
number of general physics colloquia, where, in addition to nuclear physicists,
physicists from many other fields were present. In this respect, the intention
is to present, in an amply illustrated form, the key questions that arise in
nuclear physics. At the same time we try to show why a better understanding
of the atomic nucleus is not only important in itself, but also yields essential
insights into the many connections to other fields of physics. We thus concen-
trate on the unifying themes rather than addressing in great detail particular
subfields of nuclear physics.

The present project does not aim to be another comprehensive textbook
on nuclear physics: Many of the detailed technical arguments that enter into
the picture are not developed here as they would be in a more standard
textbook. Instead they are presented using analogies, quite often with simple
pictures and arguments that try to convey the general line of thinking and
working in nuclear physics. The mathematics that we use is at the level com-
monly employed to introduce the basic ideas of nuclear physics and quantum
mechanics. On occasion, “Technical Boxes” are included, concentrating in
some detail on specific issues that are important. Here, a number of theoreti-
cal concepts as well as recent experimental techniques and efforts in advancing
the present field of nuclear physics are illustrated. The way of citing refer-
ences is also different from a standard textbook. No specific references are
brought into the main text but, chapter by chapter, we list books, important
review articles, some essential older papers, and also more popular discourses
at the level of Scientific American, Physics Today, etc. for those wishing to
pursue more detailed and in depth studies. The general level and, in partic-
ular, the number and style of the illustrations is chosen in order to enable a
broad readership to follow the major flow of the arguments. Thus it is our
hope that readers will come to appreciate why the atomic nucleus is a vital
‘laboratory’ for investigating much of the working of the world around us
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and the kind of intriguing questions currently being studied experimentally
and theoretically, both in small university research groups and by large-scale
international collaborations. So, the text aims primarily at physics students
but, in addition to physicists throughout the broader discipline of physics.

Much of the content, structure, and presentation has been influenced over
the years by a large number of people with whom I had professional contact,
but also by various scientists and friends who regularly asked me why the
study of such tiny ‘chunks’ of matter could be so exciting. My long involve-
ment in teaching has influenced the text on almost every page in its quest
for clarity in answering the many questions concerning the ‘big picture’ of
which nuclear physics is just a small (albeit essential) part. I would like to
thank the physics students in Gent I taught over the last 15 years, as well
as those at international schools and study weeks. The climate at the for-
mer Nuclear Physics Laboratory and the Laboratory for Theoretical Physics
(now united into the ‘Department of Subatomic and Radiation Physics’) at
the University of Gent has been and remains very stimulating and I have to
thank in particular the many members (past and present) of the theory group
in Gent: In alphabetical order I mention C. De Coster, B. Decroix, Y. De
Wulf, N. Jachowicz, J. Jolie, L. Machenil, J. Moreau, S. Rombouts, J. Rycke-
busch, L. Van Daele, M. Vanderhaeghen, V. Van der Sluys, P. Van Isacker,
J. Van Maldeghem, D. Van Neck, W. Van NespenP H. Vincx, G. Wenes and
M. Waroquier. Also, the experimental groups in the department continuously
reminded me that a description of the atomic nucleus, nice though it may
look on paper, always has to pass the test of confrontation with experiment.
The work carried out in our theory group has influenced and modified in
almost every respect my view on how to study the atomic nucleus and why.
I also appreciate very much the support I received about 30 years ago when
studying at the Nuclear Physics Laboratory of the University of Utrecht, and
in particular my supervisor P. Brussaard, whose influence was very decisive.
Finally, I would like to thank A. Richter for his longstanding and inspiring ex-
perimental efforts to bring the best and most exciting out of nuclear physics.
I value his deep sense of the questions that are important to address as well
as his ability to extract from nuclear physics the aspects that are essential in
the wider field of physics. His ideas, and in particular his recent article enti-
tled Trends in Nuclear Physics [(1993) Nucl. Phys. A 553, 417] have greatly
influenced my own ideas.

Gent, August 1997 Kris Heyde
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1. Introduction:
What Nuclear Physics is About

Nuclear physics, as the study of many-body fermion systems using both ex-
perimental and theoretical methods of research, is literally at the ‘heart’ of
all matter.

All forms of matter we observe around us in the universe are built out
of atoms of various types ranging from the lightest and most abundant hy-
drogen, through the light elements, to the heavy atoms and actinides. As a
unifying feature, all atoms are formed by an atomic nucleus, which produces
the Coulomb field that binds a number of electrons, thereby forming neutral
atoms. Even though almost all the mass is concentrated in the central region,
i.e., in the atomic nucleus with a size of 1071° m, the scale determining the
structure of ordinary matter is determined by the size of the atoms them-
selves, i.e., about 1071 m. In a first, simple figure (Fig. 1.1), we illustrate
this construction principle and see that it extends back to even smaller scales.

O Electron

Nucleus

Particle

. Quark

Fig. 1.1. The construction principles of matter, starting from the atomic scale
(atomic nucleus and electrons) down to the quark strutture, passing through the
atomic nucleus with its proton and neutron constituents. (Taken from CERN/DOC
©1986,-March,, CERN.Publication, with permission)

K. Heyde, FromiNicleoys to the Atom i Nuc/cus
@IS ULVEr a2 BE: lin Ferdelbers 1993
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At present it is generally accepted that the nucleons constituting the nucleus
are themselves built out of a few quarks constrained to form nucleons by
the exchange of gluons. The picture of nucleons as built mainly from three
quarks is only a rough approximation and, more generally speaking, the nu-
cleon itself plays the role of a strongly interacting quantum chromodynamical
many-body system. This interesting aspect, however, is largely beyond the
scope of the present book.

Here, we shall concentrate on those aspects that yield a better insight into
the way nucleons finally make up an atomic nucleus and give rise, through the
nucleon—nucleon interaction inside the atomic nucleus, to a very rich pattern
of phenomena at first sight not easy to predict or explain.

We shall begin by applying a magnifying glass to regular matter and try
to observe at which stage the strong force binding the nucleons (protons and
neutrons) becomes evident. The nucleons occupy a very tiny region of space
and result in nuclear densities that are typically of the order of 10!7 kg/m3
and give rise to processes on an energy scale between 1 keV and, at the
other extreme, 50-100 MeV. Thereafter we shall properly address the topic
of particle-like properties. In Fig. 1.2, we show the typical density scale and
energy scale at which atomic nuclei are located as compared to the phenom-
ena of particle physics on one side and atomic, molecular, and solid-state
physics and chemistry on the other side.

[ EXCITATION ENERGY |

EL. PARTICLES
NUCLEI 7

SOLID STATE ATOMS

CHEMISTRY %///////////////ﬁ

7///////% 1keV 100MeV

16° 100 10° 109 eV
1!( 300K C'ENTRE OF THE SUN

SOLIDSTATE WHITEDWARF NEUTRONSTAR  BLACK

1

| 1 ‘4 1
10° 10° 10° 10" 10° gjem?

T |

WATER DENSITY | NUCLEAR MATTER

Fig. 1.2. Energy scale
(upper part) situating
the atomic nucleus with
respect to the sur-
rounding systems, e.g.,
the atomic, solid-state
and chemical phenom-
ena on one side and the
domain of elementary
particle physics on the
other. The lower part
shows the density scale,
giving the position of
the atomic nucleus with
respect to regular mat-
ter, stellar structures,
and black holes. (Taken
from K. Heyde Ba-
sic Concepts in Nu-
clear Physics (©1994
IOP Publishing, with
permission)
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Fig. 1.3. Particle systems, their sizes and structures, and the energy required to
probe them. We start from molecular structures and progress down towards the
quark level

Descending in length scale from a typical large molecule, the road leading
deep into matter by constantly increasing the resolving power of our micro-
scope reveals a number of steps that are illustrated in Fig. 1.3. There are,
however, a number of complications, due to the very process of trying to
‘observe’ ever smaller objects. The process of ‘observing’ with light (just a
very tiny part of the full electromagnetic radiation spectrum characterized
by wavelengths of 4-8x10~7 m) breaks down at atomic length scales so that
large-molecules-form the limit-of purely ‘optical’ exploration (Fig. 1.4a). En-
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tering the domain of the atomic scale itself and going deeper, we move out
of the classical regime and so have to take into account the quantum nature
of matter. According to the de Broglie matter-wave duality, one can asso-
ciate a wave-like character with any particle, with the wavelength (\) and
the momentum of the particle (p) being related by

A P (1.1)
This quantum character, which was shown to hold for the elementary con-
stituents of matter such as electrons, neutrons, protons, etc., as demonstrated
in the early interference experiments, has more recently been shown to hold
for larger objects like atoms, too (Fig. 1.4b).

It has become clear that, descending to the level of the very small, getting
inside the atomic nucleus and trying to observe not only the global atomic
structure and density contours but also the way in which the nucleons them-
selves ‘move’ inside the nucleus and compose it, one needs to look on the
quantum scale using probes accelerated to high enough energies that the
wavelength is in the range of 1071410~ 15m.

It has been the tremendous technical advances in accelerators (the part
producing high-energy and thus short wavelength probe), detectors (the part
where the scattered particles are observed), and data analysis techniques
(needed to make the real ‘observation’ process visible also to the human eye
in the form of a scattering intensity distribution as a function of the scattering
angle) for electrons, muons, and also hadronic probes that have made this
‘magnifying’ process possible. The result is a vast and rich laboratory for
examining the special ways in which the interplay of nucleons, interacting
through the nucleon—-nucleon force, causes organization in the atomic nucleus.

Before entering our journey from nucleons to the more global properties
of the nucleus, it is a good point to delineate the various main divisions
of energy (and length) scale that can be made when observing the atomic
nucleus (Fig. 1.5).

On the largest length scale, using lower energy projectiles, one ‘sees’ the
nucleus as a whole and can observe a number of very interesting features
that will be discussed more deeply in Chap. 3, i.e., the nuclear surface col-
lective modes. The nuclear forces, discussed in Chap. 2, thereby reveal them-
selves through collective cooperative effects causing an almost uniform matter
density to result with a sharp fall-off so that the nuclear radius becomes a
well-defined quantity. Collective oscillations then become apparent, and, for
nonspherical objects, collective rotations can even be generated.

Descending deeper inside, specific proton and neutron features become
clearly ‘visible’ and so one now has to bridge the gap and consider how
nucleons, interacting via the nucleon—nucleon force, account for collective
phenomena. The use of an average or mean-field approximation and its un-
derstanding, when looking with not too high resolution, is clearly a major
enterprise.
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filament
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I first image
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Fig. 1.4. (a) The electromagnetic spectrum extending from the shortest wave-
length gamma rays to the very long wavelength radio waves. The visible part is
magnified. (Taken from W. J. Kaufmann Universe 3/E ©1991 W. H. Freeman
and Co., N.Y., with permission) (b) Schematic outline of an electron microscope
enabling one to descend into the domain where molecular structures and large atoms
become.visible (left-hand side) (Taken from H. C. Ohanian Modern Physics ©1987
Prentice-Hall, N.Y., with permission) with (on the right-hand side) a micrograph
of uranium atoms fixed on a thin film of carbon, taken with a high-power electron
microscope at the University .of Chicago.|(By courtesy of A. V. Crewe, M. Utlaut,
Univ. of Chicago) The magnification is about x107
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SURFACE MODES

PROTON -NEUTRON
A-BODY SYSTEM

Fig. 1.5. The length scales that charac-
NUCLEON,A ,TC terize various levels of description of the
atomic nucleus. In the top part, only su-
perficial features are observable. Next, the
specific proton and neutron excitations
become “visible”. At even smaller dis-
tances (higher energies) nucleon excita-
tions (4, ...) and the pions mediating the
nucleon force become observable. Finally,
QUARK STRUCTURE at the other extreme, quark degrees of
freedom become accessible (bottom part).
(Taken from K. Heyde Basic Concepts in
Nuclear Physics (©1994 IOP Publishing,
with permission)

SYSTEM

Looking even more closely, one cannot proceed further with just nucleonic
observables (protons, neutrons). The fact that nucleons are not the funda-
mental objects needed to fully understand both low- and higher-energy as-
pects is thus manifesting itself more and more clearly. On this scale, one can
sometimes detect a nucleon itself in an ‘excited’ state and so cannot avoid
bringing mesonic degrees of freedom into the picture.

At the other extreme of the energy scale, at very high energies, one even-
tually gets to grips with the complications of having an even deeper transition
into a quark—gluon interacting system and requiring the full QCD theoretical
framework. This, however, falls outside the scope of the present discussion.

In reading through the above introduction, one may get the impression
of a very well ‘layered’ system where one can go from the global nuclear, col-
lective properties through the nucleonic level and onwards to the scale where
non-nucleonic degrees start becoming observable, and ending up with a fully
particle-like formulation of nuclear physics. Instead of emphasizing this ‘re-
ductionistic’ approach we point out that, at each level, a number of totally
unexpected phenomena occur that could not easily, or not at all, be predicted
in terms of just the deeper level constituents. Each ‘level’ very clearly shows
its own fundamental characteristics and properties that are as basic as these
on the other ‘levels’. The theoretical approaches and experimental tools used
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to connect various levels brings in a deep degree of understanding of how
to relate many-body properties to changing building blocks. As an example,
one can try to describe the static average nuclear field starting from the basic
nucleon—nucleon interaction, as observed between ‘free’ nucleons. This aim
has not yet been fully accomplished and one has to bring into the process a
number of simplifying approximations (how to go from nucleons interacting
in ‘free’ space to nucleons interacting within the ‘nuclear’ medium; approx-
imating the nucleon interactions by Hartree-Fock methods separating the
mean-field components from residual interactions, etc.). Thus one sees that
crossing borders and connecting the various length scales for describing the
atomic nucleus is not a simple endeavor.

It would be a natural step now to discuss how the nucleons and their
interactions give rise to both global bulk properties like nuclear radii, binding
energy, etc., and local properties that are determined by the way the nucleons
react to each other and give rise to an average field (Chap. 3). Let us, however,
first stress that the study of the basic properties of the atomic nucleus, which
in itself is a domain of science addressing questions of major importance,
is strongly related (see Fig. 1.6) to other fields of science. Nuclear physics is
very strongly interconnected to particle physics, astrophysics, astronomy, and
cosmology. This simply reflects that the basic structures in the universe are
themselves intimately linked to each other. Even though at the other extreme
one encounters specialization into a large number of sub-domains in nuclear
physics (this is very evident when one looks at a typical issue of the Physical
Review or Nuclear Physics, to quote just two journals, and observes the many
divisions and subdivisions), the unity behind all experimental and theoretical
research cannot be stressed strongly enough. It is one of the aims of the
present book to show, by looking at the various length scales in the nucleus
and the rich spectrum of phenomena characterizing them, that the unifying
aspects dominate over the subdivisions and to point towards a number of
general principles describing how the nucleons move inside, and at the same
time constitute the entity representing the atomic nucleus.

At the end of each chapter, we give references to specific textbooks, arti-
cles and more popular texts. These works cover quite general aspects of that
particular chapter and will be grouped together and put in some perspective
with a few descriptive sentences.

At the end of this introductory chapter, we list a number of nuclear physics
textbooks concentrating on the whole spectrum of phenomena. We also refer
to a number of works discussing general trends in nuclear physics as well as
some of the recent long-term plans.
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N
@

COSMOLOGY

ASTROPHYSICS
NUCLEAR nuclear burning,
PHYSICS element synthesis,
neutrinos,...
NUCLEAR INSTRUMENTS
& METHODS

Fig. 1.6. Diagram illustrating various connections between nuclear physics and
other fields of physics. (Taken from A. Richter (1993) Nucl. Phys. A, 553, 417c.
Elsevier Science, NL, with kind permission)

1.1 Further Reading

Nuclear Physics, Intermediate Energy Physics,
Introductory Particle Physics

For this introductory chapter, we first list a set of textbooks that discuss
the global field of nuclear physics, and where both the experimental devel-
opments and theoretical methods are presented. Some of these books cover
both nuclear and particle physics in a consistent way.

1.1 Blatt J.M., Weisskopf V.F. (1952) Theoretical Nuclear Physics (Wiley,
New York)

1.2 Bohr A., Mottelson B. (1969) Nuclear Structure Vol. 1 (Benjamin, New
York); (1975) Nuclear Structure Vol. 2 (Benjamin, New York)

1.3 Evans R.D. (1955) The Atomic Nucleus (McGraw-Hill, New York)

1.4 Fermi E. (1950) Course on Nuclear Physics (University of Chicago
Press, Chicago)



1.5

1.6
1.7

1.8

1.9
1.10

1.11

1.12

1.13

1.14
1.15

1.16

1.17

1.1 Further Reading 9

Frauenfelder H., Henley E.M. (1991) Subatomic Physics 2nd edn.
(Prentice-Hall, New York)

Green A.E.S (1955) Nuclear Physics (McGraw-Hill, New York)

Jelley N.M. (1990) Fundamentals of Nuclear Physics (Cambridge Uni-
versity Press, Cambridge) »

Kaplan 1. (1963) Nuclear Physics 2nd edn. (Addison-Wesley, Reading,
MA)

Krane K.S. (1987) Introductory Nuclear Physics (Wiley, New York)
Marmier P., Sheldon E. (1969) Physics of Nuclei and Particles Vol. 1
(Academic, New York)

Meyerhof W. (1967) Elements of Nuclear Physics (McGraw-Hill, New
York)

Preston M.A., Bhaduri R.K. (1975) Structure of the Nucleus (Addison-
Wesley, Reading, MA)

Rose M.E. (1965) «, B and v Spectroscopy Vol. 1 ed. by K. Siegbahn
(North-Holland, Amsterdam)

Segré E. (1982) Nuclei and Particles 3rd edn. (Benjamin, New York)
Valentin L. (1981) Subatomic Physics: Nuclei and Particles Vols. 1 and
2 (North-Holland, Amsterdam)

Williams W.S.C. (1991) Nuclear and Particle Physics (Oxford Univer-
sity Press, Oxford)

Wong S.S.M. (1990) Introductory Nuclear Physics (Prentice-Hall, New
York)

General Textbooks Discussing Related Topics

We also mention just a few general physics textbooks that can be consulted
since the subfield of nuclear physics is not separate from the rest of physics
and quite often concepts from the more “classical” physics domain are needed.
In particular, a few modern texts bridging the gap between the classical
physics curriculum and what is known as “modern physics” (topics developed
in the last 30-40 years) are included here.

1.18

1.19

1.20

1.21
1.22

1.23
1.24

Alonso M., Finn E. (1971) Fundamental University Physics Vol. II and
Vol. IIT (Addison-Wesley, Reading, MA)

Davies P. (ed.) (1989) The New Physics (Cambridge University Press,
Cambridge)

Feynmann R.P., Leighton R.B., Sands M. (1965) The Feynmann Lec-
tures on Physics Vol. III (Addison-Wesley, Reading, MA)

Krane K.S. (1996) Modern Physics 2nd edn. (Wiley, New York)
Lorrain P., Corson D.R. (1978) Electromagnetism : Principles and Ap-
plication (Freeman, New York)

Ohanian H.C. (1987) Modern Physics (Prentice Hall, New York)
Orear J. (1979) Physics (Collier MacMillan International Editions, New
York)
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1.25 Panofsky W.K.H., Phillips M. (1962) Classical Electricity and Mag-
netism 2nd edn. (Addison-Wesley, Reading, MA)
1.26 Rohlf J.W. (1994) Modern Physics from o to Z (Wiley, New York)

Quantum Mechanics Texts

A couple of basic quantum mechanics texts that can be consulted when more
explicit issues of quantum mechanics show up or when reference is made to
the importance and impact of quantum mechanics on nuclear physics:

1.27 Fliigge S. (1974) Practical Quantum Mechanics (Springer, New York)

1.28 Greiner, W. (1997) Quantum Mechanics — Special Chapters (Springer,
Berlin Heidelberg)

1.29 Merzbacher E. (1970) Quantum Mechanics 2nd edn. (Wiley, New York)

1.30 Sakurai J.J. (1973) Advanced Quantum Mechanics (Addison-Wesley,
Reading, MA)

1.31 Schiff L.I. (1968) Quantum Mechanics (McGraw-Hill, New York)

Mathematical References

It may well be interesting on occasion to have some guidance with respect to
mathematical methods and techniques, in particular oriented towards looking
up properties of solutions of the Schrodinger equation, studying eigenvalue
problems and associated matrix manipulations. A short list is given.

1.32 Abramowitz M., Stegun J.A. (1964) Handbook of Mathematical Func-
tions (Dover, New York)

1.33 Arfken G. (1985) Mathematical Methods for Physicists 3rd edn. (Aca-
demic, New York)

1.34 Wilkinson J.H. (1965) The Algebraic Eigenvalue Problem (Clarendon,
Oxford)

The aim of the reference lists given here and in other chapters is not to be
exhaustive, but to provide essential further reading at various levels: popular,
intermediate, textbooks concentrating on specific issues, and finally advanced
technical reviews.



2. Nucleons in Interaction:
The Nucleon—Nucleon Force

2.1 Introduction

Nucleons moving inside the nucleus are subject to the strong force even
though the nucleon—nucleon interactions are greatly modified with respect
to the interaction between free nucleons. The interaction inside the nucleus
is dependent on the precise structure of the nuclear medium and is strongly
state and mass dependent. In Chap. 3 we shall discuss in more detail how
the ‘free’ nucleon—nucleon interaction is modified when the two interacting
nucleons are brought inside an atomic nucleus with a total of A nucleons,
and, moreover, when they are moving in specific single-particle orbitals in a
spherical average field.

We shall discuss the nucleon—nucleon force structure mainly from a phe-
nomenological point of view and will use symmetry constraints to learn a
number of robust characteristics of the nucleon—nucleon interaction. We also
illustrate how one can pin down the nuclear interaction starting from scat-
tering experiments between free nucleons. In the final section, we look at the
potentials describing the interaction as a function of the separation between
the two nucleons and eventually make contact with a description that uses
the quark degrees of freedom explicitly, albeit in a pedestrian way.

2.2 The Symmetries of the Nucleon—Nucleon Force

Nucleons can be depicted as interacting via essentially two-body forces that
are determined mainly by the separation of the two nucleons. Inside an atomic
nucleus, unlike the interactions felt by electrons in an atom, i.e., the one-body
Coulomb field to which specific two-electron interactions can be added, there
is no natural one-body potential acting on the nucleons. One can, however,
use Hartree-Fock theory to derive an “effective” mean field which mainly
represents the force experienced by a given nucleon due to its average inter-
action with the remaining A — 1 nucleons. This will be discussed in more
detail in Chap. 3.

The nucleus which exhibits the two-body nucleon interaction most clearly
is-the.deuteron,-but-the information.that can be deduced from it is rather

K EICy AoV ricle oy s oNiaeZlio 1, i Nl /s
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limited because this system has only one bound state. Rather than trying to
extract information about the nucleon-nucleon force by studying the bound
state properties of light nuclei, we examine what symmetry constraints can
teach us about the nucleon—nucleon force.

One very important concept is that of charge symmetry: This means that,
ignoring the Coulomb force, changing protons into neutrons and vice versa
does not modify the nuclear properties. This symmetry is derived from the
study of various properties relating to energy spectra in mirror nuclei. The
symmetry can even be extended and it reveals that the nucleon—nucleon inter-
action is charge independent for those states that can be realized (a proton—
neutron system can form particular states that are forbidden in the proton-
proton or neutron—neutron system), and thus p—p, p—n and n—n forces all give
the same contribution to the binding energy and other properties of nuclei.

The nucleons in the nucleus, and also free nucleons, are described by their
spatial coordinates, their linear and angular (spin) momenta, and various
other intrinsic properties (electric charge, magnetic moment, etc.). A number
of invariances imply symmetry constraints on the radial dependence of the
force and on the precise combination of the nucleon variables that appear
when expressing the nucleon—nucleon force.

Invariance under a translation of the two interacting nucleons implies that
the interaction depends only on the relative separation » = r; —r5. The linear
momentum also appears only as the relative momentum because the center
of mass will not be a variable affecting the nucleon interactions, i.e., only
P = 1/2(p1 — p2) occurs. Further constraints are that the nucleon—nucleon
force should not change under a rotation of the coordinate system, should
be time-reversal invariant, should conserve parity (for the strong force), and
should possess permutation symmetry upon the exchange of the two inter-
acting nucleons. Including, besides the relative coordinate and the relative
momentum, the intrinsic spin, isospin, total spin, and total angular momen-
tum, it can be shown that the most general form of the interaction potential
can be expressed as

V(r;o1,02;71,T2) = V(r) + Vo (r)or1- o2 + V(r)7T1 - 72
+Vor(r) (o1 -02) (T1-T2) + Vis(r)L-S
+Vig(r)(L-8) (71-72) + Vr(r)Si2
+Vi(r) S1271 - T2 + Vo (r) Q12
+V5(r)Qi2T1 - T2 + Vop(r) (1 - p) (02 P)
+V;,(r) (o1 -p) (02-p) (T1-T2) (2.1)
with o1,02,71,72,8, L denoting the intrinsic spin, isospin, and the total

spin and total orbital angular momentum operators, respectively.
The terms appearing here are a two-body spin—orbit force given by

LS:(ll +l2)-%(31+82) s (2.2)
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a tensor force (which closely ressembles the interaction between two magnetic
dipole moments placed at a relative distance ) Sy

3
512=T—2(0'1'T)(0'2"r)—0'1‘0'2, (23)

and the quadratic spin—orbit operator
1
Q12:§[(0'1-L) (0'2-L)+0'2'L+0'1-L]. (2.4)

The radial dependence is at present undetermined but here, too, important
constraints exist if we insist that, for nucleon separations of 1.5-2.0 fm, the
potential should be of a Yukawa form due to the one-meson exchange under-
lying the nucleon—nucleon force. We shall come back to the radial dependence
in more detail in Sect. 2.4.

2.3 Experimental Knowledge
of Nucleon—Nucleon Interactions

The specific but rather general form of the nucleon-nucleon force has to be
determined in such a way that it correctly describes the scattering between
free nucleons, and this as a function of the bombarding energy. It should
also provide a good description of the polarization effects that appear when
particles with intrinsic spin scatter off each other.

The easiest experiments involve scattering protons off protons (p—p) be-
cause proton beams can be readily produced at varying energies at accelerator
facilities with cyclotrons. Scattering of neutrons from protons is much more
difficult. Producing low energy neutrons is relatively easy and they are co-
piously produced at nuclear reactors; but higher energy neutrons have to be
generated via specifically chosen nuclear reactions. Here, the intensity never
becomes very high. One can, in principle, also perform n—n scattering experi-
ments, but in most situations one needs subtraction measurements since pure
neutron targets cannot be made. In the case of p—p scattering, the Coulomb
effect needs to be isolated from the nuclear part but this is not difficult.

Scattering experiments over a large range of bombarding energies have
been carried out over the years and constitute an extensive data base against
which the nucleon—nucleon force can be tested. The procedure used is as fol-
lows: Starting from a given choice of the nucleon—nucleon force, the nuclear
phase shifts for the various partial waves describing the colliding nucleons
are described theoretically as well as possible. A least-squares fitting proce-
dure can then fit the free nucleon—nucleon interaction in quite a realistic way.
We shall not go into detail but the basic ingredients result from solving the
Schrédinger equation for positive energies using as the potential the nucleon—
nucleon potential of (2.1), and constraining the asymptotic wave function to
besthessuperpositionsof -ansincomingsplane wave and a scattered outgoing
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spherical wave. A partial wave decomposition of the full wave function then
allows one to determine, for each individual angular momentum component,
the phase shift with respect to the unperturbed plane wave phases. Details
can be found in quantum mechanics texts on scattering processes. We illus-
trate in Fig. 2.1 a set of such phase shifts for the particular case of T = 1
scattering (pp, nn, or pn scattering) for relative angular momenta with the
value 0 (S-wave scattering), 1 (P-wave scattering) and 2 (D-wave scattering).
Consistent with the Pauli principle, in the S and D cases, the total intrinsic
spin equals 0 whereas for the P-wave the total instrinsic spin becomes 1 and
thus three different P-scattering states can be realized. A few of the most
common forms of interaction used to describe the nucleon—nucleon force in a
realistic way are the Hamada-Johnston hard-core potential, the Reid soft-core
potential, and the Tabakin potential (see [2.5], Chap.3).
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Fig. 2.1. The nuclear phase shifts ¢ for the scattering of nucleons in the isospin
T = 1 channel (pp, nn, and np scattering) and this for motion with the relative
angular momentum £ = 0,1,2 (S, P and D states) and for spin-singlet and spin-
triplet states. The energy extends up to a laboratory energy of Ej.p >~ 400 MeV.
(Taken from A. Bohr, B. Mottelson Nuclear Structure Vol. 1 (Fig. 2.24, p.264)
(©1969 W.A. Benjamin. Reprinted with permission from Addison-Wesley, Longman
Inc.)

The detailed analysis is further complicated, compared to the textbook
case of potential scattering, purely by the appearance of the spin—orbit, spin-
orbit forcerand tensor terms that'couple various spin-orbital-isopin channels.
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The phase shifts are not enough to determine the general force fully and,
besides, a number of spin polarization observables need to be determined. In
the scattering of two spin-1/2 particles one has 16 polarization observables,
which, however, are not all independent of one another. One of the major
variables is called the analyzing power. It is obtained when polarized particles
are scattered from an unpolarized target and the polarization of the particles
in the final state is not detected. This analysing power is only one of the five
independent polarization variables that can be measured (see [2.5], Chap.3).

If the energy in the scattering between nucleons becomes high enough,
highly inelastic processes can occur with a number of mesons being pro-
duced. With increasing energy, a large number of inelastic processes can start
to occur in which one or both of the nucleons become excited internally. Gen-
erally, up to 300 MeV scattering energy, the phase shifts are essentially real
quantities but at much higher energies, both real and imaginary components
appear signaling the opening of inelastic channels. Full lists of phase shifts up
to 1 GeV are available in the literature (see e.g. Arndt, Hyslop and Roper).

In low-energy scattering, where the relative angular momentum describing
the interacting nucleons is mainly [ = 0, properties other than the phase shift
can be used to fix the nucleon—-nucleon force. The most important quantities
in this regime are the ‘scattering length’ and the ‘effective range’. They are
partly related to the deuteron binding energy and can be obtained, e.g., from
the scattering of slow neutrons off protons in Hz molecules. We shall not go
into these details either but they can be found in quantum mechanics texts
concentrating on the scattering regime (positive energy states) in potential
problems (see further reading suggestions in Chap. 1).

2.4 The Nucleon—Nucleon Force

2.4.1 Potential Models

In trying to determine the radial shape of the strength functions describing
the nucleon—nucleon force as given in (2.1), one is well advised to follow
Yukawa and assume that the strong force coupling two nucleons is mediated
mainly by mesons. In that picture, it is the meson—nucleon coupling that is
responsible for the actual magnitude of the nucleon—nucleon force. So Yukawa
forms can be a good starting point for understanding the potential shape
describing the nucleon—nucleon force at separations of 1-2 fm.

The simplest case is that in which the force is due entirely to the ex-
change of a single pion (one-pion exchange potential, OPEP): the mass is
almost 140 MeV and thus corresponds to a length scale of 1.4 fm. At shorter
distances, more than one pion could be exchanged or the exchange of heavier
mesons may become more important. The shorter range behavior is clearly
manifest in the 1Sy scattering channel: around 250 MeV laboratory energy,
the scattering phase changes signiindicating that the radial force changes
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from attractive to repulsive. Such a repulsive character, which is indicative
of a hard (or soft) core in the nucleon interaction energy when the distance is
of the order of 1 fm, can be expected on the basis of the quark content of the
composite nucleons. The two times three ‘constituent’ quarks which are in the
lowest possible state for the isolated nucleon, cannot stay in this state when
nucleons start to ‘overlap’ spatially. Three of the six quarks have to be pro-
moted into higher energy states and this will cost a large amount of energy,
expressed by the repulsive character of the potential describing the nucleon—
nucleon force. This highly qualitative picture has not been much improved
upon, even today: The energy is very low compared to the energy of quan-
tumchromodynamics (QCD) processes and pertains to the ‘non-perturbative’
regime of QCD.

The present-day picture of the nucleon—nucleon interaction is depicted in
Fig. 2.2 where a number of distinct distance scales are observed. The longest
range properties are determined fully by the one-pion exchange process. It is
natural then that the exchange of heavier mesons, or more pions, will give
rise to the radial behavior in the region between 1 and 2 fm. And, finally, near
1 fm and at smaller separations, the hard core starts to play the dominant
role.

In practice, in a hadron—meson coupling theory, problems also appear
because the pion—nucleon coupling strength obtained from experimental data
cannot be inserted in the pion—nucleon vertex inside the nucleus. Medium
modifications change this but are very difficult to calculate; so the coupling
constant is generally taken as an adjustable parameter.

The approach we have used to determine the nucleon—nucleon force over
these three distance intervals is based on meson exchange processes: it is ac-
tually a phenomenological approach. A major drawback is the set of coupling
strengths between the exchanged mesons and the nucleon as well as the ap-
pearance of the hard core, which mainly reflects our lack of understanding of

%
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/ Fig. 2.2. Schematic drawing of
the nucleon-nucleon potential (ra-
’(.gexchange dial behavior). Three regions are
/ o distinguished: (i) beyond 1.5-
/ 2 fm, the one-pion exchange part
(OPEP) dominates, (ii) in the in-
04 tm T{exchan i i i
ge termediate region, heavier scalar
mesons are exchanged and, (iii) at
the smallest separations, a repul-
sive hard core shows up (Adapted
from G.E. Brown, M. Rho (1983)
Physics Today Feb. 24)
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the processes at these small separations. In most low-energy processes that
will be discussed later on we can nonetheless use this method with great
success.

A different approach is one which incorporates all our detailed knowl-
edge about hadrons and puts in the very short range properties, on which
we have only limited knowledge, in a phenomenological way. The two ex-
amples of this approach are the Paris and Bonn potentials that have been
and still are widely used. The two groups have essentially assumed the same
behavior at larger separations but have used different techniques to describe
the short-range characteristics. One of the differences is in the treatment of
nucleon—antinucleon interactions, which have to be described in a relativistic
theory. However, if one compares the phase shifts calculated for the most
important nucleon—nucleon scattering channels with the data, the agreement
is impressive for both potentials.

2.4.2 Relation to Quark Model

Even though in almost all practical applications in the nuclear physics domain
the nucleon—nucleon interaction can be treated either in a phenomenogical
way (making use of the potentials describing the mutual interaction), or in a
more sophisticated way using the modern Paris or Bonn potentials, one re-
mains within a framework where, at most, the meson degrees of freedom enter
the picture, albeit in a procedure which determines the effective nucleon-
nucleon force strength. However, physicists are convinced that, in reality, the
strong force that acts between nucleons is only a remnant of the interactions
existing on a higher energy scale, namely, in the realm of QCD.

In order to describe nucleon—nucleon interactions it is desirable to study
interaction processes amongst at least six quarks. There are a number of con-
straints though. If nucleons are well separated, the quark description needs
to imply that the six quarks condense into two groups of three as the indi-
vidual nucleons and that the interaction derived from the quark description
should be in agreement with the OPEP picture discussed before (Fig. 2.3).
Also, the intermediate distance scale where more and/or heavier bosons are
exchanged should also be present in the quark model. At present, quite some
work has gone into understanding this regime and a low-energy theory (the
nuclear physics domain) is beginning to be constructed out of the rules gov-
erning QCD. The solution to this problem is hampered because it needs a
solution of the equations of QCD in a regime that cannot be treated using
perturbation theory, and where, at present, no exact solutions are possible.

One can shed light on the process intuitively by comparing it with the
way forces between neutral molecules arise out of the Coulomb force, leading
to the condensation of molecules in a liquid or solid phase. This is the van
der Waals force and it provides an analogy with the way that two ‘bags’ of
quarks each bound into a nucleon may still feel some remnant of the quark
interactions:’y Wershall'niot builditoorfar on the analogy but the argument
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Fig. 2.3. The nucleon—nucleon in-
teractions, viewed schematically, on
the level of the constituent quarks.
For large separations, meson ex-
change results as a van der Waals
residual part. For very short dis-
tances, a six-quark system results
where a clear-cut separation into
two nucleons is no longer possible.
. Gluon exchange is drawn as a wavy
Di - nucleon line in the latter part

runs as follows: Shape fluctuations in a molecule will cause the otherwise
spherical charge distribution to acquire a finite electric dipole moment. The
electric field generated in this way can induce an electric dipole moment in the
other molecule through its polarizing action. The net effect is a dipole-dipole
interaction which is always attractive and represents a force with a radial
dependence which goes like 7~7. The analogy with nucleons and quarks can
then be formulated in a straightforward way with molecules now being re-
placed by nucleons containing quarks with a net vanishing ‘color’ charge.
Although nucleons are ‘neutral’ with respect to their quark content, QCD
theory yields interaction contributions between quarks in spatially separated
nucleons that result in a residual color van der Waals force. The explicit
structure of the force resembles the tensor interaction form given in (2.3) and
is called the Breit interaction between quarks. A number of problems arise
if one attempts to extend this rather naive idea too far in particular when
it comes to understanding the range of the nucleon—nucleon force as com-
pared to the experimental nucleon—nucleon force radial structure. Various
approaches are currently being pursued to better understand this interme-
diate region between nuclear and particle physics (e.g., chiral perturbation
theory, numerical lattice QCD studies, low-energy theorems derived from
QCD).
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2.5 How Do Nucleons Interact Inside the Nucleus?
The Role of the Nuclear Medium

A detailed knowledge of the nucleon—nucleon interaction is a very important
step in understanding how those nucleons will interact pairwise when inside
an atomic nucleus where many other nucleons are present and occupy well-
defined quantum states. This environment will modify the ‘bare’ or ‘free’
nucleon—nucleon force in an important way into an ‘effective’ two-body nu-
cleon force. The nucleon—nucleon force problem immediately becomes an A-
body problem, where A is the number of nucleons in the nucleus. A large
amount of work has gone into solving this problem and some of the pio-
neering is due to Scott-Moszkowski who devised a separation method which
allows a type of cancellation between the internal hard-core region and the
highly attractive intermediate distance scale component in the interaction
leaving only a slightly attractive and smooth tail (the tail of the OPEP) at
larger nucleon separations. Kuo and Brown have studied ways to correct for
the presence of the medium by actually calculating the ‘effective’ force. In
the next chapter these procedures will be illustrated and their consequences
discussed.

In Chap. 3 we concentrate on the details of the nuclear structure. We
will notice that in most cases the nucleon—nucleon interaction determines
nuclear properties by the virtue of the effective force acting in a given mass
region with nucleons moving in specific single-particle orbitals. In many cases
one does not need the specific form of the interaction potential itself. The
radial integrals and the angular momentum to which the nucleons are coupled
are major factors in determining the nuclear properties. The nuclear matrix
elements can be found by fitting to the large body of experimental data. This
method will also be discussed in Chap. 3.

2.6 Further Reading

First we list some textbooks that give extensive coverage to or almost
uniquely concentrate on nuclear interactions and the nucleon—nucleon force

2.1 Bhadhuri R.K. (1988) Models of the Nucleon (Addison-Wesley, Read-
ing, MA)

2.2 Brown G.E., Jackson A.D. (1976) The Nucleon-Nucleon Interaction
(North-Holland, Amsterdam)

2.3 Brown G.E. (1964) Unified Theory of Nuclear Models (North-Holland,
Amsterdam)

2.4 Siemens P.J., Jensen A.S. (1987) Elements of Nuclei: Many-body
Physics with the Strong Interaction (Addison-Wesley, Reading, MA)

2.5 Wong S.S.M. (1990) Introductory Nuclear Physics (Prentice Hall, New
York)
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A popular description of nuclear forces is given by

2.6 Beurty R., Saudinos J. (1990) Des forces nucléaires classiques a
Pinteraction forte élémentaires, Clefs CEA, n° 18, 2

The original article describing the nuclear force as conceived by Yukawa is
2.7 Yukawa H., (1935) Proc. Phys. Soc. Japan 17, 48

Forms of the nucleon—nucleon interaction, the relation to nuclear phase shifts,
and some of the most popular realistic nucleon—nucleon potentials are dis-
cussed in

2.8 Arndt R.A., Hyslop III J.S., Roper L.D. (1987) Phys. Rev. D35, 128
2.9 Hamada T., Johnston I. (1962) Nucl. Phys. 34, 382
2.10 Machleidt R., Holinde K., Elster Ch. (1978) Phys. Rep. 149, 1
2.11 Okubo S., Marshak R.E. (1958) Ann. Phys. 4, 166
2.12 Tabakin, F. (1964) Ann. Phys. (N.Y.) 30, 51
2.13 Vin Mau R. (1979) in: Mesons in Nuclei, eds. Rho M. and Wilkinson
D.H. (North-Holland, Amsterdam)

In considering the quark content of nucleons, the description of the nucleon-
nucleon interaction becomes significantly modified. Some important text-
books are

2.14 Close F.E. (1979) An Introduction to Quarks and Partons (Academic,
New York)

2.15 Gottfried K., Weisskopf V.F. (1984) Concepts of Particle Physics Vol.
I and (1986) Vol. II (Oxford University Press, New York)

2.16 Halzen F., Martin A.D. (1984) Quarks and Leptons (Wiley, New York)

Three articles concentrating on bag models of hadrons are

2.17 Brown G.E., Rho M. (1983) Physics Today 36, 24
2.18 De Tar G.E., Donoghue J.F. (1983) Ann. Rev. Nucl. Part. Sci. 33, 235
2.19 Thomas A. (1983) Adv. Nucl. Phys. 13, 1

Discussions on how the nucleon—nucleon interaction should be modified in
order to act as an effective force in the nuclear medium:

2.20 Kuo T.T.S., Brown G.E. (1966) Nucl. Phys. 85, 40

2.21 Kuo T.T.S. (1974) Ann. Rev. Nucl. Sci. 24, 101

2.22 Scott B.L., Moszkowski S.A. (1961) Ann. Phys. (NY) 14, 107
2.23 Scott B.L., Moszkowski S.A. (1962) Nucl. Phys. 29, 665



3. Introducing the Atomic Nucleus:
Nuclear Structure

3.1 Bulk or Global Properties of the Atomic Nucleus

Here we consider the large-scale structure of the atomic nucleus. A nucleus
comprises a system of A nucleons, which, when well separated from each
other and outside the range of the strongly attractive nuclear force, has as
its energy just the sum of the rest mass of the individual nucleons (Fig. 3.1
left). In bringing, in a hypothetical way, the nucleons close together, at the
range of the strong force (approximately 10714-10"13m), condensation into
the bound atomic nucleus will result (Fig. 3.1 right) with a release of the
corresponding binding energy. This causes an observable deficit in the mass
of the actual nucleus as compared to the sum of the masses of the individual
nucleons. This “loss” of mass is known as a mass defect.
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Fig. 3.1. Schematic illustration of the ‘condensation’ process in which, under the
influcence of the nucleon—nucleon strong short-range binding forces, a bound nucleus
is formed and the corresponding binding energy is released resulting in a mass
defect. The nuclear size is about 3 fm for a light nucleus. (Taken from K. Heyde
Basic Concepts in Nuclear Physic ©1994 IOP Publishing, with permission)

The salient features of the so-formed ‘drop’ of nuclear matter, which in a
first (static) approximation may be described using a liquid drop model, can,
with the Hartree—Fock approach, be connected to the underlying nucleon—
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nucleon force acting amongst the individual nucleons (see Fig. 3.2 for a simple
picture of the n-n force).

The most important and fundamental of all elementary modes describ-
ing the atomic nucleus assumes the existence of an average one-body field,
at least for describing low-energy phenomena and even when including the
residual nucleon—nucleon interaction. This holds the nucleons together in a
self-consistent way within the average field that they create.

To a very good approximation, each of the A nucleons moves in an al-
most independent way in a single-particle field U(r;). The correctness of this
assumption is the key to the shell model and its many accomplishments.
Its successful application throughout the whole nuclear mass table will be
discussed in the next section. Self-consistent Hartree-Fock calculations have
given a firm basis to the independent-particle shell model of the nucleus. The
average field and the corresponding single-particle wave functions and single-
particle energies, starting from the kinetic energies of the individual nucleons
and their two-body interactions, described by the potential V' (r;,r;), are
obtained using the well-known (Brueckner)-Hartree-Fock method as follows:

One starts from the many-body Hamiltonian

A A
1
H:Zti-}—ﬁ > V(ri,Ty), (3.1)
i=1

4,J=1

and tries to separate this into a Hamiltonian
A
H= Z }740(74) + Hresidual ) (32)
1=1

in which ho(¢) describes the single-particle Hamiltonian

ho(’L) =1t; + U(’I‘i) . (3.3)
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The iterative (B)HF method, writing here only the direct term, then de-
termines the single-particle field in terms of the nucleon—nucleon interaction.
As an initial guess, one uses the convolution

Uo(ri) = /pO(Tj)V(Ti,Tj)de , (3.4)

where p°(r;) is the initial guess for the total nuclear density. The correspond-
ing ‘one-body’ Schrodinger equation then becomes
h2
— o= A0 (rs) + U (ri) ) (ri) = e 00 (ri) (3:5)
for each single-particle state w‘(;l)(r,-) (with a denoting all the quantum num-
bers needed to describe the state uniquely). Having thus determined a first

approximation to the wave function wc(ll)(ri), one can calculate an improved
total density p{!)(r;) and then begin iterating until convergence in the ener-
gies ag"), the wave functions w,(z")(ri), and the potential U™ (r;) results.

This procedure works well whenever the nucleon—nucleon interaction en-
ergy remains small compared to the nucleon rest mass. In the opposite case
one has to resort to relativistic methods and we refer to Dirac-Hartree-Fock
theories, Dirac phenomenology, etc., or, at the high-energy side, since one
is probing further than just nucleonic degrees of freedom and is entering a
new ‘length scale’, one will have to take both nucleon and meson degrees of
freedom into account in an explicit way.

Hartree-Fock calculations have been carried out over the years for many
mass regions. There exists a vast literature on this subject and, at the end of
this chapter, a number of references will be given. Here, we show the resulting
proton and neutron local potentials for the case of 2°8Pb as obtained using
the highly popular effective-density-dependent Skyrme nucleon—nucleon force
(Fig. 3.3). This force contains, besides the regular two-body terms, also im-
portant contributions that are density dependent and thus effectively takes
into account the many-body higher-order nucleon—nucleon interaction effects
that inevitably appear within the nuclear medium. Furthermore, it has an
additional dependence on the velocities of the interacting nucleons. This is
a force which leads to saturation in the nuclear binding at the correct den-
sity, an important aspect that nuclear forces acting inside the atomic nucleus
have to fulfil. If one were to use merely the nucleon—nucleon interaction that
correctly describes free nucleon—nucleon scattering processes, the correct sat-
uration properties would not be reproduced.

Starting now from the knowledge of these one-body nuclear properties
(the mean field, the nucleon single-particle wave functions and energies) one
can construct an approximate wave function describing, within this indepen-
dent particle model description, the ground state of the atomic nucleus. This
can be depicted as a fully antisymmetrized combination of the A individual
wave functions and is denoted by
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Fig. 3.3. The proton (U (r)) and neutron (U™ (r)) average potentials in a heavy
nucleus (2°®Pb), derived in a self-consistent way using a Skyrme effective density-
dependent nucleon—nucleon interaction and Hartree-Fock methods. (Adapted from
M. Waroquier et al. (1983) Nucl. Phys. A 404, 298, Fig. 13. Elsevier Science, NL,
with kind permission)

A
|pur) = AT $a:(ra)l0) , (3.6)

i=1

with A the antisymmetrization operator.

Starting with this HF ground-state wave function, one can describe a
number of properties such as the ground-state energy, or equivalently the
nuclear binding energy

Eo = (¢ur|H|¢ur) , (3.7)

the nuclear mass (charge) distributions

A
p(r)(m) = ($uF| > A(r:)|dur) , (3.8)

=1

and nuclear radii (for mass and charge)

A
(r*) (n,) = {¢uF] ZT,-2|¢HF) . (3.9)

=1

As a couple of examples we illustrate in Fig. 3.4 the nuclear charge den-
sities for a number of nuclei ranging from the very light He up to the heav-
iest doubly closed-shell nucleus 2°®Pb. Not only are the distributions well
described using present-day effective two-body forces; it is also clear that
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Fig. 3.4. Charge distributions for a number of doubly closed-shell nuclei. The
thickness of the line indicates the experimental uncertainty in the data. The mean-
field calculations were carried out by Dechargé and Gogny (1968) Phys. Rev. C21,
1568. (Taken from Fig. 8, as given in B. Frois and C. Papanicolas (1987) Ann. Rev.
Nucl. Part. Sci. 37, 133)

saturation of the charge density indeed occurs. The central density barely
varies when the nucleon number changes by more than an order of magni-
tude. What does change is the nuclear charge radius which also turns out to
be a rather well-defined quantity. So the idea of regarding the nucleus as a
charged, liquid drop when dealing with its static properties is well supported
by the data. The same holds if we look at mass densities too (Fig. 3.5). Here,
besides the mass densities for the range of nuclei between 60O and 2°®Pb we
also indicate nuclear matter density (the latter assuming no surface effects
are present or a surface contribution that is negligible compared to the vol-
ume effect). The figure for nuclear matter density has been obtained from
HF calculations using Skyrme forces. In a separate technical box (Box I) we
describe the basic features of this Skyrme force for those who like to see how
this effective force actually looks.
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Fig. 3.5. Nuclear mass distribution for a number of nuclei with both a proton and
neutron closed-shell configuration. The nuclear matter density is also given. The
results are obtained using self-consistent calculations, starting from a Skyrme resid-
ual nucleon—nucleon interaction. (Taken from K. Heyde The Nuclear Shell Model
(©1994 Springer, Berlin Heidelberg, with permission)

Box I
Extended Skyrme Forces (SKE) in Hartree—Fock Theory

In the extended Skyrme forces used, the two-body part contains an extra zero-
range density-dependent term. In the three-body part, velocity-dependent
terms are added. This is represented schematically:

Two-body part:
SV (r,r) =VO v 4 v® L v L Voo + (1 - z3)Vo,
SkE
N\, Three-body part:
W (r1,72,73) = 23Wo (11,72, 73) + Wy (11, 72,73, k1, k2, k3) .
(I.1)

Here, VO V1) v and V) have the same structure as in the original
Skyrme force parametrization [3.28], namely

VO =t (1 +zoPs) 6 (r1 —7T2) ,

1
VO = 21 [6(r1— ) K> + K26 (1~ 72)]
VA =tk -5 (r1 —T2) K,
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V) = iW{ (o1 +02) - (k' x & (r1 —T2) k) , (1.2)
where k denotes the momentum operator, acting to the right
1
k= % (V1i—-V3), (1.3)
and
1
. (%71 _ *v}) , (14)

acting to the left. The spin-exchange operator reads
1
P, = 5 (1+0;-02), (I.5)

and the Coulomb force has its standard form. The density-dependent zero-
range force Vp reads

Vo= s (1+ Bo) p((r +72) [2)8 (1 = 72) | (L6)
In the three-body part, one has the general term Wy
Wy =t36 (r1 —r2)d(r; —r3) , : (L.7)
to which a velocity-dependent zero-angle term W is added,
W1:%t4 [( 12+k23+ )5(7‘1—7'2)5(7‘1—7'3)
+6 (11 —72) 6 (11— 73) (kdy + k35 + K3p)] - (L8)

It can be shown that both interactions V5 and Wy contribute in the same
way to the binding energy in even—even nuclei. The parameter z3 has been
retained so as to determine the pairing properties and thus, the properties of
excited states near closed shells.

The spherical Hartree—Fock description used above hinges on numerical
studies that can become rather involved. Moreover, once one goes away from
the closed shell, binding energies need to be complemented by the extra
energy gain due to nucleons interacting outside the closed shell systems (see
also Sect. 3.2). Thus, a parametrization of the nuclear binding energy in the
ground state described as a static liquid drop has been used and accurately
describes the global behavior over vast ranges of nuclei (see the lower part of
Fig. 3.6). This energy or mass formula, first discussed by Bethe, Bacher and
Weizsicker [3.33, 3.37], contains volume, surface, Coulomb, symmetry and a
number of typical shell model correction terms (we neglect the last of these
for the present purpose) and reads

(A-22)?

B(E,A)= ayA—asA?3 —a.Z(Z — 1)A~/3 — ap———— . (310)
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Fig. 3.6. Schematic illustration of a self-consistent calculation where, using a given
nucleon—nucleon interaction, both the global nuclear characteristics (binding energy,
radii, ...) as well as the local properties (detailed nuclear structure) (see insert)
are derived in a consistent way. The difference in energy scale of three orders of
magnitude is illustrated by using the magnifying glass. (Taken from K. Heyde The
Nuclear Shell Model ©1994 Springer, Berlin Heidelberg, with permission)

By now extrapolating from a few hundred nucleons to systems containing
only neutrons but adding also the gravitational binding energy term (ne-
glecting surface effects and Coulomb contributions, but having a maximal
symmetry energy effect) one arrives at a system for which the condition that
it is still bound becomes

2
0 A—apd+ oG (KA‘”"‘) =0. (3.11)
5 To

Solving for the number of nucleons needed to just fulfil the condition of
obtaining a bound ‘neutron nucleus’, one obtains a value of A ~ 5 x 1055 and,
accordingly, a radius of a couple of kilometers. Objects of this form indeed
exist as neutron stars. They can also be described in a deeper and more
correct way: The neutron star is not just a neutron system: a more detailed
look and a cut through a typical neutron star might look like the diagram
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shown in Fig. 3.7. It is important, however, to stress that it is mainly nuclear
forces and the consequences of the strong forces that give rise to such stable
objects which otherwise could not be explained easily.

Fig. 3.7. Cut through a neutron star which can be viewed in a simplified way as
a huge atomic nucleus containing only neutrons. The figures shows a more realistic
distribution of matter (nuclei, electrons, neutrons, protons, other elementary par-
ticles, ...) for a neutron star of solar masses (1.4 Mg). (Taken from S. L. Shapiro
and S. A. Teukolsky Black Holes, White Dwarfs and Neutron Stars (©1983 Wiley,
N.Y., with permission)

Even though the above discussion has illustrated amply that correct satu-
ration of the nuclear medium with good values for the nuclear binding energies
and other bulk properties can be obtained using quite simple averaging meth-
ods like Hartree-Fock theory, one surely has to go beyond the ‘global’ scale
and also study the ‘local’ fluctuations that give rise to the dynamical proper-
ties of the interacting many-body system. This is illustrated in Fig. 3.6 where
the constraints one has to put on nucleon-nucleon effective forces inside the
nucleus are such that:

(i) average properties must be described correctly, which means that for a
nucleus with A = 130 nucleons, binding energies of the order of 1000 MeV
will result, and,
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(ii) detailed nuclear features which are three orders of magnitude smaller
should at the same time be correctly described.

This very ambitious program sets stringent limits on the nucleon forces
used. It can be shown that Skyrme forces can indeed bridge this large gap and,
taken as an effective force, seem able to describe both long and short-range
correlations in the nuclear potential energy structure.

3.2 The Nucleus as an Interacting Many-Body System

One of the major problems in gaining insight into how the many nucleons
‘move’ inside the nucleus is finding approximate solutions to the very com-
plicated nuclear many-body problem whilst still keeping the basic physics
clearly visible in simple concepts that one can easily comprehend.

The Hartree-Fock method is one such first-level approximation that car-
ries a large number of nucleonic interaction processes over into a largely in-
dependent A-nucleon problem as described previously in Sect. 3.1. But even
with a basic simple picture, and going from closed shells to closed shells, one
cannot leave out the very important modifications that residual interactions
bring into the original zeroth-order description.

An approximation that comes in at this point then attempts to transform
the more complicated A-nucleon system governed by a basic nucleon—nucleon
force into a much simpler “model” space where “model” interactions take over
the role of the genuine nucleon—nucleon forces. This concept of mapping the
original problem into a much simpler model problem, albeit with the con-
straints that the lowest energy eigenvalues map onto each other and that the
model wavefunctions are projections of the more exact A-nucleon wavefunc-
tions onto the model space, is a method used in other physical systems too:
in atomic and molecular physics, solid state physics, and particle physics to
name just a few of them. This mapping then also links the model effective
forces to the original nucleon forces. We shall now outline the important steps
of this process in more detail.

The method is very general in describing complex physical situations in
a model concept and has been described in detail in a number of excellent
papers (see the references [3.38]-[3.48] given at the end of this chapter).
Asking that the lowest energy eigenvalues E;(i = 1,2, ....... ) are identical in
both the full (A-particle space) and the model space (called M-space with m
as the dimension) and that wave functions are connected threugh a projection
onto the model space, one can write the full and model wave functions as
follows

Y = Zai"/)i ,
i=1
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m

M = Zaﬁ/)z‘ - (3.12)
i=1

The energy eigenvalue constraint now leads to an implicit equation for
the model Hamiltionian and thus for the effective interaction acting in the
model space since one can write

Hy =Evy,
HMyM = EgM . (3.13)

In equating the full space to the model space expectation values one can
solve for the model interaction in a perturbative way resulting in the expres-
sion

~

M Q M

\% —V+VE_H0V , (3.14)
in which VM is the model interaction to be contrasted with the original two-
body nucleon force V, and where Q projects out of the model space the
intermediate states in the perturbation expansion. This mapping process is
shown pictorially in Fig. 3.8. There is a price that one has to pay for going
into this model space: The model force becomes dependent on the energy one
is calculating and, generally, one obtains a non-Hermitian eigenvalue equa-
tion. These problems can be readily overcome with present-day techniques
which lead towards tractable calculations, but at the expense of getting a
full perturbation series for the model interaction which has to be truncated
at some point. Thus one also needs to consider the convergence properties
of this series. This has actually never been solved in a convincing way and
the more operational method is to consider only the lowest-order corrections
stemming from the smaller model space. We can do this by treating config-
urations where nucleons are lifted out of the filled orbitals (called hole (h)
orbitals) into the valence space (called particle (p) orbitals). So, one includes
the most simple two-particle two-hole (2p-2h) and one-particle two-hole (1p-
2h) (or 1h-2p) configurations. In Fig. 3.9, we illustrate this process for the
case of 180 where just two neutrons move outside of the closed 60 core in the
regular sd shell model space. Here, the original two-body force that should
be applied in conjunction with the full model space gives very bad agreement
with the data when used in the small model space. Including the second-
order corrections (called “particle-hole” bubble polarization corrections) a
much improved agreement results.

Something one has to remember here is that one can start from a given
two-body nucleon—nucleon force inside the nucleus to be used for the full
space, but according to the actual model space chosen, one derives various
model interactions, eventually arriving back at the original force. This con-
cept of amodel interaction is'quitetinteresting since it facilitates an under-
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Fig. 3.8. Contrasting pictures of
n the nuclear many-body problem:
Left, the model of a single parti-

16 () 4 cle, moving in the average field cre-
// ated by all other nucleons is shown;
/ and right, the full complexity of the

17-particle problem. (Taken from
K. Heyde The Nuclear Shell Model
(©1994 Springer, Berlin Heidelberg,
with permission)

Fig. 3.9. Comparison
of the experimental en-
ergy spectrum of the nu-
cleus 80, with the re-
sults of different calcula-
tions using various model
spaces. On the extreme
left, purely two neutron
interactions are consid-
ered within the sd-model
space (VD). In the other
columns (V®,v®) cor-
rections to this small
model space constraint
are added in second- and
third-order perturbation
theory. (Reprinted from
M. Hjorth-Jensen et al.
(1989) Phys. Lett. B
228, 281. Elsevier Sci-
ence, NL, with kind per-
mission)

standing of salient nuclear structure effects where a large-scale calculation
using the full space may not be so transparent.

The above method allowing us to determine model forces can also be
used to obtain the model charges for the proton and the neutron as well as
their model magnetic properties in a very similar way. Again asking that the
corresponding matrix elements be mapped onto each other, as was done in
determining the model force

(WMOM|YM) = (y|Oly) , (3.15)

this once more implies an implicit equation for the model operator, which
can then be iterated through a perturbation theory expansion

M _ AL @
- . VR .
OM=0+0-—0V + (3.16)
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Thus, model charges e, e,, gs,i(m, v) for proton and neutron, also quite
often called effective charges are obtained. These act within the model space
only and depend thereby on its dimension. In returning fully to the original
large space one has to recover the bare charges and magnetic g-factors. This
process can be visualized, as done in Fig. 3.10 for the magnetic properties. In
a first step, quark degrees of freedom become modified (renormalized) into
the free nucleon g-factors. Subsequently, for moments and other magnetic
properties in actual nuclei, the particular model space used will imply a
further modification of the free g-factors into model space g-factors. These
can deviate quite strongly from the original bare values. As an example,
for the electric quadrupole (E2) transition in 17O in which, in the sd-model
space, a neutron makes a transition from a 3 s, /5 into a 2ds,, single-particle
state, an effective neutron electric charge of e* ~ 0.4 ¢ is needed to comply
with the observed lifetime of that particular 1/2% level. The bare charges of
er = e and e, = 0e have to be considered when treating this same problem
in the full complexity of the 17-particle problem in 170O.

QUARK
MAGNETIC
PROPERTIES

PROTON-
= NEUTRON

4 -MODEL}
l. gs(f/);N SPACE
(eff)

MAGNETIC PROPERTIES

Fig. 3.10. The successive mapping procedure for nuclear magnetic properties. At
the left, we begin with the quark magnetic properties, proceeding then to effective
nucleon (proton, neutron) single-particle g-factors, on into the full nuclear model
space values for a given number of protons (Z) and nucleons (A)

Once the model properties are well determined, the remaining problem
that must be solved in order to characterize the low-energy processes inside
a given nucleus consists in solving the energy eigenvalue equation within the
given model space. For few-particle problems (two or three nucleons outside
a closed-shell system) or even when considering the simplest particle-hole
excitations across a closed shell when describing closed-shell nuclei themselves
(1p-1h), this is a simple problem. In each of the above cases, one constructs
model configurations consistent with a given angular momentum and parity
denoted as

Yur = [Ya, (T11)¥a, (T2)] y [dHF) , (3.17)

and
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Yyr = [d’al (rl)d)z;zl('r2)] Jr I¢HF> ) (3'18)

for a two-nucleon and one-particle one-hole system, respectively. Here, |¢ g F)
denotes the HF groundstate or model reference state. In both cases, also in
more complex cases, the secular equation to be solved becomes

H¢Yn = E(i,J™) ' (3.19)
with
e =D a'(k, TN - (3.20)
k=1

One thereby needs as input the model interaction and the various single-
particle energies, and calculates relative to an inert core. Before presenting a
few examples from recent very large-scale shell model studies, we recall the
basic approximation and limitations:

(i) The full shell model space has been separated into an inert core and
a model space that is expected to contain all of the ongoing processes
that should describe the data. Configuratons that lie outside that model
space are not just discarded: they are incorporated, in a perturbation-
theoretical way, through the model interaction and the model or effec-
tive charges. When dramatic phenomena are observed, their original fre-
quently lies outside the model space. Such phenomena are most often
referred to as “intruder” processes; they cannot be handled in a pertur-
bative treatment and so much care is needed to treat them consistently
with the original shell model.

(ii) The shell model actually tests simple geometrical relations that deter-
mine how, starting from a given set of single-particle energies and two-
body model matrix elements, these propagate into a many-body interact-
ing system. The interaction energy roughly scales according to n{n—1)/2
for the two-body forces and according to n for the one-body energies.
Thus small deviations between experiment and theory for few-particle
systems very rapidly ‘explode’ when one proceeds to large particle num-
bers in mid-shell situations.

We illustrate some results for large-scale shell model studies in the sd
shell (Brown and Wildenthal [3.49]) and for the fp shell (Otsuka [3.54]) in
Figs. 3.11 and 3.12. For more extensive and detailed studies on how the model
interactions have been determined by fitting to a large body of experimental
data, see the references at the end of this chapter.

It should have become clear that for determining energy eigenvalues and
the corresponding wave functions in order to calculate the many nuclear ob-
servables, one needs large and fast computing capacity. With the advent of
large-scale advanced parallel computing at a number of computer installa-
tions, vast shell model studies have been undertaken in many mass regions,
quite often with remarkable success: At the same time, one runs the risk of
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losing the insight into which components of the nuclear force and of the model
space actually explain why certain regular patterns of motion of the interact-
ing protons and neutrons exist and at which particular particle numbers they
appear. Clearly going to progressively higher energies inside the atomic nu-
cleus, the distinction between a more-or-less inert core and a model space may
progressively dissolve and the agreement achieved with the shell model dete-
riorate. Some of these effects have been observed: In the middle region of the
sd shell where nuclei like 2#Mg, 28Si, and 32S appear, even though the energy
spectra are quite well described, one cannot understand the electromagnetic
properties using a single and constant set of model effective charges. They
have clearly increased over their original model space valence value, signaling
that important particle-hole excitations across the closed shell are modifying
the original separable shell model problem.

A recent solution to this problem has come from a quite unexpected cor-
ner. Shell Model Monte Carlo (SMMC) methods have allowed ‘sampling’ of
the larger, unconstrained full shell model spaces and give reason to hope that
a number of aspects of the nuclear shell model problem can be solved. The
essentials of this SMMC method are described succinctly in a technical box
(Box II) and we refer the interested reader to some basic review articles on
this subject.
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Another way around these difficulties, which we shall discuss in more
depth, takes a totally different look at the atomic nucleus as an interacting
many-body fermion problem and concentrates more on the symmetries gov-
erning the interactions between nucleons and the implications for obtaining
coordinated and collectively organized patterns. This will be the subject of
Sect. 3.3.

Box 11
The Shell Model Monte Carlo Method

The shell model Monte Carlo (SMMC) method is based on a statistical for-
mulation. The canonical expectation value of an observable A at a given
temperature T is given by the expression (8 = 1/T)

_ Tr4 (Ae_ﬂH)

(A) = “Tra (o PH) (I1.1)

where U = exp(—pH) is the imaginary-time many-body propagator and
Tr4U is the canonical partition function for A nucleons. The shell model
Hamiltonian H_can be cast_ in _the form
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H =Y (¢:0a+€0u) + 5 3 Va{0w0a} | (IL.2)

where ¢, are the single-particle energies and O, represent a set of one-body
density operators (O denotes the time-reverse of O). The Hamiltonian in
(I1.2) is manifestly time-reversal invariant if the parameters V, that define
the strength of the residual two-body interactions are real.

The key to the SMMC method is to rewrite the propagator U as a func-
tional integral over one-body propagators. To achieve this goal, the exponent
in U is split into N; time slices of duration AS = 8/Ny,

U = [e-apH)™ (IL.3)

The many-body propagator at each time slice is linearized by a Hubbard-
Stratonovich transformation, see [3.61], i.e., it is transformed into an integral
over a set of one-body propagators that correspond to non-interacting nucle-
ons in fluctuating auxiliary fields defined by complex c-numbers o, (n =
1,...,Nt). The expectation value of A then reads

_ Tra (Ae™PH) [ D[o]W(0)®(0)(A)s

W= e Y TR ()
where the metric is
Do) = [] ldoandon A8 Val /27] | (IL5)

an

and the approximation becomes exact as Ny — co. The non-negative weight
is

W(o) = lg(@)] exp (—%Zlvanaanmﬂ) , (IL6)

where £(0) = TraU, is the partition function of the one-body propagator
U, = Uy, -+ Uy, with U, = exp(—ABh,), and the one-body Hamiltonian for
the nth time slice is

hn = Z (€5 + 8aVa0an) Oa + (ea + 5aVa0pn) Oa , (IL.7)
with s, = +1 for V, < 0 and s, = =i for V, > 0. The “sign” is ¥(o0) =
&(0)/|€(o)| and the expectation value of A with respect to the auxiliary field
o is

(Aye = Trs AU, /€(0) . (IL.8)

Both £(0) and (A), can be evaluated in terms of the matrix U, that repre-
sents the evolution operator U, in the space of Ny single-particle states. In
applications, the trace is canonical corresponding to a nucleus with a fixed
number of nucleons. Details of the transformation from the residual particle-
particle interaction to the V,, used above can be found in the references on
the SMMC method.
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If all V, < 0, then the sign is (¥) = 1. However, for realistic nuclear
interactions such as Kuo-Brown, see [3.40], [3.45], [3.46], about half of the
V.'s are positive, generating a sign problem (where the uncertainty in ¥
is larger than (¥)). To overcome this problem, we extrapolate observables
calculated for a family of good-sign Hamiltonians Hy (with g < 0) to the
physical Hamiltonian at g = 1.

The SMMC calculations for fp-shell nuclei have been performed in the
complete set of 1f7/25/2 — 2p3/2,1/2 configurations using the modified Kuo—
Brown residual interaction. Each calculation involved 4000-5000 Monte Carlo
samples at each of six values of the coupling constant g equally spaced be-
tween —1 and 0; extrapolation to the physical case (g = 1) was done by the
method described by Koonin, Dean, and Langanke [3.61]).

3.3 Symmetries in the Atomic Nucleus

Because of the strong nuclear binding forces acting inside the whole atomic
nucleus, the A localized nucleons that constitute the nucleus appear very
much like a liquid drop that is able to undergo dynamical fluctuations around
a spherical equilibrium shape. This then gives rise to structural symmetries
(Sect. 3.3.1). The nuclear binding forces themselves also exhibit a number of
symmetries that can subsequently give rise to symmetries within the inter-
acting fermion system. This in turn may cause the appearance of dynamical
symmetries under certain conditions (Sect. 3.3.2).

3.3.1 Structural Symmetries

The flow patterns in the motion of nucleons can exhibit collective coher-
ent effects: ellipsoidal (quadrupole) small amplitude oscillations can be set
up in the nuclear interior. Both in-phase and out-of-phase modes of motion
can result and give rise to elementary excitations that optimally exploit the
nucleon-nucleon interactions inside the atomic nucleus. These so-called struc-
tural symmetries relate to the fact that global flow patterns exist, which give
rise to stationary modes (Fig. 3.13). A large number of these have been ob-
served in the atomic nucleus and encompass both the low-lying quadrupole,
octupole, and hexadecapole types of motion reaching into the much higher
(10-20 MeV) region where giant resonances [resonances because the excita-
tions at this energy are unstable against the emission of particles (proton,
neutron, a-particle,...)] of various multipoles have also been detected. The
giant electric dipole resonance (called GDR in abbreviated form) was one of
the early ones to be detected but more complex modes like coherent spin (and
isospin) modes where the spins and charges of the individual nucleons act co-
operatively over the whole nucleus have been studied. More recently, identi-
fied in electron scattering experiments at Darmstadt and later explored using
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photon and hadron scattering, a ‘scissors’ mode in which protons and neu-
trons can carry out contra-rotational motion has been observed and mapped
throughout the whole nuclear mass region (Fig. 3.14). References to these
recent exciting developments are given at the end of this chapter, see [3.73]-

[3.78.

Fig. 3.13. Quadrupole vibra-
tional excitations. The various
phases of the oscillatory mo-
tion are depicted showing the
flow patterns that redistribute the
protons and neutrons, in phase,
from a spherical into an ellip-
soidal shape and back. (Adapated
from G. Bertsch (1983) Scientific
American May, by courtesy of J.
Kuhl)

On the level of the nucleons themselves, invariance of the total nuclear
wave functions under the exchange of identical nucleons affects the possi-
ble modes realized: the Pauli principle implies antisymmetry for the total
fermionic wave function and this has very definite consequences for the types
of collective motion that can be set up inside the nucleus.

VIBRATIONAL

ROTATIONAL

Fig. 3.14. Schematic draw-
ing of elementary modes of
motion in which protons and
neutrons are moving in a
non-symmetric way. The two
examples illustrate a non-
symmetric vibrational and
a non-symmetric rotational
‘scissors’ type of motion.
(Taken from K. Heyde Basic
Concepts in Nuclear Physic
©1994 IOP Publishing, with
permission)
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3.3.2 Dynamical Symmetries

The nuclear two-body force obeys quite a large number of basic invariances
(invariance under interchange of the spatial coordinates, translation invari-
ance, Galilean invariance, space reflection symmetry, time reversal invari-
ance, rotational invariance in coordinate space, rotational invariance in charge
space, or isospin symmetry, ...)(Chap. 2). These invariances or symmetries
give rise to conserved quantities, as is well known from basic quantum me-
chanics.

Here, we would like to point out that the symmetries of the interacting
system, described by a particular Hamiltonian, have been used throughout
to classify and keep order in the variety of nuclear excitations modes. In
a technical box on symmetries (Box III), we illustrate a number of the key
symmetries that have played a dominant role, starting from the isotopic sym-
metry [SU(2) symmetry] and Wigner supermultiplet symmetry [SU(4)] up to
recent symmetries related to various collective modes of motion encompassing
the many nucleons that are present inside the atomic nucleus.

Box II1

Symmetry Concepts in Nuclear Physics

Here we consider briefly how the concept of symmetries in physics has always
been a guideline in unifying seemingly unconnected phenomena. Let us simply
list some of the major advances made using symmetry concepts in describing
different aspects of the nuclear many-body system.

1932: The concept of isospin symmetry, describing the charge independence
of the nuclear forces by means of the isospin concept with the SU(2)
group as the underlying mathematical group was suggested by Heisen-
berg [3.79]. This is the simplest of all dynamical symmetries and ex-
presses the invariance of the Hamiltonian under the exchange of all
proton and neutron coordinates.

1936: Spin and isospin were combined by Wigner [3.80] into the SU(4) su-
permultiplet scheme with SU(4) as the group structure. This con-
cept has been extensively used in the description of light a-like nuclei
(A=4xn).

1942: The residual interaction amongst identical nucleons is particularly
strong in J™ = 0% and 2% coupled pair states. This “pairing” property
is a cornerstone in accounting for the nuclear structure of many spher-
ical nuclei, particularly those near closed shells. Pairing is at the origin
of seniority, itself related to the quasi-spin classification and group, as
used first by Racah [3.81] in describing the properties of many-electron
configurations in atomic physics.

1948: The spherical symmetry of the nuclear mean field and the realization of
its major importance for describing the nucleon motion in the nucleus
was put forward by Mayer; Haxel, Jensen, and Suess [3.82], [3.83].
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The nuclear deformed field is a typical example of the concept of spon-
taneous symmetry breaking. The restoration of the rotational sym-
metry, present in the Hamiltonian, leads to the formation of nuclear
rotating spectra. These properties were discussed earlier in a more
phenomenological way by Bohr and Mottelson [3.84]-[3.86].

Elliott [3.87], [3.88] remarked that in some cases, the average nuclear
potential could be depicted by a deformed, harmonic oscillator con-
taining the SU(3) dynamical symmetry. This work opened the first
possible connection between the macroscopic collective motion and its
microscopic description.

Dynamical symmetries were introduced by Arima and Iachello [3.89],
[3.90] in order to describe nuclear collective motion starting from a
many-boson system with only s (L = 0) and d (L = 2) bosons. The
relation to the nuclear shell model and its underlying shell structure
has been studied extensively. These boson models have given new mo-
mentum to nuclear physics research.

The above symmetries are depicted schematically in Fig. III.1.
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{7
: Collective model !

1958 :
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Quadrupole SU(3)
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Interacting Boson “ D
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j 120 J=2 Fig. II1.1. Symmetries in nuclear
) ) physics. (Taken from K. Heyde
Bose-Fermi SymmefﬂeS)f H [> The Nuclear Shell Model ©1994

Springer, Berlin Heidelberg, with
permission)
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Let us consider the simple example of integer angular momentum char-
acterized by £ and its magnetic quantum number m. These two quantum
numbers are related to the group chain

0(3) 5 0(2)

£ m

and the operators # and éz are the invariant or Casimir operators for the
corresponding O(3) and O(2) groups. Now, any Hamiltonian that can be
written using the invariant operators 72 and ¢, only can be diagonalized
within the basis states that characterize the O(3) > O(2) group reduction.
As an example we consider the Hamiltonian

H=a [@2 _i, (éz - 1)] . (3.21)

Such a Hamiltonian is said to exhibit a ‘dynamical symmetry’. The various
multiplet members for a given set of quantum numbers (£, m) will then be
split by the Hamiltonian but no mixing of the quantum numbers results. The
eigenvalue for the Hamiltonian of (3.21) then becomes

E¢,m)y=all({+1)—-m(m-1)] . (3.22)

This same idea can now be generalized to a much larger group G and the
problem of studing the dynamical symmetries can be posed in terms of this
group. One has to: .

(i) construct a basis by looking for all subgroups G’ of the largest group G;
(ii) analyze the quantum numbers that are associated with the various sub-
groups G';
(iii) construct and study the eigenvalues of the various invariant (Casimir)
operators for the groups G/;
(iv) diagonalize a given Hamiltonian.

For a Hamiltonian that is written in terms of the invariant operators of a
given group chain only

H =aC(G)+a'C(G") +a"C(G") + -+, (3.23)
then the energy is obtained as
E = a(C(G)) + d(C(G')) + (C(G")) + -+, (3.24)

and it is said that the quantum system exhibits a dynamical symmetry.
To illustrate the idea of dynamical symmetries, Figs. 3.15-3.17 show:

(i) the excitation modes of a spherical harmonic oscillator shell (with N =
4) where both orbital angular momentum and spin—orbit terms have
been added (Fig. 3.15, left-hand part);
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(ii) the example of Zeeman splitting of spherical shell model states in an ex-
ternal magnetic field, depending on 7, only (Fig. 3.15, right-hand part);

(iii) the energy spectrum obtained from the general two-body Hamiltonian
describing an interacting system of Z protons and N neutrons where
both the small mass differences between protons and neutrons as well
as the Coulomb forces are included (Fig. 3.16);

(iv) the mass spectrum of the SU(3) octuplet of particles including the proton
and neutron states (Fig. 3.17).

Many more examples can be found in the specialized literature.

OSCILLATOR SHELL-MODEL ZEEMAN SPLITTING
/
1=0 /i
~ _ 12 -
j\ //'—3/2 N\
Vo l=2 N
N=4 \ N
\ \——2
\ / 5/2 +Q J
V=t / z
\
\
92
+a Tz + I3I s

Fig. 3.15. The dynamical symmetry for the harmonic oscillator model (N = 4)
for which the degeneracies are broken in a systematic way by adding the orbital
2 and the spin-orbit {.§ terms. The quantum numbers N (1,1/2)7 remain good
quantum numbers. On the right-hand side, the addition of a Zeeman term (32) then
splits the remaining m-degeneracies of the spherical single-particle field. (Taken
from K. Heyde The Nuclear Shell Model (©1994 Springer, Berlin Heidelberg, with
permission)

A very interesting example of the application of these powerful group-
theoretical methods in the study of low-lying nuclear quadrupole motion the
approximation known as the interacting boson model (IBM), in which inter-
acting pairs of nucleons coupled to angular momentum 0% and 2% only (the
most strongly bound nucleonic pair states inside the nucleus) are considered
and are treated as genuine bosons (Fig. 3.18). This interacting system of
s and d bosons forms a U(6) group-theoretical structure possessing various
possible reduction schemes. These have been studied in many technical detail
in a number of review articles, monographs, and books given in the reference
list at the end of the this chapter. Here we illustrate (Fig. 3.19) the three
basic reduction chains reducing U(6), into the O(3) subgroup via the U(5),
O(6), or SU(3) subgroup chains, giving rise to quite important differences in
the way the interacting N-boson system is organized. In Fig. 3.20, we show
the example of the U(5) reduction which corresponds to typical anharmonic
quadrupole vibrational modes when one seeks a geometric analogy.
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Fig. 3.16. Illustration of the dynamical symmetry SU(2), describing the interac-
tion of both protons (including Coulomb forces) and neutroms, for the A = 13
quadruplet of states with isospin T=3/2 and projection —3/2 < T, < 3/2. The
energy equation E(T,T.) = a(T) + b(T)T; + c(T)TZ, describes the eigenvalues
[a(T) = 80.59MeV , b(T) = —2.96MeV , ¢(T) = —0.26MeV]. (Taken from P. Van
Isacker et al. (1994) J. Phys. G. 20, 853. IOP Publishing, with permission)
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Fig. 3.17. The mass spectrum for the octuplet of particles (p,n), (4), (2%, =%),
(£7°) described as representations of the SU(3) dynamical symmetry. The degen-
eracy breaking is described by the SU(3) D Uy (1)®(SUr(2) D Or(2)) group chain,
and the corresponding mass equation is a+bY +d(T(T+1)-3Y?)+eMr+fM? (a =
1111.3MeV, b = —189.6MeV, d = —39.9MeV, e = —3.8MeV, f = 0.9MeV)
(Taken from P. Van Isacker et al. (1994) J. Phys. G. 20, 853. IOP Publishing, with
permission)
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Fig. 3.18. The favored nucleon pair
configuration (0% pair or S-pair) and
the 2% or D-pair that form the under-
lying structure of the dynamical U(6)
symmetry in nuclear physics
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Fig. 3.19. The three possible re-
duction schemes from U(6), passing
through the U(5), O(6) and SU(3) sub-
group chains giving rise to the three
distinct dynamical symmetry limits of
the interacting boson model algebraic
structure
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Fig. 3.20. Illustration of the U(5) or anharmonic quadrupole vibrational limit,
which describes many nuclei with only a few nucleons moving outside a closed-shell

configuration



46 3. Introducing the Atomic Nucleus: Nuclear Structure

The energy expression is particularly simple in this limit: it is characterized by
only four parameters but nonetheless has a very large region of applicability.
The other two limits, the SU(3) and O(6), can be related to axial rotational
motion and gamma-soft rotor spectra, respectively. We refer to the extensive
literature on this subject for further details at the end of this chapter.

3.3.3 Conclusion

The field of symmetries, be it just the structural symmetries that can be as-
sociated with certain flow patterns, or the symmetries that are more directly
connected to the dynamics of the nucleon—nucleon interactions reflected in the
Hamiltonian of the nuclear system, presents a very rich source of information.
It has been and still is used as a major guiding principle for comprehending
and bringing order into the interacting nuclear many-body system.

3.4 The Nuclear Structure Phase Diagram

3.4.1 Introduction

The atomic nucleus with its A nucleons is governed by a large number of
degrees of freedom. From this multitude one can single out a rather small
number of variables that determine the major characteristics and can also
be regarded as external ‘parameters’, which, when altered, cause the atomic
nucleus to respond in a specific way. These variables can then be used to char-
acterize some major ‘axes’ defining a space in which one can explore and map
the nuclear behavior as a multidimensional system. Moreover, these major
‘axes’ can be directly connected to recent research efforts and to the actual
experimental possibilities for probing and detecting nuclear phenomena:

(i) As a first axis we can take the nuclear angular momentum. This can
be influenced in heavy-ion reactions in which an ion is accelerated and
impinges at grazing conditions on a target nucleus, thereby transferring
a large amount of angular momentum. This can modify the motion of
individual nucleons in an important way since they will start moving in
a rotating deformed field.

(ii) A second axis can be related to the internal temperature and to heating
the nuclear many-body system. Heating may cause the internal occupa-
tion of the various orbitals to be strongly modified and may give rise
to dramatic changes in the internal structural ‘organization’ of nucleons
inside the nucleus.

(iii) For a third axis, one moves outside of the region of beta stability and
explores the edges of stability in the nuclear landscape. Here, a typical
variable might be the ratio (N = Z)/A (relative neutron excess). This
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(@)

Fig. 3.21. (a) Schematic representation of nuclear structure in the space of three
major axes describing some of the most important variables characterizing nuclear
properties. The axes are the nuclear temperature axis, 7', the nuclear rotational
degree of freedom, J, and the neutron-to-proton ratio described via the variable
(N — Z)/A (relative neutron excess). (b) A more detailed version of the (T, J, (N —
Z) /A) axes partltlomng nuclear structure properties. A variety of nuclear structure

e these three main directions are indicated.
ys. A 533, 417c, Fig. 2. Elsevier Science,
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exploration is at present at one of the frontiers of research in forming
and accelerating radioactive ion beams and a number of facilities are
currently under construction or in planning (see also Chap. 7).

Of course, such a division with three major axes is not unique and not
all phenomena can be described unambiguously in such a phase diagram.
But these three axes are good starting points to explore the nucleus and
we shall now look at three different trajectories in this “space”. In Fig. 3.21
we show both a very schematic division (a) and a more detailed version
(b) where a large number of nuclear phenomena currently being studied can
be positioned.

3.4.2 Behavior of Rapidly Rotating Nuclei

Almost spherical nuclei in the vicinity of closed shells in which nucleons are
preferentially found in 0% coupled pairs show high rigidity against deforma-
tion of any type. Before studying the properties of the nucleus when rapid
rotation is imposed on its constituent nucleons, we shall bring in a technical
box (Box IV) that explains the basic issues that describe a nucleon moving
in a deformed field that is subsequently set into rotation.

Box IV

Nuclear Deformation and Rapid Rotation

When a nucleon is moving in an axially deformed quadrupole average field
(e.g., a three-dimensional harmonic oscillator potential with two equal fre-
quencies in the z,y plane but a different one in the z-direction), the other-
wise 27 + 1-fold degeneracy is split into 7 + % two-fold degenerate orbitals
(Fig. IV.1). Here only the projection of the single-particle angular momen-
tum remains a good quantum number. In evaluating now the total energy of
the nucleus as a function of the shape of the deformed potential, one may
think of adding up all individual single-particle energies corresponding to the
occupied states. This is not fully correct and a much used method relies on
renormalizing the bulk energy to the liquid drop model value for the same
deformation but now adding the local fluctuating energy term that arises
from the non-uniform level distribution near to the Fermi level (Fig. IV.2).
This latter term is also called the shell-correction energy and when added
to the global liquid drop term gives a good prescription for determining the
total nuclear energy

E(EQ) = ELiq.drop(E2) + (SE(E2) . (IVl)

It allows one to determine equilibrium deformed shapes for many nuclei in
regions where large quadrupole deformations appear: rare-earth nuclei, ac-
tinides, etc.
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Fig. IV.1. Illustration of the energy levels, corresponding to an anisotropic har-
monic oscillator potential, for which the 25 + 1-fold degeneracy of the spherical field
is split into j + 1/2 two-fold degenerate substates. On the abscissa1:1and 2:1
mean the ratio of major to minor axis. Here, {2 denotes the magnetic quantum
number; the projection of j onto the z symmetry axis is illustrated on the right

TOTAL
ENERGY

+OE -3E

Fig. IV.2. Left: Various possible distributions corresponding to a nucleon moving
inside the atomic nucleus in a deformed mean field. In the case 1 (2), increased
(decreased) stability compared to the reference, regular level distribution (0) results
at the position of the Fermi level. Right: This energy correction (denoted by éF)
modulates the liquid drop model total energy value and may well result in stable,
deformed minima in the total energy surface
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One can now add the external rotational term which will break the time-
reversal invariance that was present in the non-rotating field. Depending on
the orientation of the angular momenta in the various substates relative to
the external rotation field (which is put along the z-axis for convenience),
this splitting will also affect the total nuclear energy, which now becomes not
only a function of deformation but also of rotational frequency (Fig. IV.3).
Using the same Strutinsky method, the resulting expression is

E(e2,w) = ELiq.drop(€2,w) + 0 E(e2,w) , (IV.2)

which can be minimized in deformation space. One can thus follow the tra-
jectory of a given nucleus in its minimum energy state as a function of both
the deforming and rotating external agents. A very interesting result is that
in, e.g., the rare-earth nuclei, minima have been obtained at high spin and
near to an axis ratio of 2 : 1 (major to minor axis), called superdeformed
states. Ample experimental evidence for such excitations has accumulated
during recent years and some excellent review articles have been written on
the subject [3.115]-[3.123].

€ncn) 4[ Qneu z

Fig. IV.3. Modification in the two-fold degeneracy ({2, —§2) when an external
potential is added by rotating the atomic nucleus around the z-axis (perpendicular
to the symmetry z-axis of the nucleus) with a frequency w. This extra term Wis
lifts the Kramers’ (two-fold) time-reversal degeneracy in the single-particle motion
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As was discussed in Box IV, nuclei can acquire a superdeformed energy
minimum at high rotational frequencies. We first give some examples of how
the total energy evolves as a function of quadrupole deformation and as a
function of angular momentum of the nucleus for *2Ce and 1°2Dy (Fig. 3.22).
A more elaborate theoretical study of 1°2Dy is shown in Fig. 3.23 as a three-
dimensional energy surface where, besides quadrupole deformation, the hex-
adecapole deformation degree of freedom is also taken into account. Figure
3.23 is constructed at angular momentum spin 804 and exhibits the state-of-
the art in producing such landscapes.

Fig. 3.22. Potential energy curves as a function of both the quadrupole defor-
mation (ellipsoidal deformation and shape), characterized by the variable €2, and
the angular momentum, characterized by the spin value J. On the left-hand side,
the results are given for the deformed nuclei 32Ce and !°2Dy. On the right-hand
side, the various energy minima (and corresponding deformed shapes) are shown
at a fixed angular momentum of spin 40% in the same two nuclei. (Taken from The
AnnualReviewsof Nuclear €$-ParticlesScience (©1988 Vol. 38, Annual Reviews Inc.)
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Fig. 3.23. Three-dimensional total energy surface for 52Dy (see also Fig. 3.22)
at spin 80k . Besides quadrupole deformation, hexadecapole deformation also is
allowed to occur. The color code indicates the total energy scale. The specific de-
formed, rotating shapes at the three distinct minima are also shown. (By courtesy
of J. Dudek)

One may wonder how such large amounts of angular momentum can be
given to a nucleus. A typical method is ‘fusion-evaporation’ which consists
in accelerating a medium-heavy fragment into a target nucleus (we illustrate
this, in Fig. 3.24, for the case of ‘°Ar accelerated into !24Sn) at grazing
angles and with high velocity such that the resulting compound nucleus (in
this case 1%4Er) is set into rapid rotation. This system is in general “hot” and
will evaporate a number of nucleons (in our example four neutrons) before
ending up as a bound nucleus 6°Er, which then cools further through the
emisson of gamma radiation. In the course of this cooling process, the emitted
gamma rays contain information about the cooling route and the physics of
the region the nucleus is passing through. In order to find out about this
decay route one should detect all the gamma rays as efficiently as possible
using_gamma-spectroscopic_tools. A _special 4w geometry has been set up
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Fig. 3.24. The various steps in the reaction *2*Sn(*°Ar,3nv)'®°Er: (i) the *°Ar +
12451 initial reaction, (ii) the fusion of the two nuclei into a compound system *$*Er,
(iii) the emission of four neutrons from the rapidly spinning compound system, and
(iv) the final cooling of *®°Er via gamma-ray emission. (Adapted from J. Goldhaber
(1991) LBL Research Review, Vol. 16, No. 1, p. 24, with kind permission)

in order to reach a very high efficiency in detecting information that will
allow a reconstruction of the decay path. A big “ball” of highly efficient Ge
detectors with BGO shielding is set up around the reaction point. A number
of such systems are now active, e.g., Gammasphere (Fig. 3.25), which has been
operating at Lawrence Berkeley Laboratory for quite some time and is now
moving to Argonne National Laboratory. These detectors (containing up to
110.elementary-units)-are very-expensive and used mainly by relatively large



54 3. Introducing the Atomic Nucleus: Nuclear Structure

(still rather small compared to a typical-sized high-energy experiment at one
of the CERN LEP sites) collaborations amongst a number of laboratories.
Thus, the ball is set up in such a way that it can be transported from one
accelerator to another with the aim of studying different mass regions.

The first discovery of superdeformed bands in the decay of very rapidly
rotating nuclei was made at the Daresbury Nuclear Structure Facility (which
is now closed!!!) by a team headed by P. Twin working at the TESSA-3 spec-
trometer. States of a very particular nature were discovered in >2Dy after the
108pq (“8Ca, zn) 1°6~2Dy reaction. They form a very regular deformed rotor
spectrum that is very rigid and stays visible over an extended region of spin
values (Fig. 3.26). European research efforts using such spherical detectors
include the EUROGAM and EUROBALL projects.

Beam aperture Germanium detector
Liquid nitrogen dewar
BGO scintillator
T
T

Fig. 3.25. Gammasphere, the powerful new nuclear gamma detector array
constructed at Berkeley. The hollow spherical array of germanium and bismuth
germanate crystals surrounds a heavy metal target that can be bombarded with
ion beams from a cyclotron or van de Graaff accelerator. The array’s inner and
outer diameters are 50 and 90 cm. The liquid nitrogen dewars that cool the Ge
detector elements extend the total diameter of the system to 2 m
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Fig. 3.26. The gamma emission spectrum, indicating the many quantum transi-
tions linking the states in the superdeformed rotational band in '>2Dy. The numbers
above each transition indicate the spin values of the corresponding band members.
(Taken from NUPECC Report (1991) Nuclear Physics in Europe: Opportunities
and Perspectives November, with permission)

Box V
EUROBALL: Probing the Rapidly Rotating Nucleus

At present, nuclear physicists are enjoying a most interesting and exciting
period with the advent of the most recent generation of powerful gamma-ray
spectrometers. In particular set-ups like EUROGAM (UK/France), GASP
(Italy), GAMMASPHERE (USA) and, in the near future, EUROBALL, will
be able to observe even the tiniest rotational motion of the atomic nucleus.

The total photopeak efficiency has gone up to about 10% and the gamma-
ray detection efficiency has increased to 10~° or better of the production cross
section.

At present, at the Vivitron in Strasbourg, the newest implementation of
EUROGAM, a full 47 gamma multidetector system contains up to 30 large-
volume Compton-suppressed Ge detectors, up to 24 new polarization sensitive
BGO shielded clovers to study how a highly excited nucleus in a state of very
rapid rotation finds its way to the most stable configuration when cooled to
a state having, in a quantum mechanical sense, the lowest possible angular
momentum.

On July 1, 1994 an agreement was made between six European coun-
tries (Denmark; France; Germany, Italy, Sweden, and the UK) to construct
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EUROBALL, the new gamma-ray spectrometer. This project will be the cul-
mination of many years of collaborative efforts in this field of nuclear physics.

EUROBALL should become the most sensitive and sophisticated array of
detectors. Its basic aim, as indicated before, is to understand how nucleons
behave under extreme conditions of high excitation energy and rapid rotation.
The newest array should be able to follow with unprecedented precision the
way the nucleus dissipates its energy and rotational energy via gamma-ray
emission.

The overall cost (about 20 million ECU) will be distributed between the
various partners. The first places the apparatus will go to, at the anticipated
date of finishing the array, will be Legnaro (near to Padua in Italy) and the
CRN at Strasbourg in France.

The construction of the EUROBALL array with its unique capabilities
will involve over a hundred scientists, engineers, and technical staff and it
will provide a research facility not only for the participating teams but also
for many outside users. It is a good example of cooperative efforts amongst a
large number of laboratories to create a powerful and breathtaking facility on
the threshold of the next millenium. It also proves that innovative technolo-
gies and forefront nuclear physics research can go hand-in-hand and can be
supported in a combined effort over the borders of the contributing European
countries.

Recent experiments in this field have now studied examples of nuclei in:

(i) the rare-earth region,

(ii) the Hg, Pb mass region and,

(iii) the medium-heavy mass A=80 and A=100 regions. Also the gamma tran-
sitions that connect these superdeformed structures to the nuclear struc-
ture in the slow rotation cold regime have been found and allow a good
estimate of the excitation energy at which the superdeformed bands are
formed.

Finally, one can even think of more exotic objects like hyperdeformed
states with axes ratios of 3 : 1 (major to minor axis) for the axially symmetric
case. Indications that such forms exist have been obtained very recently.
Furthermore, the additions of such large amounts of angular momentum will
inevitably push the nucleus to the limits beyond which it cannot sustain more
angular momentum and cause fission or destabilization due to the very strong
rotation.

3.4.3 Heating the Atomic Nucleus: Towards Chaotic Motion

Moving outside the region of cold nuclei by successively increasing the nuclear
excitation energy, the regular nuclear structure (coherent types of nuclear col-
lectivermotionnlikervibrationalvandirotational excitations) will, as a general
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Fig. 3.27. Schematic illustration of the possi-
ble quenching of the nuclear superfluid phase
inside the atomic nucleus by either increasing
the internal temperature (T") and/or increasing
the rotational frequency for the single-particle
deformed potential. The nuclear phase diagram
is compared with the corresponding supercon-
ducting electron gas in solid state physics (T, H
axes)

rule, become “dissipated” through its coupling to the many intrinsic nucle-
onic excitations. The simple angular momentum 0% coupled pair correlations
will become destroyed by the heating process. Looking only at the tempera-
ture and rotational types of degrees of freedom in the nuclear diagram, one
sees, rather similar to the regular superconducting region on the (T, H) dia-
gram (temperature, external magnetic field), that a superfluid region can be
isolated at low excitation energies and small angular momenta (Fig. 3.27).
By either making the nucleus rotate very rapidly and/or heating the nucleus
intrinsically, one can leave this region of superfluidity where correlated 0%
nucleon pairs dominate the properties of the interacting A-body system.

The general properties of such complex A-body systems can then, under
certain conditions, start to exhibit chaotic features which are reflections of
the basic interactions amongst the many nucleons inside the nucleus.

Before discussing some of the main features of this transition from more
ordered motion, where symmetries in the interacting A-nucleon system domi-
nate the nuclear structure properties, to more random distributions of nuclear
excitations, we present a short technical box on statistical level distributions.

Box VI

Statistical Level Distributions

A property that is especially sensitive to the interacting A-nucleon system is
the nuclear level spacing distribution or level densities.

We start from a simple 2 x 2 model Hamiltonian in which the elements
of the matrix
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are randomly distributed (uncorrelated). We can then consider an ensemble

of 2 x 2 matrices in which the probability for a given matrix is specified by
some function P(H) and which is given by the relation

P(Hy,) = P(Ha,) = P(Hyp) = P(Ha) . (VL2)

One can then study the statistical properties of the eigenvalues and eigen-
vectors of this ensemble. If we call F; and E» the two eigenvalues, one can
obtain (in an unnormalized form) a probability distribution for the relative
energy difference, s, between the eigenvalues (with s defined as s = Ey — E»)

P(s) = sexp(—s?), (V1.3)
which is referred to as the Wigner distribution (Fig. VI.1).

A A
P(s) se -s2 P(s) e-s

A 4
A 4

p=1 k=0

Fig. VI.1. Illustration of the two extreme distributions of energy eigenvalues: The
Wigner probability distribution s exp(—s?) corresponding to randomly distributed
nuclear interaction matrix elements, and the Poisson distribution exp(—s) corre-
sponding to a non-interacting system

This simple 2 x 2 matrix analysis illustrates the types of results that can
be obtained starting from random matrix ensembles. However, in order to
study more general properties of distriubtions of levels, one should extend
the above method to properties of matrices with large dimensions. However,
essentially the same Wigner distribution results. It is also said to correspond
to the GOE or Gaussian-orthogonal ensemble of matrices (or interactions).

One can similarly show that in non-interacting systems (where, because of
symmetries that govern the Hamiltonian describing the system, a number of
vanishing H matrix elements appear), the energy spacing has a Poisson-like
distribution (Fig. VI.1), and is given by the expression

P(s) =exp(—s) . (V1.4)

It is now possible to connect the above level spacing distributions via
a semi-classical argument to classical ideas of integrable and non-integrable
systems.
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Rectangle Circle

Stadium

Fig. VI.2. Some illustrative examples of domains (rectangle, region between two
concentric circles) in which periodic, regular integrable motion can be obtained
compared to a potential domain (stadium) in which random, non-integrable motion
results

By considering a certain bounded region where classical motion is peri-
odic (integrable), e.g., the rectangular domain or the domain spanned by two
concentric circles (Fig. VI.2), or non-integrable (chaotic or partially chaotic),
e.g., stadium domain or in the case of the well-known Sinai billard boundary
conditions (Fig. VI.3), one can then regard the domain walls in a quantum-
mechanical problem as the boundaries at which wavefunctions have to vanish.
Solving these potential systems with a constant potential inside the domain
and an infinite potential outside, one can find the eigenvalues and eigenstates
and study the distributions of P(s) where s is a measure of the distance be-
tween adjacent levels in the domain. For the classically integrable systems the
resulting P(s) distribution is Poisson-like and for the non-integrable systems
where chaotic classical behavior can result, the Wigner or GOE distributions
are found. Thus the answer to the question of whether, in the quantum case,
spectral properties exist that reflect ‘classical’ chaotic motion can be given
in the affirmative, albeit based on numerical evidence.
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Fig. VI.3. The Sinai bil-
lard domain in which two,
initally close trajectories di-
verge in time. This is due
to the particular structure
of the reflection on the cir-
cular part of the billard.

P (x)

X a1
091 Sinaf's billiard T The lower part of the fig-
0.8 ure shows the distribution
’ of level separations [nearest-
0.7 neighbor distribution P(z)]
0.6 corresponding to the energy
eigenvalues for the Sinai po-

0.5 tential domain. It is evi-
0.4 dently well described by a
GOE (Gaussian Orthogonal

0.3 Ensemble or Wigner distri-
0.2 bution) distribution (Taken
01 from H. Weidenmiiller
: Comm. Nuclear and Par-
(VX SN BN A I AN SN AN A AN A SO I ) ticle Physics (©1986, Vol.
0 05 1.0 L5 20 < 25 16, 199. Gordon & Breach,

N.Y., with permission)

The above discussion justifies the interest in studying various spectral
properties of atomic nuclei. One can certainly find experimentally interesting
cases but the difficulty is that it is necessary to sample a sufficiently large
ensemble of levels of the same angular momentum and parity in a given nu-
cleus and study its nearest neighbor level distributions. Until recently the
only information came from neutron and proton resonance studies. More re-
cently, the situation has improved considerably through the availability of the
“Nuclear Data Ensemble, NDE” which consists of all spin 1/2 s-wave neu-
tron resonances measured by the Columbia group and of proton resonances
measured by the group at TUNL (Fig. 3.28); the completely known spectrum
of 26 Al between the ground state and proton threshold; spectroscopic data
obtained via the extensive (n,7y) experiments over many nuclei; and also level
distributions obtained starting from given model Hamiltonians in a theoret-
ical way (e.g., within the nuclear shell model and also using the interacting
boson model).
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Fig. 3.28. Nearest-neighbor spacing distribution P(z) corresponding to the Nu-
clear Data Ensemble (NDE) consisting of 1726 spacings. This NDE distribution
follows a GOE distribution very closely. (Reprinted from A. Richter (1993) Nucl.
Phys. A 553, 417c. Elsevier Science, NL, with kind permission)

At high excitation energies it is still possible to observe simple excitation
modes such as the electric giant dipole resonant state (GDR). This particular
mode can be depicted as neutrons moving out-of-phase with protons. The
resonance energy is related to the nuclear symmetry energy and the shape
of the atomic nucleus. It has recently become possible to detect even states
that correspond to the subsequent absorption of two photons of the correct
energy, leading to two-phonon (multi-phonon?) states (Fig. 3.29).

By adding extra internal energy to a nucleus that exhibits a GDR, in
particular the width of the resonant state increases with increasing excitation
energy. Interesting modifications to an almost linear increase in width of the
GDR with increasing excitation energy signals the energy (and thus also
time) at which the given nucleus can no longer sustain coherent vibrations
long enough to survive. Furthermore, the decay of GDR and the photons
emitted during that process carry very interesting information about the
time scale on which the resonance and the fission process decay.

If finally the “heating” of the nucleons inside the nucleus becomes of the
order of the total binding energy of the nucleus, a global phase change from a
nuclear fluid into a nuclear gaseous state may occur. Experimentally, today,
the best way to map out this interesting transition zone is by using heavy
ions in collision. With the advent, in particular, of RHIC (Relativistic Heavy-
Ion Collider at Brookhaven National Laboratory) and a program to collide
Pb with Pb ions at the LHC at CERN, completely new areas of physics will
come under experimental scrutiny (see also the discussion in Chap. 5).
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Fig. 3.29. Excitation spectrum of a Xe nucleus excited in a Xe-Pb collision at
near relativistic energies. Besides the single-phonon, giant isoscalar dipole reso-
nance (GDR-IS), double-phonon giant dipole resonance excitations are also clearly
visible. The width of both the single- and double-GDR excitations illustrates the
damping of these resonances by coupling to the internal modes of motion of intrinsic
nucleonic excitations. (Taken from NSAC (1996) Nuclear Science: A Long Range
Plan February, with kind permission)

3.4.4 Exotic Nuclei: Systems Far From Stability
and Weakly Bound Quantum Systems

We now turn our attention to the direction in our three-dimensional space
where the proton-to-neutron ratio (or, equivalently, the relative neutron ex-
cess (N — Z)/A) is the dominant variable. The most stable and thus best
studied nuclei are located near to the region of beta stability. By adding
more protons or neutrons, one is gradually leaving the bottom of the valley
and thereby losing binding energy so that the system becomes unstable. It is
the weak force (beta decay) that drives those unstable nuclei back towards
the region of stability and fundamentally determines the mass landscape of
atomic nuclei.

By extending the region of nuclei towards the extreme edges of stability,
one reaches and then crosses the limits where adding one more neutron or
proton leads to an unbound nucleus, i.e., one that is unstable with respect to
one-nucleon emission. These limiting lines are called the drip lines and they
present the ultimate borders of the nuclear landscape on a (N, Z) diagram
(see fold-out chart).

With beams of particles impinging on a heavy nucleus, one can literally
‘blow’ a nucleus to pieces (spallation) and thus form a large range of nuclei
in which the proton-to-neutron ratio (Z/N) is located far away from the
region of beta stability. By then separating the so formed isotopes with the
electric'and magnetic fields'of an'isotope separator system, and bringing them
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rapidly to a measuring station one can study their nuclear properties within
the short time for which such highly proton- or neutron-rich nuclei ‘survive’.
Such systems are operational at various places and are called ISOL (isotope
separator on line) systems. A very well known separator, ISOLDE at CERN,
has now found its place at the PS booster. The ISOLDE separator at CERN
has been instrumental in discovering new nuclei extending to the ultimate
limits, in particular for light nuclei, and is discussed in Box VII. An excerpt
of the nuclear mass table for these light nuclei is given in Fig. 3.30 to illustrate
the very exotic forms of nuclei that can and have been formed and studied
over the last few years.

Fig. 8.30. Excerpt of the nuclear mass table for the very light nuclei. Stable nuclei
are marked black. The very exotic and rapidly decaying halo nuclei }'Li and *Be
occur at the extreme edge of the neutron stability region

Box VII
The Exotic Beams of ISOLDE at CERN

ISOLDE, CERN’s on-line isotope separator was originally installed at the
600 MeV SC (synchro-cyclotron). With the closure of this SC machine, the
separator was moved to the PS booster in 1992 and was housed in a much
larger building than before (Fig. VII.1). At present, the ISOLDE separator
supplies a wide range of nuclear isotopes that are separated in charge and
mass and serve a large number of experiments located in this new building.
The experimental program encompasses nuclear physics, fundamental tests of
the standard theory of electroweak interactions, and also covers research top-
ics in solid state physics and biomedical research. Besides the large range of
experiments running at ISOLDE, a pilot experiment using radioactive beams
at ISOLDE (called REX-ISOLDE) has been approved and will be installed in
an enlarged experimental hall. This post-accelerator project will extend the
already impressive experimental facilities. In the figure, the planned lay-out
of the enlarged experimental hall is shown.
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Fig. VII.1. Planned extension to the experimental hall of the ISOLDE on-line
separator served by CERN’s PS-booster accelerator. On the left in the extension is
the beam-line for the REX-ISOLDE new project for studying exotic neutron-rich
A ~ 50-60 nuclei. Behind this is the existing ISOLDE hall, housing a wide variety
of experiments. (Taken from CERN Courier (1995) December, with permission)

The success of ISOLDE has been built largely on state-of-the-art skills
enabling the development of new target and beam techniques on site, together
with the ever-increasing need for beams of exotic nuclei at the extreme limits
of nuclear stability. In particular, in satisfying the need to reach the stability
limits, acceleration of the radioactive elements created to higher energies (2-6
MeV /nucleon) is a topic of very high priority. This has been underlined in
discussion meetings and is supported in large part by the Nuclear Physics
European Collaboration Committee (NUPECC).

The REX-ISOLDE project at CERN is a collaboration between various
European groups. The radioactive elements will be accelerated by a radio-
frequency quadrupole (RFQ) and a linac. In order to optimize the beam
properties, the radioactive nuclei formed at the PS booster will be collected
in a Penning trap which will also serve as a beam buncher. Experience with
Penning traps at ISOLDE has been gained by the Mainz group (H. J. Kluge,
G. Bollen, et al.) and resulted in unique mass measurements for highly unsta-
ble nuclei. With this setup it will be possible to form neutron-rich light nuclei
in a first set of experiments intended to test the nuclear shell model and its
extrapolations towards the neutron drip line and to look for new regions of
deformation.
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The new technical possibility to accelerate even short-lived unstable iso-
topes is allowing one to approach ever closer to the drip-lines and to study
atomic nuclei at the most extreme ratios of protons to neutrons possible.
In those regions of the nuclear mass table, it may well be that some of the
more standard ideas about how nucleons behave in the atomic nucleus have
to be modified, or even more drastic, be rejected completely. For light nuclei
one can reach regions where the number of neutrons compared to protons is
indeed overwhelming. Nuclei like 8He, !'Li, and “Be are examples and have
indeed presented fully unexpected results to the scientific community.

The atomic nucleus °Li decays almost immediately, whereas 'Li, con-
taining one neutron more, is just bound with a tiny binding energy of 250 keV.
One thus encounters systems where an A nucleon system does not exist but
the A + 1 system does! The very weak binding energy, according to basic
quantum mechanics will cause the system to be formed in a state where the
barely bound nucleons will, on average, move very far out from the center of
the nucleus. These very long tails of the nuclear wavefunctions lead to what
has been called ‘halos’. In the case of !'Li, the outer two neutrons form a
‘halo’ system as illustrated in Fig. 3.31. A very direct proof of the subdi-
vision into tightly bound and strongly localized nucleons on the one hand
and a halo (loosely bound system) outside is found in the momentum dis-
tributions of nucleons moving away from the final nucleus. According to the
Heisenberg uncertainty principle, the core nucleons should have a very large
momentum spread whereas the halo neutrons should correspond to a rela-
tively well-defined momentum. This has been confirmed experimentally and
is illustrated in Fig. 3.32.We refer to a recent review article on halo structures
in nuclei by Tanihata [3.168] for all technical details.

Fig. 3.31. Schematic drawing of the
halo nucleus ''Li in which 3 pro-
tons and 6 neutrons form a fairly well
closed core nucleus °Li with 2 extra
neutrons, loosely bound to the inner
core and extending towards large ra-
dial distances (~ 24 fm) thereby form-
ing a neutron halo

For nuclei possessing neutron halos, and also the less exotic heavy nuclei
with neutron skins, various new modes of oscillation become possible in which
the core moves relative to the outer neutrons and unusual types of vibrations
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Fig. 3.32. Momentum distribution of a core neutron (flat curve) and of a loosely
bound halo neutron (upper curve) in the nucleus 1Be. measured with respect to
the final nucleus after nuclear fragmentation at high energies. These curves are
consistent with the spatial distribution of the corresponding neutron and satisfy
the Heisenberg uncertainty principle. (Taken from NSAC (1996) Nuclear Science:
A Long Range Plan February, with kind permission)

and rotations occur. These modes of nuclear motion have hardly been in-
vestigated and will form part of extensive research programs at facilities for
radioactive ion beams that are planned or under construction.

The opposite side of the valley of stability, the region where proton excess
is to be expected, can be studied using the radioactive-ion-beam facilities
right through to the heaviest Pb region of nuclei. Because the protons carry
a charge, an outer Coulomb barrier allows very weakly bound systems to sur-
vive for quite a few seconds with protons almost literally ‘dripping’ through
the Coulomb barrier. The lifetimes of these extreme nuclei with respect to
proton emission will be quite sensitive to the underlying dynamics of the
forces within the system and are at best poorly understood at present. In
these medium-heavy and heavy proton-rich nuclei it is possible to try to fol-
low the particular line of nuclei with equal number of protons and neutrons,
ie., N = Z . A new form of correlation, called proton-neutron superfluid-
ity, may show up but still remains to be confirmed experimentally. Attempts
to extend this N = Z line have recently culminated in the discovery of the
heaviest N = Z nucleus so far, namely 1°°Sn, which for a long time has been
the ‘holy grail’ of nuclear physics, both at the French institute GANIL and at
the German GSI facility. Experiments in this region are rapidly extending our
knowledge which was previously based only on extrapolations, a procedure
that has often proved inadequate when entering ‘terra incognita’.
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The theoretical understanding of such highly unstable proton-rich or
neutron-rich systems is still in its infancy. As just mentioned, extrapolating
out of the valley of beta stability, where the nuclear structure is dominated
by single-particle motion in an average field created by all other nucleons
together with a strong spin—orbit coupling, may well prove to be the wrong
approach when seeking reliable results. Near the neutron drip line it may
well be that the pair scatter of neutrons from the barely bound orbitals into
unbound scattering states will modify the underlying organization of nucle-
ons inside the nucleus in a major way. Some results of extrapolations, based
on state-of-the-art Hartree—Fock-Bogoliubov methods and calculations are
illustrated in Figs. 3.33 and 3.34).

no spin
very diffuse orbit around the
surface harmonic exotic nuclei/ valley of
neutrondrip line  oscillator hypernuclei - stability

Fig. 3.33. Nuclear single-particle ordering in various average fields. The levels
are characterized by the quantum numbers N, !, j. At the far left is the structure
in a potential with a spin—orbit term but with vanishing [? term (corresponding
to a rather diffuse nuclear surface). Nezt, the fully degenerate spherical harmonic
oscillator spectrum (for N = 4 and N = 5) is given; then the level structure for a
harmonic oscillator plus a [? term with vanishing spin—orbit term. On the far right
is the nuclear single-particle structure, typical for stable nuclei around the region
of beta stability. (Taken from NSAC (1996) Nuclear Science: A Long Range Plan
February, with kind permission)
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Fig. 3.34. Typical energy spectra (left) near the region of beta stability, (cen-
ter) near to the neutron drip-line re§ion, and gn’ght) near to the proton drip line.
The illustrative nuclei are '2°Sn, *°Sn and '°°Sn, respectively. (Adapted from
W. Nazarewicz et al. (1994) Phys. Rev. C 50, 2860. American Physical Society,
with permission)

The creation and, more importantly, the acceleration of beams of radioac-
tive ions now enables one to study certain reactions that occur at the ‘heart’
of stars and thus are vital in our understanding of how elements have formed
in nucleosynthesis and at what rate {(energy production and cooling of stars).
These points will be discussed further in Chap.7.

During the past 20 years, in trying to form nuclei with high proton-
neutron ratios, a special route has been explored towards the region of su-
perheavy nuclei. This promised ‘island’ near to the magic numbers Z = 114
and N = 170 — 180 is getting closer thanks to ingenious experimentation in
particular at the GSI by a team headed by Armbruster and Munzenberg.
At present, elements of Z = 107 up to 112 have been synthesized and their
shear existence shows that nuclear stabilizing shell effects are strong enough
to counterbalance the liquid drop fission channel. In Fig. 3.35, we show the
present limits of the synthesized elements where the road seems to stop or,
as often drawn in a cartoon-type of way, falls into the sea of instability. The
technique of cold-fusion is already exploring the next element of Z = 110
through the reaction 2°®Pb(52Ni,n)269(?)110 with an expected production
rate of about 1 atom for each 800 h of machine operations! Needless to say,
here one is indeed reaching the extreme limits of stability. An extremely
readable account by Armbruster and Munzenberg describing the road to-
wards creating superheavy elements appeared a few years ago in Scientific
American May, 1989 [3.155].

Before closing this section, and still keeping to the theme of exotic nuclei,
we remark that the region of exceptional structures subject to the strong
nuclear binding forces is surely even more rich than we can even anticipate
atppresentplngmappinggoutyangexpanded nuclear mass table where we put
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Fig. 3.35. Excerpt of the nuclear mass table in the region of transactinide nuclei
at the highest Z-values synthesized as yet. The various decay modes: alpha-decay
(open white), electron capture (dark grey) and spontaneous fission (light grey) are
indicated. (Reprinted from A. Richter (1993) Nucl. Phys. A 553, 417c. Elsevier
Science, NL, with kind permission)

Fig. 3.36. An extreme form of the chart of nuclei showing all known forms of
stable matter. Between the region of the heaviest atomic elements (A ~ 260 —
270) and neutron stars (A ~ 10°® — 10°7), a vast nuclear ‘desert’ may exist or,
alternatively, a region where strange forms of quark matter can be found. (Adapted
from H.J. Crawford and C.H. Greiner (©1994 Scientific American January, with
permission)
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all known forms of stable nuclear matter (Fig. 3.36), one observes a vast
unknown unpopulated nuclear desert between known normal nuclei up to
mass A ~ 260 and the neutron stars that may, to a first approximation

(see also Sect. 3.1) be treated as giant nuclei with atomic weights of about
10+56 _ 10+57.

3.5 Further Reading

Before listing some textbooks discussing nuclear structure, we cite two more
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3.1 Hodgson, P.E. (1994) Contemp. Phys. 35, 329
3.2 Wilkinson, D. (1984) Nucl. Phys. A421, 1c
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3.3 Johnson, N.R. (ed.) (1990) Nuclear Structure in the Nineties, Nucl.
Phys. A520

A large number of textbooks are devoted to nuclear structure. We first give
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3.4 Bohr, A., Mottelson, B. (1969) Nuclear Structure, Vol. 1 (Benjamin,
New York)
3.5 Bohr, A., Mottelson, B. (1975) Nuclear Structure, Vol. 2 (Benjamin,
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cleus, Vol. 3 (North-Holland, Amsterdam)
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3.10 Ring, P., Schuck, P. (1980) The Nuclear Many-body Problem (Springer,
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Textbooks concentrating more on shell model methods:

3.12 Brussaard, P.J., Glaudemans, P.W.M. (1977) Shell Model Applications
in Nuclear Spectroscopy (North-Holland, Amsterdam)
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(Springer, Berlin Heidelberg)

3.14 Lawson, R.D. (1980) Theory of the Nuclear Shell Model (Clarendon
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3.16 de Shalit,A., Talmi, I. (1963) Nuclear Shell Theory (Academic, New
York)

3.17 Talmi, I. (1993) Simple Models of Complex Nuclei: The Shell Model
and Interacting Boson Model (Harwood, New York)

Those textbooks that deal with collective motion in the nucleus include,
of course, the monumental volume series of Bohr and Mottelson mentioned
above. Some further references are:

3.18 Kumar, K. (1984) Nuclear Models and the Search for Unity in Nuclear
Physics (Universitetsforlanger, Oslo)
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Two textbooks discussing numerical methods and computer codes that de-
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3.21 Langanke, K., Maruhn, J.A., Koonin, S.E. (ed.) (1991) Computational
Nuclear Physics 1: Nuclear Structure (Springer New York)

3.22 Langanke, K., Maruhn, J.A., Koonin, S.E. (ed.) (1993) Computational
Nuclear Physics 2: Nuclear Reactions (Springer New York)

In studying various nuclear structure processes, one first has to understand
how the nucleon interactions generate an average field. On Hartree-Fock
theory, the details are well described in the general nuclear structure text-
books. A number of more detailed but important papers in this field, as well
a number of review papers on self-consistent Hartree-Fock techniques with
applications, are the following:

3.23 Baktash, C., Haas, B., Nazarewicz, W. (1995) Ann. Rev. Nucl. Part.
Sci. 45, 485

3.24 Aberg, S., Flocard, H., Nazarewicz, W. (1990) Ann. Rev. Nucl. Part.
Sci. 40, 439
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3.30 Waroquier, M., Ryckebusch, J., Moreau, J., Heyde, K., Blasi, N., Van
der Werf, S., Wenes, G. (1987) Phys. Rep. 148, 249
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A basic article combining Hartree-Fock methods with the time dependence
of nuclear dynamics is

3.31 Bonche, P., Koonin, S., Negele, J W. (1976) Phys. Rev. C13, 1226

Liquid drop concepts are described by Bethe and Bacher, and von Weizsacker
but more recent parametrizations have also been made; they can be compared
with extensive mass compilations:
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teractions, the construction of effective forces in given model spaces, on large-
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4. Nuclear Physics
with Electromagnetic Interactions

4.1 Layers of Constituents

As we have already discussed in Chaps. 2 and 3, a great deal of information
about how protons and neutrons move inside the nucleus can be understood
simply in terms of protons and neutrons interacting via an effective force
inside the nuclear medium. Because of the presence of many other nucle-
ons, this effective force deviates strongly from the corresponding force acting
between free nucleons. However, a more fundamental theory would treat all
medium effects explicitly, implying that, besides the pure nucleonic degrees of
freedom, the mesonic degrees of freedom also start playing an important role.
One should even take into account the various excited modes of the nucleons
themselves. Eventually, the underlying building blocks of all matter involving
the quark and gluon degrees of freedom will emerge in a description of how
nucleons are built and, in a later step maybe, of how those composite par-
ticles (protons, neutrons) interact in an A-body nucleonic system. For most
purposes though, as is clearly seen in the first three chapters, only effective
forces and effective nucleons enter the description of the atomic nucleus. If
one now wishes to find out at which energy (or length scale) particular new
characteristics signaling the presence of mesons, excited nucleonic states and,
even deeper, quark and gluon degrees of freedom actually emerge, one will
need the appropriate microscope and a high enough energy to do so.

Thus we return to the first chapter where it was outlined that various
‘layers’ can be distinguished in the atomic nucleus (Fig. 4.1). On the scale
of 5-10 fm, one observes the global nuclear features like surface effects and
liquid drop behavior arising from the long-range correlations in the nucleon—
nucleon forces. At a scale of about 1 fm, one observes that nucleons are
moving in a correlated way because of the specific short-range correlations
present in the nucleon—nucleon forces. Nucleons no longer behave indepen-
dently. Furthermore, this is the length scale at which meson effects start to
enter the picture, as well as excited baryonic states (A-resonance). This all
results in a much more complex picture of the nucleus compared to the orig-
inal independent-particle description. On a still smaller scale (from 1 down
to 0.2 fm), one passes yet another boundary at which QCD effects start to
modify the picture. On this scale, one has actually made the transition from
regular nuclear physics to the higher energy physics scale where new phe-
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Fig. 4.1. Illustration of the use of the electromagnetic probe, as encountered in
inelastic electron scattering (e,e’), to map out various scales inside the atomic
nucleus. Using g as the variable characterizing momentum transfer (A ~ 1.25/q)
with ¢ in units GeV/c and X in units fm. At the largest scale one can map large-scale
and global properties (¢ < 0.3 GeV/c). At g values around 1 GeV/c, the specific
nucleon properties and medium effects become visible. At the other extreme (q >
2 GeV/c), quark effects may well become observable. (Reprinted from A. Richter
(1993) Nucl. Phys. A553, 417c. Elsevier Science, NL, with kind permission)

nomena are expected. One can even make this more quantitative: For highly
relativistic electrons the spatial resolution is inversely proportional to the
momentum transfer and is given by the relation

A~125/q, (4.1)

with ¢ the momentum transfer in GeV/c.
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At present, the length scale of 1-0.5 fm can be covered by electron facili-
ties in Amsterdam (AMPS) and Mainz (MAMI) and at MIT (BATES) and
the shorter scale can be covered by the recently commissioned CEBAF facil-
ity (4 GeV continuous wave electron superconducting accelerator), SLAC at
Stanford, and HERA in Hamburg.

4.2 The Electromagnetic Probe

Photons are the force carriers of the electromagnetic interaction (Chap. 1)
and they allow us to probe the nucleus in two different ways: by absorption
of real photons or by the exchange of virtual photons in the scattering of
charged particles off the nucleus. In the latter case, because of the use of
virtual photons, the energy and momentum transfer to the atomic nucleus in
a scattering event can be varied independently by changing the kinematical
conditions. The electromagnetic force can act on the scale of the whole nucleus
but also at the smaller scale of nucleons and so this interaction is useful for
probing both global and local properties of the atomic nucleus. The scattering
process can be visualized as in Fig. 4.2.

spectrometer

) scattered e~
incoming e~

Fig. 4.2. Schematic picture of the
scattering of an electron. In the elec-
tromagnetic interaction, energy hw
and momentum #Aqg are exchanged
with the nucleus through the ex-
change of a virtual photon. (Taken
from K. Heyde Basic Concepts in Nu-
Photon transferred to the  cjeqr Physic ©1994 IOP Publishing,
nucleus (h g, hw) with permission)

The scattering process leads to a specific response of the nucleus. This
response is a function of the energy and momentum transfer and represents
the dynamical reaction of the composite system that is the atomic nucleus.
One can distinguish three basic regions (Fig. 4.3). In the lower energy region,
scattering on the ground state (elastic process) and on the various bound
states (inelastic processes) can proceed and will be observed as a number
of specific resonant structures in the full cross-section. Increasing the energy
and adjusting the momentum transfer, a region is obtained near to 100 MeV
innwhichrtherincoming virtualsphoton) resonates on the ‘quasi’-independent
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motion of a single nucleon that can be knocked out of its particular nuclear
orbital. This region is called the “quasi-elastic” regime and is most interesting
since it facilitates a detailed study of how the nucleons (both loosely and more
strongly bound ones) move and behave inside the nuclear medium. We shall
return to this point in Sect. 4.3. At the higher energies then, the first striking
event occurs when the energy of the virtual photon exchanged is high enough
to momentarily excite a nucleon into the excited delta-resonant state (A-
resonance ), which can subsequently decay by emitting a nucleon and a pion.
This process of mapping out the response is quite general and is common to
many other domains of physics when investigating how a given system reacts
to external fields (here the electromagnetic field). By scanning through all
the various domains and resonances, a unique view of the atomic nucleus —
both of its global behavior and of the way in which nucleons are organized
inside the nucleus — is obtained.

Nucleon Fig. 4.3. The cross-
| section for electron scat-
tering off the atomic nu-
cleus as a function of the
energy transferred (hw in
| @ units of MeV). A divi-
sion into three major re-
gions is presented, charac-
terized by elastic, quasi-
) elastic, and A-resonance
/ scattering. (Taken from
P.K.A. de Witt-Huberts,
C. De Vries FOM Annual
— T Report (©1985, by cour-
0 100 300 tesy of P.K.A. de Witt-
— hw (MeV) ——= Huberts)

~
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Just recently, the Continuous Electron Beam Accelerator Facility, better
known as CEBAF , went on-line. It represents one of the most powerful
microscopes for looking deep inside the nucleus and for bridging the gap
between the hadronic and quark descriptions of nuclear matter. We give some
more technical details both about the facility as well as about the physics
program at CEBAF in the following technical box (Box VIII).

Box VIII
CEBAF On-Line for Physics

After a long period of design, construction and commissioning, the Continu-
ous Electron Beam Accelerator Facility (CEBAF) at Newport News, Virginia,
is now on-line. The first experiments being set up will aim to bridge the gap
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between a description of nuclei using hadronic and mesonic degrees of free-
dom, on the one hand, and a quark description of nuclear matter, on the
other hand.

We first give a few technical details. The continuous wave (CW) supercon-
ducting accelerator will operate at 4 GeV. A schematic outline of the facility
is shown in Fig. VIII.1. The electrons are accelerated by successive passes
through two 0.4 GeV antiparallel linacs that are linked by five recirculation
arcs. A high current of 200 pA is expected. Over the whole complex about
2200 magnets are needed for the full accelerator and beam transport system.
Because of the superconductivity requirements at CEBAF , it was necessary
to build the world’s largest 2K refrigerator source of superfluid helium. Fi-
nally the electron beam can be directed to one of the three experimental
halls.

Fig. VIII.1. Schematic outline of the Continuous Electron Beam Accelerator Facil-
ity (CEBAF) superconducting accelerator, recently renamed the Thomas Jefferson
National Accelerator Facility (TJNAF). Electrons are accelerated up to 4 GeV by
successive passes through two 0.4 GeV antiparallel linacs linked by recirculation
arcs. (Taken from CERN Courier (1996) March, with permission)

Concerning its physics program, the new ‘microscope’ should be able to
study properties ranging from those of a large nucleus down to phenomena
on the scale of one-tenth of the nucleon diameter. Thus, two large classes of
experiments will be performed: one type aiming at a deeper understanding
of the nucleon itself on the quark level (see also Sect. 4.4) and the other type
trying to understand the bound nucleus, this time starting from the quark
level upwards.

On the smallest scale, electrons can scatter off quarks inside the nucleon
and, via this scattering process, information can be extracted about the spa-
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tial and momentum distributions of these quarks. At this level, the electrons
can be used to promote the proton and/or neutron into an excited state and
then study the subsequent decay process in detail (spectroscopy of baryons).
Even though information is available on some of these topics, the 4 GeV CW
CEBATF facility, as a dedicated accelerator, should be able to shed unprece-
dented light on the nucleon and reveal some of its innermost secrets.

In the second step, once the deeper level has been thoroughly studied and
mapped out further, experiments will embark on the ambitious program of
linking the nuclear structure to the quark structure. Therefore experiments
will be designed to study charge and magnetization distributions at the very
small length scales inside the nucleus. Other experiments are being designed
to study the situation, where in nucleon language, protons ‘overlap’ inside
the nucleus and thus composite systems can be knocked out of the nucleus in
a single electron scattering event. The long-standing question of whether the
properties of a free proton differ from those of one moving inside the nucleus,
and, if so, how strongly, may well find a solution thanks to the very high
resolving power of the CEBAF electron ‘microscope’ .

In addition, a number of experiments will be set up to search for more
exotic forms of quark-gluon organization, other than the standard proton
and neutron construction inside nuclei on the lower energy scale. An out-
line of the CEBAF experimental program is shown in Fig. VIIL.2 where the
two fundamental questions concerning (i) quarks confinement and (ii) the
nucleon—nucleon force and its short-range behavior are clearly presented.

CEBAF

f
QCD . - Nucleons as . . Nuclei as

System (quantum |5 Atomic 5> bound states Molecular bound states

chromodynamics) physics of quarks physics of nucleons

ﬂ and gluons ﬂ
Fundamental Quark confinement? Why nucleons?
Questions Why qqq and q§? Nature of NN force?
Where's the glue? Short-distance degrees

of freedom?

f

l I l

Program N* and meson properties (25) Properties of or in nuclei (15)
(# of approved Strange quarks
experiments) Nucleon and meson form (12) Few-body nuclear studies (14)

factors and sum rules (10)

Fig. VII1.2. Outline of the experimental program to be carried out at the 4 GeV
TJINAF. (Taken from CERN Courier (1996) March, with permission)
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With the above unique characteristics of CEBAF, spin-offs and applica-
tions in various other domains of physics will quickly emerge. Even now, there
is much interest in a high average power, tunable wavelength free electron
laser (FEL). Here, both civilian and navy funding is contributing and man-
ufacturers like DuPont, 3M, Xerox, and IBM are participating. Moreover,
the recirculation arcs are such that, with appropriate modifications, energy
upgrades to 8 GeV and even 16 GeV could well be realized. Before that the
physics program expects to enjoy several years of new and probably very
exciting experimental achievement.

4.3 How Nucleons Move Inside the Nucleus:
Mean-Field Theory and Beyond

4.3.1 Independent Particle Motion and Nucleon Knock-Out

In the above sections, we have discussed the various levels in the atomic
nucleus and thus also the energy regime in which the various nucleonic degrees
of freedom can be optimally studied. In the quasi-elastic regime, where the
energy and momentum of the incoming photon (real or virtual) are adjusted
to the single-particle motion inside the nucleus, the process of scattering an
electron off the nucleus and, at the same time, knocking a nucleon out of
its orbit inside the nucleus, the very concept of independent particle motion
(IPM) in an average one-body field can be tested critically. We depict this
knock-out process in Fig. 4.4 where part (a) represents this IPM. At the same
time we also illustrate the kinematics of the process in Fig. 4.5 where the
one-photon exchange process of an electromagnetically induced one-nucleon
knock-out is drawn and this in a plane-wave impulse approximation (PWIA).

In this latter most simple approach all nucleons, except one, are treated
as spectators. Inside the nucleus the nucleon moves in a bound orbital cor-
responding to a given nuclear mean-field and then as an outgoing nucleon
it moves in an undisturbed way thus described by a plane wave. Imposing
momentum conservation in the two vertices and assuming the initial nucleus
A to be at rest in the laboratory (thus with ps = 0), one has the relation

Pm =DPs — hq = —pg, (4.2)

where p, is the momentum of the outgoing nucleon and pg the momentum of
the residual nucleus. The momentum py, is called the “missing” momentum
and, in the quasi-free or independent particle picture, corresponds to the mo-
mentum of the outgoing nucleon just before it undergoes the interaction with
the external electromagnetic field in which it absorbs the momentum and en-
ergy. By measuring this momentum distribution pp,, one obtains information
from which the nuclear wave function can be derived, both in momentum
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5

EA
Fig. 4.4. Schematic illustration of a pro-
cess in which a single nucleon is knocked
out (one-nucleon knock-out) in an in-
dependent particle model (a), and in
an improved description including Ran-
dom Phase Approximation (RPA) cor-
relations, the latter presented pictori-
ally by the ‘balloon’ labeled with the
nucleon—nucleon two-body interaction V'
(b). (Taken from J. Ryckebusch (1988)
Thesis, Univ. of Gent, unpublished)
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Fig. 4.5. Kinematics of a. one-photon exchange
(hgq) process in which a single nucleon is knocked
out, with momentum p,, leaving the residual nu-
cleus in a state with momentum pg (initial mo-
mentum of the nucleus is denoted by pa). The
process is described in the plane-wave impulse ap-
proximation (PWIA) and pm (see text) denotes
the ‘missing’ momentum, defined as pm = ps. — q.
(Taken from K. Heyde Basic Concepts in Nuclear
Physic ©1994 IOP Publishing, with permission)

and in coordinate space. This momentum distribution, which is measured by
the spectrometers at a number of electron accelerator facilities like MAMI,
AMPS, BATES, and now CEBAF, tells us about the velocity with which the
nucleons move inside the nucleus. An example of such a distribution, techni-
cally called the ‘spectral function’ is shown in Fig. 4.6 for the case of proton
knock-out from the very heavy nucleus 2%8Pb. Inspecting these results, one
can observe that, for nucleons moving with a speed up to about 1/4-1/3
of the speed of light, the momentum distribution is very well described in
terms of an average field acting on all nucleons inside the nucleus. Deviations
appear at the very end of the spectrum (the tail of the distribution). These
deviations shed light on the various.components in the nuclear force that
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induce correlations (both long- and short-range correlations) that go beyond
the lowest-order mean-field description.
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nucleon correlations, in par-
ticular strong short-range cor-
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don & Breach, N.Y., with
permission
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As a short technical aside, we note that the momentum distribution can be
transformed, within the framework of the independent particle model into the
corresponding coordinate wave function for the nucleon. This process is called
Fourier-Bessel transformation and one can thereby relate a nucleon moving in
an independent particle orbital (characterized by quantum numbers n, [, j,m
and denoted by a for short) to its corresponding momentum distribution via
the transform

1 . 2 ‘
pa(p) = Yy [ / drr2j, (pr/h) (pnalaja] v2 (250 +1) , (4.3)

where j;(z) denotes the spherical Bessel function and vZ the occupation prob-
ability in the nucleus of the orbital a. This is a very powerful method which
relates the fine details in the nuclear wave functions to certain components
in the momentum distribution and vice versa.

Because of the intuitive appeal of this quasi-free process, a lot of ex-
perimental effort has gone into detailed measurements over a large range of
momentum transfer, so spanning the region from very light nuclei up to the
heavy doubly-closed shell nucleus 2°8Pb. The analysis has given a strong ex-
perimental underpinning of the nucleonic motion inside the nucleus, at least
for nucleons that are knocked out of weakly bound orbitals with an energy
close to-the Fermi-energy-for.a.given-nucleus. As was already becoming clear,
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for the nucleons moving at a very high speed and/or in very deeply bound
states, deviations from such an independent particle picture inevitably show
up. We now discuss some ways of advancing beyond the lowest order mean-
field picture.

4.3.2 Beyond the Mean Field:
Nucleon—Nucleon Correlations and Deep-Hole States

The picture that was given in Fig. 4.4a actually needs to be extended (as
in part b) because the remaining A nucleons are not just spectators. The
nucleon-nucleon interaction (represented by the balloon and labeled with
the letter V) will induce certain correlations in the motion of the nucleons
inside the nucleus beyond the independent particle motion. It is these same
correlations that give rise to coherent motion and thus to the microscopic
cause of the nuclear collective modes like vibrations of various multipolarity,
rotational motions, and the various coupled modes. So, the picture becomes
considerably modified when these long-range correlations (technically called
Random Phase Approximation RPAY} are taken into account. We now explain
the effect of those RPA correlations in an intuitive way: Initially, we start from
the same point: a nucleon gets excited into a continuum state. The excited
nucleon will now feel the other nucleons through the presence of an average
field but also through direct and specific components of the nucleon-nucleon
force. This residual interaction can be seen as a way of further exchange of
energy and momentum between the excited nucleon and the remaining A —1
nucleons on its way to being knocked out of the nucleus. Quite complicated
and detailed processes can occur at this stage but the final picture leads to the
concept of a ‘doorway’ state lasting long enough for a nucleon to be ejected
with the final nucleus remaining in a definite quantum state. It is interesting
to note that, by definition, the emitted nucleon will not be the same one that
was originally excited from its motion in a nuclear orbital. So, the present
picture goes well beyond the original IPM picture and includes a special class
of nucleon—nucleon correlations called RPA correlations. A dramatic illustra-
tion of the modifications brought about by these RPA correlations is given in
Fig. 4.7 where, for 160, we compare the knock-out processes of a proton and a
neutron. Within an independent particle approach, the emission probabilities
for a neutron and for a proton are very different; the RPA correlations, how-
ever, cause the two probability distributions to become much more similar,
as is observed experimentally. Thus there is clear support for the inclusion
of RPA correlations going beyond the mean-field approach. Put another way,
the presence of the nuclear medium cannot simply be taken out as a spectator
but influences a number of processes in a fundamental way. One influence is
to make the knock-out probabilities for a proton and a neutron under similar
kinematical conditions more equal.

A second source of deviations from the simple shell model picture of a
nucleon knocked out of a single-particle orbital has to be considered. If a
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Fig. 4.7. Angular distributions describing the emission of a proton (v,po) or of
a neutron (vy,n1) from 160, using incoming photons with an energy of 60 MeV.
The dashed lines give the results of a Hartree-Fock (HF) mean-field calculation
and strongly differ from one another. The full lines are the result of a combined
HF+RPA calculation and are seen to be much more similar. The experimental data
are also shown. (Reprinted from J. Ryckebusch et al. (1987) Phys. Lett. 194B, 453.
Elsevier Science, NL, with kind permission)

nucleon were knocked out of a specific single-particle state with a certain
binding energy, the energy dependence of the knock-out probability should
reduce to a Dirac delta-function at the corresponding binding energy. In prac-
tice, however, the single-particle strength function becomes spread out over
a certain energy interval depending on the binding energy of the particular
state and the mass of the nucleus. This process can be depicted schematically
as follows (Fig. 4.8). At the energy of the single-particle state from which
a nucleon is removed, many more complex nuclear configurations can ex-
ist, ranging in general over various many-particle-many-hole configurations.
This means that, in the vicinity of the single-hole configuration, a rather
high density of such complex configurations are obtained. The residual in-
teraction will automatically smear out the original single-hole strength and
dissolve it in a background of many complex states. Now, depending on the
specific mass of the nucleus one is studying, and on the coupling strength,
the original strength can be spread out in a variety of ways. A simple and
yet well-defined way of including this residual coupling is through a coupling
of the single-hole motion with nuclear surface vibrational excitations. The
technical details are relevant not just to nuclear physics, but appear in a lot
of quantum many-body systems where the elementary modes of motion are
imbedded inaVariety of more complex| excitations. Thus the spreading of the
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elementary modes, in which they acquire a given energy spread and decay
width (if unbound), is a very general phenomenon that occurs in solid state,
atomic, and molecular physics.

Fig. 4.8. Pictorial description of the process in which a nucleon is removed from its
specific orbital a in the average one-body field (left). In the more realistic picture
(right), a particle, moving in a single-particle state a, interacts with a large number
of close-lying more complex configurations. (Taken from K. Heyde The Nuclear
Shell Model (©1994 Springer, Berlin Heidelberg, with permission)

To illustrate the above mechanism, we show the results of a micro-
scopic calculation in which the fragmentation of single-hole motion over a
background of increasingly more complex 2h-1p excitations is derived using
Green’s function techniques. In Fig. 4.9, the subsequent phases of damping
the independent particle motion inside the nucleus over a reservoir of many
complex excitations and the final convergence are well illustrated.

This field of testing the limits of single-particle motion as a first but often
valid approximation to the more complex interacting many-nucleon system
is a most lively one. It also shows the power and potential of electromagnetic
interactions for probing the ultimate limits of the mean-field description.
At the same time, the more detailed results clearly tell us to go beyond the
average field and include various types of correlations which improve the inital
IPM description, and give a very firm support of the shell model description
of nucleons moving inside the nucleus.

4.4 Physics at Even Higher Energies: Inside the Nucleon

The endeavor to understand hadrons is also important as an avenue to better
appreciate nuclear physics on a fundamental level. It is clear that, in order to
understand the nucleon—nucleon force, a deep understanding of the nucleon
structure is a prerequisite. Even though nuclei are composed of nucleons and
nucleons are built out of quarks, it is not clear at all whether and where
one needs quark degrees of freedom in order to understand the behavior of
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Fig. 4.9. Results from
a complicated Green’s
function model calcula-
tion in which the 1-hole
states couple to more
complicated  2-hole-1-
particle states and thus
cause a spreading of the
initial 1-hole strength.
The figure indicates the
subsequent steps (itera-
tions 1,2,3 up to con-
vergence) in deriving a
stable 1-hole strength
distribution. (Reprinted
from D. Van Neck et
al. (1991) Nucl. Phys.
A530, 347. Elsevier Sci-
ence, NL, with kind per-
mission)

atomic nuclei. A large number of properties can be well understood in terms
of nucleons and mesons only. Thus, to conclude that quark degrees are needed
explicitly, dedicated and very well designed experiments must first be set up

and carried out.

We list below a number of issues that are central in the investigation
of hadron properties. We also highlight the specific technical elements that
allow one to pinpoint quark properties inside the nucleon.

e Hadron spectrosc

- B=0
-~ B=1
- B=2
- B>2

opy

meson spectroscopy, meson—-meson interaction,
multiquark and multigluon states, ...

baryon spectroscopy, meson-baryon interaction, ...
di-baryon and exotic baryon (H-particle) states,
baryon-baryon interactions, ...

multiquark configuration, nature of the confinement, ...
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e Elementary properties of particle
— Polarizabilities, electric and magnetic form factors, ...
e Nucleons and mesons in nuclei

e Wave functions and structure of hadronic systems
— Medium effects
— Color transparency
— The Nucleon and its resonances
e The quark as a color probe
— Propagation and hadronization in matter
e Facilities

— " PSI, LAMPF, TRIUMF, SATURNE, LEAR, CELSIUS,
COSY, DASNE, MAMI, AMPS, BATES, CEBAF,
SLAC, EEF,...

(List reprinted from A. Richter (1993) Nucl. Phys. A553, 417c, with kind
permission from Elsevier Science, NL)

In the following sections we will discuss important inelastic processes:
inelastic electron—proton scattering, exciting the proton itself, and studying,
e.g., the proton’s spin content. First, we briefly introduce some definitions.

In the scattering of a lepton £ (¢ = e, u,v, 7, ...) off a nucleon, denoted
by N, into a final lepton # and ‘hadronic’ state X, we define the following
quantities (Fig. 4.10). Starting from ¢ = k — &', the four-momentum of the
exchanged particle, one derives the various quantities listed in Table 4.1.
They are given in (i) a frame where the target is fixed (laboratory frame),
and (ii) the invariant relativistic frame.

¢(k) ¢ (k)
Fig. 4.10. Kinematics of a process where
a lepton ¢ (with four-momentum k) scat-
ters off a nucleon N (with four-momentum
p) and emerges as a lepton ¢ (with
four-momentum k') giving rise to a final
X () hadronic state X (with four-momentum
p'). The various kinematical relations are
N({) given in Table 4.1
Table 4.1.
(i) (i)
Q? = 4FE'sin%6/2 Q*=-q-q
= E—-F = P4
v = FE - E v = 2L
x —9—2mpu (Bjorken z) z = —5‘1;‘1;
y = % (Bjorken y) y = 21

p+q)°

N
)

2 _ 2 2 —
w® = mg+ 2mpr — Q W =
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4.4.1 Inelastic Electron—Proton Scattering

In the simple picture of inelastic electron—proton scattering a virtual photon
is exchanged with the proton in the proton rest frame, exchanging energy
and momentum. This virtual photon has a mass which obeys the relation
m?, = —Q2. If now the momentum transfer is so large that the corresponding
length that can be resolved in the scattering event is small compared to the
proton size (Q > 1 GeV), then the photon no longer interacts with the
proton as a whole but with one of its quarks. In the simplest of situations,
the photon scatters elastically off a quark which carries a fraction z of the

proton momentum and is related to Q2 and v via the relation

T = Q@ (4.4)

- b
2mpv

where my, is the proton mass. The quark that is knocked out and the re-
maining part of the proton cannot be observed as ’real’ particles (because
they carry color charge) (Fig. 4.11). Both then give rise to jets of strongly
interacting particles such as nucleons, pions, and kaons.

Fig. 4.11. Kinematics of electron—nucleon
scattering in which energy (Fw) and momen-
tum (described by Q* = 4EE’sin?*(8/2) =
—q - q) are transferred to a quark that gets
q knocked out leaving a remnant part of the
nucleon. Neither the quark nor the remnant
nucleon can be observed, but both give rise
to jets of strongly interacting particles

Information on the density distribution of quarks inside the proton
g(z, Q%) can be obtained from the structure function of the proton

F(z,Q%) =) elzq(z,Q%), (4.5)
q

which is directly measured in deep inelastic electron scattering . Here e is
the electric charge of the quark g (2/3 for the up quark and —1/3 for the
down quark). The measured distribution clearly depends on the momentum
transfer: as this momentum transfer increases, more and more fine details
inside the proton can be observed.

The first major achievement of these electron scattering experiments was
the discovery at SLAC in 1969 that the proton is actually made out of
point-like constituents which were later identified as quarks and gluons. The
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electron—proton collider HERA which has been in operation since 1992 at
DESY (Hamburg) has improved the resolving power in electron—proton scat-
tering by more than one order of magnitude compared with the former SLAC
experiments. Here, 30 GeV electrons collide head-on with 820 MeV protons.

4.4.2 Excitation Spectrum of the Proton

‘The above electron—proton scattering experiments have led to the picture of
a proton as consisting of three constituent quarks orbiting around each other
(Fig. 4.12). One has to remember that those constituent quarks are effec-
tively “dressed” quarks and so are like quasi-particles in a general many-body
description. Here the original quark becomes dressed with quark-antiquark
pairs and additional gluons moving around.

Fig. 4.12. The nucleon. This artist’s impression shows three quarks in a spherical
“bag” surrounded by a cloud of mesons. The quarks themselves should be thought
of as point-like particles; their finite extent in the picture may be taken as an
indication of their probability distributions. (Adapted from G.E. Brown, M. Rho
(1983) Physics Today February 24)

In further testing this picture, one is interested in exciting the proton or
neutron into its various excited states like the A (1232 MeV), N (1440 MeV),
or N (1520 MeV) configurations. In these excitations one or more of the
quarksspinssis:flipped=Calculationssat:this level predict various non-spherical
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shapes and, if this is indeed the case, one might explore polarizability of this
specific excited nucleon configuration. We illustrate various model forms for
the excitation spectrum of the proton as well as the total photoabsorption
cross section of the proton in Fig. 4.13.

4.4.3 Proton Spin

Protons and neutrons are fermions characterized by intrinsic spin 1/2 (in
units k) and this spin is also the basis for understanding the spin of more
complex bound systems of protons and neutrons, i.e., atomic nuclei. Early
attempts to understand the nucleon spin considered it as the sum of the
spin 1/2 of each of the three constituent quarks that make up the nucleon.
This yielded correct results both for the proton and neutron spin and for
the magnetic moment. We have to keep in mind though, that on a more
fundamental level, even the proton and neutron have to be considered as
highly complex many-body interacting systems of quarks, antiquarks, and
gluons and that, in terms of these more elementary constituents, it might be
more difficult to understand the nucleon spin (see Fig. 4.14)

Recent polarization experiments using deep inelastic electron and muon
scattering off a nucleon all indicate that the spin carried by the quarks seems
to be less than 1/3 of the nucleon spin and much less than suggested to be
the case in a constituent quark model. One does have a sum rule, however:
The total intrinsic spin of all the internal constituents added to the orbital
motion angular momentum should give exactly spin 1/2! There seems to be
no doubt at present about the validity of the underlying QCD theoretical
description which has been borne out by tests of Bjorken’s sum rule.

The very small amount of spin carried by the quarks and antiquarks
taken together has motivated further detailed studies to probe the origin
of this “missing spin” or of the “spin crisis”, as it is often called. The aim
in these experiments will be to single out the various spin contributions of
different types of quarks and antiquarks, of gluons, and of orbital motion.
The HERMES experiment at the HERA electron accelerator in Hamburg
will use polarized nuclei such as 3He with the aim of identifying different
types of quarks. Experiments with high energy proton beams at the new
RHIC accelerator (see also Chap. 5) aim to unravel the gluon spin content.
Other experiments planned at MIT and CEBAF will seek a quantitative
understanding of the proton’s intrinsic magnetic properties associated with
the strangeness quark content.

All these experiments are looking for the various angular momentum con-
tributions that make up the spin 1/2 of the proton and the neutron. Let
us recall the fact that the internal structure of the individual proton and
neutron is as complicated a many-body problem as that presented by the
atomic nucleus itself, where one is dealing with nucleon and meson degrees of
freedom only. Future years are expected to bring many detailed experimental
results from the various electron accelerator facilities.
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Fig. 4.13. The upper part shows schematically various quark confining configu-
rations that may represent a single proton. The lower part illustrates the total
photoabsorption cross-section (in units of microbarns, ub) of a proton as well as for
a number of subprocesses. (Reprinted from A. Richter (1993) Nucl. Phys. A553,
417c. Elsevier Science, NL, with kind permission)
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Fig. 4.14. Schematic nucleon structure. The central nucleon is shown as a collection
of three constituent quarks interacting via the color force. Closer views show a
more complex picture. To the left, the single quark is accompanied by processes in
which gluons are emitted and absorbed, or, where gluons materialize from quark-
antiquark pairs. The right-hand part shows the gluons that carry the color force
and themselves give rise to quark—antiquark pairs. (Adapted from B. Frois et al.
(1994) Physics World July. IOP Publishing, with kind permission)

4.5 Further Reading

Electromagnetic interactions with real photons or using virtual photon ex-
change between scattering charged particles (particularly electrons scattering
off nuclei) are described in a number of general texts and review papers:

4.1 Arenhovel, H., Drechsel, D. (eds.) (1979) Nuclear Physics with Electro-
magnetic Interactions (Springer, New York)

4.2 Cannata, F., Uberall, H. (1980) Giant Resonance Phenomena in
Intermediate- Energy Nuclear Reactions, in: Springer Tracts in Modern
Physics, Vol. 89 (Springer, Berlin Heidelberg)

4.3 Donnelly, T.W., Walecka, J.D. (1975) Ann. Rev. Nucl. Sci. 25, 329

4.4 Donnelly, T.W. (1996) Adv. Nucl. Phys. 22, 37

4.5 Drechsel, D., Giannini, M.M. (1989) Rep. Prog. Phys. 52, 1083

4.6 Eisenberg, J.M., Greiner, W. (1970) Exzcitation Mechanisms of the Nu-
cleus (North-Holland, Amsterdam)

4.7 de Forest Jr., T., Walecka, J.D. (1966) Adv. Phys. 15, 1

4.8 Faessler, A. (ed.) (1995) Electromagnetic Probes and the Structure of
Hadrons and Nuclei, Progr. Part. Nucl. Phys. 34

4.9 Fuller, E.G., Hayward, E. (1976) Photonuclear Reactions (Dowden,
Hutchinson, & Ross, Stroudsburg, PA)



98 4. Nuclear Physics with Electromagnetic Interactions

4.10 Hofstadter, R. (ed.) (1963) Electron Scattering and Nuclear and Nu-
cleon Structure, a Collection of Reprints with an Introduction, (Ben-
jamin, New York)

4.11 Uberall, H. (1971) Electron scattering from Complez Nuclei (Academic
Press, London)

Over the years electron scattering off nuclei on the scale of the entire nucleus
and concentrating on nucleon motion, has given rise to a large body of infor-
mation on nuclear structure properties. We list a number of review papers in
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5. Exploring Nuclear Matter at High Densities

5.1 Introduction

As was discussed in Chap. 4, it is possible to study the fine details of the
nuclear many-body system using electromagnetic probes. One can go be-
yond this and even observe the mesonic degrees of freedom explicitly, or even
deeper to study quark degrees of freedom in some detail. These observations,
however, are restricted to very local regions inside the atomic nucleus.

A totally different method for investigating the various characteristics
inside the nucleus involves creating a hot, compressed, and highly excited
form of nuclear matter (Fig. 5.1). This heating can act on the whole nuclear
volume and thereby create possible new forms of nuclear matter. Access to
such extreme states is provided by colliding heavy ions, as can be done at a
number of accelerators (e.g., AGS at Brookhaven and SPS at CERN). The
hope is to study such collisions at more dedicated installations like RHIC
(the Relativistic Heavy Ion Collider at BNL) and, further in the future, at
the LHC at CERN.

A number of basic properties of nuclear matter such as the central den-
sity were experimentally established during the 1950s and 1960s via electron
scattering. The result for the central density was 0.17 & 0.01 nucleons/fm3.
Information on the compressibility, another very important parameter char-
acterizing nuclear matter, at the saturation density in atomic nuclei, has been
deduced more recently from studying the compression modes of the nucleus,
e.g., the monopole breathing mode. A value for the compression modulus
K of 200-300 MeV for bulk nuclear matter was thus derived. A third basic
parameter is the binding energy per nucleon in nuclear matter with a value
of 16 £ 0.5 MeV.

The various properties of the nuclear many-body system like density, pres-
sure, p, and internal temperature, T, are not independent variables like in
any other thermodynamic system. They are related via an equation of state
(EOS). A complication in describing atomic nuclei derives from the fact that
the nucleus has a finite volume with surface effects playing a non-negligible
role, in contrast to the effectively infinite volume of nuclear matter. Within
the EOS, one can expect to be able to explore extreme regions where phase
transitions like the one between a nuclear liquid phase and a nuclear gaseous

K EICy AoV ricle oy s oNiaeZlio 1, i Nl /s
@IS ULVEr a2 BE: lin Ferdelbers 1993



102 5. Exploring Nuclear Matter at High Densities

Fig. 5.1. Phase diagram of nuclear matter. The temperature is plotted versus the
net baryon density for an extended volume of nuclear matter in thermal equilibrium.
Normal nuclear matter appears at the point pnm at zero temperature, and this is
the neighborhood explored by low energy nuclear physics. The region of the phase
diagram corresponding to quark deconfinement at a temperature Tc) and chiral
symmetry restoration is indicated. Above T¢, hadrons dissolve into quarks and
gluons. Above the temperature of chiral symmetry restoration, quarks are massless.
The two critical temperatures may well coincide. The trajectories indicated in the
phase diagram, show two paths for probing the quark—gluon plasma with high-
energy nucleus—nucleus collisions. One involves reaching high baryon density among
the hot, compressed fragments of the colliding nuclei, and the other involves very
high temperatures where conditions may approximate those of the early universe.
(Reprinted from RHIC Report: Conceptual Design of the Relativistic Heavy lon
Collider BNL-Report 52195. Brookhaven National Laboratory, with permission)

phase may occur. The study of these phase transitions provides a major chal-
lenge to heavy ion collisions at extremely high energies. When the heavy ions
collide a large volume of the nuclear interior can be strongly heated with a
corresponding increase in the energy density (a factor of 2-10). This occurs
in a highly compressed state which is followed by an expansion phase. This
collision process will give rise to particular flow patterns of nucleons that may
yield important information about the EOS describing the inside of the nu-
cleus. Of course, trying to connect these properties to the nuclear interacting
many-body system, where one should start from a detailed knowledge of the
nucleon—-nucleon interaction as discussed in Chap. 2, is a very ambitious task.
It will involve strong and decisive medium modifications that may change the
nuclear liquid drop phase into totally different phases of matter. These will
be discussed in more detail in Sect. 5.4

In the next three sections we discuss three imporant issues related to the
creation of very dense and strongly heated forms of nuclear matter: (i) the
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fragmentation and multifragmentation of the projectile and target nuclei in
the collision process; (ii) the various flow patterns that are formed in those
collisions and that carry basic information on the nuclear EOS and about
the coherence aspects in the nuclear medium; and (iii) the study of the phase
transitions created by the heavy ion collision processes.

5.2 Nuclear Fragmentation and Multifragmentation

In heavy ion collisions, where energies of about 30-50 MeV /nucleon are
reached, the conditions are such that the projectile velocity approaches the
speed of the individual nucleons inside the target nucleus. The violent col-
lisions will generate nucleons, clusters of particles, and heavier nuclear frag-
ments and the evaporation spectrum can be used as a kind of ‘thermometer’
characterizing the nuclear temperature, T. Recent experiments have shown
evidence that a nucleus can continue to absorb ‘energy’ up to about 6 MeV
internal temperatures. Going above, the nuclear system can no longer contain
the amount of energy and, when approaching the binding energy of individ-
ual nucleons, the atomic nucleus will start to break up into several individual
fragments. It has been observed that, with increasing excitation energy, the
number of particles evaporated also increases. It was originally thought that
one could go on until the ‘boiling’ point of the nuclear liquid was reached,
a situation where all nucleons will separate out of the bound nuclear regime
(the process depicted in Fig. 3.1). The particular process of multifragmenta-
tion has shown clearly that, before reaching this boiling point, the nucleus
changes its mode of deexcitation or cooling and starts breaking up into a
number of fragments of which some can reach quite high mass values. The
threshold for this multifragmentation process is well below the boiling point
and thus it is probably impossible to reach the liquid—gas phase transition in
a continuous way. This is not too unrealistic because nature needs less energy
in order to cool a very hot nucleus into a number of fragments that are them-
selves rather tightly bound compared to a total break-up, i.e., a boiling off
into all the individual protons and neutrons. So, the cooling and heating pro-
cesses are balanced in such a way that optimal divisions and fragmentation
occur for the particular internal energy content.

We illustrate this with the multiplicity distribution of mass fragments as
a function of the incident energy for a central Kr on Au collision (Fig. 5.2).
This multiplicity distribution goes through a maximum at E/A of about
100 MeV /nucleon. It is indicative of the fact that, below this point, large
mass fragments are produced in great number, consistent with a mixture of a
liquid with gaseous parts. At higher energies, the large abundance of smaller
fragments points towards an increasing importance of a vapor system.

Describing these fragmentation and multifragmentation processes is very
difficult since one needs to include both global and local properties in describ-
ing the distribution of quantum fluctuations that appear in a microscopic
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Fig. 5.2. (a) The solid points show the variation in the fragment multiplicities
(NmMr) (to be more precise (Nimr) represents the mean value of the multiplicity
(number) of fragments of intermediate mass per event), as a function of the incident
energy in central Kr+Au collisions. The observed variation is consistent with a
liquid-gas phase transition at around 100 MeV /nucleon. (Taken from NSAC (1996)
Nuclear Science: A Long Range Plan February, with kind permission) (b) The
intermediate mass fragment multiplicity distribution (Nmvr) for Au+Au collisions
with projectile energies of 400, 600, 800, and 1000 MeV /nucleon. The horizontal
axis (Zbound) denotes the sum of the nuclear charge numbers of all products from
the decay of the projectile system, with the exception of hydrogen isotopes. (Taken
from GSI-Nachrichten (1996) Vol. 5)

transport equation. Huge computer calculations based on nuclear relativistic
hydrodynamics and Landau—Vlasov, Boltzmann-Uehling-Uhlenbeck (BUU)
theories yield, at best, only very qualitative agreement with the experimental
results in this energy domain of heavy ion collisions.

5.3 Flow Patterns
in Hot and Compressed Nuclear Matter

On reaching the much higher energy region of head-on collisions between
heavy ions, approaching 1 GeV/nucleon, nuclear matter gets ‘piled’ up in
the reaction zone. The participating nucleons cannot escape rapidly and a
high-density strongly heated region of nuclear matter is formed. The way
in which the momenta of incoming nucleons are transformed into transverse
and longitudinal flow illustrates the high stopping power of the thus created
interaction zone. Because the conditions that characterize this state of nuclear
matter are typical for highly nonequilibrium systems, obtaining a full solution
is a very difficult problem. It basically amounts to the calculation of the
distribution of outgoing nucleons starting from the nucleon—nucleon force,
taking into account its temperature behavior, and using the basic rules of
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quantum mechanics and relativity. This marriage of different elements results
in a highly complicated problem. Its actual solution must be approximated
by implementing specific models.

In one class of model, the atomic nucleus is handled as a liquid droplet
and relativistic hydrodynamics is used to treat the collision process. The
detailed behavior of individual nucleons is not followed but is averaged in a
collective model. First large-scale studies of this type have been performed
by Scheid, Miiller, Hofmann, and Greiner (University of Frankfurt) [5.11]
and also by Chaplin, Johnson, Teller, and Weiss at the Lawrence Livermore
National Laboratory (LLNL) [5.12].

In another almost orthogonal approach, called the cascade model, nuclei
in collision are described as a ‘bag of marbles’ (nucleons). The interaction of
the two nuclei in the collision process is treated by calculating the trajectories
of individual nucleons that are freely moving, except when collisions scatter
a nucleon out of its original path, and where the collisions are described
using the detailed knowledge of the nucleon—nucleon interaction in free space.
This calculation thus simulates the paths in space of the individual nucleons.
Cascade model calculations were first developed by Yariv, Fraenkel [5.14],
and Cugnon [5.13].

Detailed comparisons show the basic differences between the two ap-
proaches. We discuss the results of both hydrodynamic and cascade model
calculations for Nb-Nb collisions, as illustrated in Fig. 5.3. In the initial
phase of the collision process, nuclear matter accumulates in a region not
much larger than one of the separate nuclei. Explosive desintegration follows
shortly after. The imporant differences between the two models only show
up in the later stages of the heavy ion collision. In the cascade model, nuclei
seem to be almost transparent for one another and most nucleons continue
to travel quite close to the direction of the original heavy ion. In the hy-
drodynamic calculations, individual nucleons no longer appear but are put
collectively in a fluid which, in the collision process, gives rise to a zone of
greatly increased pressure, density, and temperature. A strong sideways emis-
sion of nucleons results, perpendicular to the original heavy ion trajectories.
This latter sideways flow can be studied in more detail and is illustrated in
Fig. 5.4 for the “°Ar + 28Pb collision at an energy of 800 MeV /nucleon. In
such a collision, the projectile is moving at about 80% of the speed of light.
The hydrodynamic calculations of Nix and Strottman [5.10] of Los Alamos
National Laboratory and of Buchwald, Graebner, and Maruhn of the Uni-
versity of Frankfurt [5.4] show a developing shock way ahead of the nuclear
matter becoming compressed in the subsequent collision. The resulting pic-
ture (Fig. 5.4) is quite spectacular in illustrating this very high energy process
between atomic nuclei.

The verdict of nature on the question of whether heavy ions colliding
are mainly stopped or appear almost transparent is given in experimental
tests. Early experiments in a joint collaboration by Gutbrod, Stock at the
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Fig. 5.3. In the upper part (a) a hydrodynamical model describing the heavy
ion collision between two Nb nuclei is illustrated. The collision is depicted in
the center-of-mass coordinate system so that the two nuclei seem to be moving
in opposite directions with equal speed. Significant matter flow perpendicular to
the original direction of motion is visible. Calculations have been carried out by
G. Buchwald, Ph. D. Thesis (1984) Univ. of Frankfurt, Unpublished and [5.4]).
The lower part (b) shows cascade model calculations for the same Nb+Nb heavy
ion collision process. Here, the path of each of the individual nucleon is calculated,
with only two-body interactions considered to govern motion. After an initial
state of compression, a nearly uniform angular distribution of fragments results.
Calculations have been carried out by J.J. Molitoris, Ph. D. Thesis (1985) Michigin
State Univ., Unpublished and [5.15]. (Taken from W. Greiner, H. Stécker (1985)
Scientific American January, by courtesy of A.D. Iselin)
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Fig. 5.4. Supersonic shock wave propagating in the collsion of 40Ar (coming from
the left with an energy of 800 MeV/A) with a “°® Pb target. The collision is described
using methods of relativistic hydrodynamics. The arrows represent the velocities of
small volumes of nuclear fluid. The contours indicate isodensity lines. After an initial
compression phase, a shock wave develops, first moving forwards and later sidewise.
In the final stage, when the fused nuclei disintegrate, many fragments are emitted
sideways. The unit of time corresponds to the time taken for light to travel one
fermi (10™'%m). Calculations have been carried out by G. Graebner, Ph. D. Thesis
(1984) Univ. of Frankfurt, unpubl. and [5.15]. (Taken from W. Greiner, H. Stécker
(1985) Scientific American January, by courtesy of A.D. Iselin)

GSI, Darmstadt and a team working at LBL headed by Poskanzer [5.4],
[5.9] concentrating on high-multiplicity events that are the signature of head-
on collisions, mainly seemed to confirm the sideways motion following the
collision.

Unambiguous tests have been made more recently by Ritter, Gutbrod,
and Poskanzer in a GSI-LBL collaboration [5.2]. These experiments used a -
magnificent apparatus called the PLASTIC ball, a spherical shell containing
800 plastic detector elements all surrounding the target position. This detec-
tor is unique in that it not only identifies the number of fragments but at the
same time registers information about the mass, charge, and energy of each
of the individual fragments. In collisions of °Ca on 4°Ca, the results were not
conclusive but in similar collision experiments using *Nb on %3Nb, results
consistent with the outcome of hydrodynamical calculations were obtained.
Even though cascade calculations come to the same conclusions for the light
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elements, the hydrodynamical model seems able to give the more generally
valid predictions.

In some of the highest energy collisions carried out with the PLASTIC
ball, with nuclei of energies as high as 2 GeV /nucleon, the data were consis-
tent with a picture in which the initial projectile and target almost completely
disappear, leaving a huge debris of particles and fragments that diverge from
the center of mass, which is at rest. The analysis of the above collision pro-
cess allowed the effective temperature in the collision zone to be deduced;
it was as high as 1.5 x 102K (equivalent to 150 MeV). This is the highest
temperature ever achieved under laboratory conditions. These experiments
have enabled the EOS to be extrapolated to unknown regions.

So concluding on this part, it becomes clear that the collisions of heavy
ions can supply us with important information about the behavior of com-
pressed nuclear matter. This has direct bearing on such topics as the forma-
tion of neutron stars in the final stages of stellar evolution and on achieving
a better understanding of the EOS of nuclear matter.

5.4 The Ultimate Phase Change:
Quark—Gluon Phase Transitions

Upon further increasing the energy with which heavy ions collide and also
increasing the volume (mass) of the colliding heavy ions so as to create a very
hot, dense zone, one should not be surprised to find that the more ‘classical’
model descriptions (Sect. 5.1) fail to describe such violent collisions.

Classically, when heated, matter melts to become a liquid which can
subsequently boil transforming the matter into a gaseous phase. These gas
molecules can then, after further supply of heat (energy) become ionized
forming a state of matter where the nuclei and electrons coexist in the form
of a plasma.

It was speculated some time ago that nuclear matter, described as super-
fluid system, will at high enough temperature become vaporized (see Sect. 5.1
on fragmentation). A comparison of the corresponding phase diagrams for
water and nuclear matter is carried out in Fig. 5.5. At a still later stage, it
is thought that the “nucleon vapor” may even change into a plasma where
the quarks and gluons coexist over a relatively extended region of space and
time forming a ‘quark—gluon’ plasma. These early speculative ideas have in
recent years been given a solid theoretical and experimental foundation. In
this section we discuss the experimental and theoretical developments that
led to the major results.

Before looking at some of the experimental efforts to reach the optimal
conditions, we briefly consider why the quarks and gluons should actually
form an ‘unconfined’ state at these very high energies and densities. One of
the basic reasons,can.be found intheidea of charge screening which is also a
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Fig. 5.5. Comparison of the phase diagrams [temperature T versus excitation
energy per nucleon (in nuclear matter) or per molecule (for water)] for nuclear
matter and water. The analogies are clearly evident. The“boiling” point at which,
with increasing excitation energy per nucleon, the internal temperature remains
essentially constant, is approximately 50-60x10° K . The data were taken at JINR
(Dubna), CERN (SC) and, the more numerous results, at the GSI (Darmstadt).
(Taken from GSI-Nachrichten (1996) Vol. 5)

well known idea in atomic physics. The force acting between charged systems
in a bound-state configuration is influenced in an important way when many
such systems are packed close together. The Coulomb force, e.g., is subject
to screening in the presence of many other charges (Debye screening) and one
obtains the expression for the screened potential

e” _
Z_ e T/™
T

(5.1)

b

with rp being the screening radius which is inversely proportional to the
overall charge density of the system. If now the Debye screening radius be-
comes smaller than a typical atomic distance scale rgonr, the binding force
between the atomic nucleus and the electrons becomes so well screened that
the increased density may cause the system to change from an insulator to a
conductor. This phase transition was first discussed by Mott [5.36]. Screen-
ing is thus a short-range mechanism that can dissolve the formation of bound
states and one expects this to happen in the nuclear (bound) to quark—gluon
(unbound) phase transition too. This new state would then be a conductor
in relation to the basic charge, which is “color” charge in the theory of strong
interactions or QCD.

In order to observe this phenomenon experimentally one must first under-
stand as well as possible the energy deposition in head-on collisions of heavy
ions with equal mass. Most experimental results come from hadron-hadron
collisions;shadron—nucleus,collisions;zand the fixed target heavy ion collider
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experiments. The central feature in describing these collisions is the concept
of ‘nuclear transparency’ which describes how the atomic nuclei interpen-
etrate in the high energy collision process. Combining all currently known
data, the following picture is emerging (Fig. 5.6). At the low energy end the
colliding nuclei bring each other to rest rather well. At the other, high energy,
extreme the interaction process changes in an unexpected way and the two
nuclei go through each other (they become transparent!) creating two hot,
baryon-rich fireballs moving away from one another at high speed. We shall
return to this process later. The energy at which transparency starts to set
in, or the maximum energy for which the nuclei can still bring each other
to rest, is estimated to be about 5-10 GeV/nucleon in the center of mass
frame. It is precisely at this point that the energy density deposited in the
fragmentation region becomes maximum. At these energies, when the nuclei
pass through each other the nuclear volume has insufficient time to come to
equilibrium, in contrast to the case of lower energy processes. For example,
for two 100 GeV/nucleon Au nuclei colliding head on, the nuclei would liter-
ally pass through each other in such a way that roughly 90% of their energy
remains in the nuclei with little change of direction. This leaves about 10%
of the incident energy to excite the region of vacuum left around the center
of mass. This central region, which is almost fully devoid of nuclear mat-
ter, can become excited to an energy density high enough that the “color”
force of QCD gives rise to the conduction state described above. This in turn
produces an abundance of mesons, baryon-antibaryon pairs. This much is
fairly well established within the theory of QCD. In a more pictorial way this
phenomenon is also known as ‘melting’ the vacuum.

Experiments carried out up to now have used beams of relatively light
ions (160, 28Si, 328) at both the AGS (Brookhaven National Laboratory)
and at the SPS (CERN). In the experiments using a sulfur beam of 6.4 TeV
or with about 200 GeV/nucleon at the SPS at CERN, an energy density of
approximately 2 GeV/fm3 has been reached. Such experiments are charac-
terized by huge hadron multiplicities (see Fig. 5.7) and the formation of a
‘freeze-out’ zone (the region where the nuclei collided and where, after they
have passed, the vacuum is heated so strongly that a quark—gluon plasma
may form in which the entire “zoo” of particle physics may be recreated).
The freeze-out zone in this case has twice the dimension of the projectile.
Thus nuclear systems created in the laboratory can give rise to conditions
that come close to the anticipated critical condition for the formation of a
new phase of matter.

At this point we should also mention the signatures that would give an
unambiguous indication of the formation of a quark—gluon plasma. This is
not an easy subject because the transition between hot, compressed nuclear
matter and the quark—gluon phase is still not well understood. A number of
signals, however, are recognized as most probable indications for the forma-
tion of the quark—gluon phase of matter:
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Fig. 5.6. Illustration of the various possible stages in a relativistic heavy ion (HI)
collision: (i) Initial state before the collision. (ii) Depending on the available en-
ergy all baryons may be stopped in the overall center-of-mass system. (iii) At much
higher energies, nuclei can become almost fully transparent to each other. In this
process nuclear fragmentation regions are situated near the ‘original’ heavy ions
but a highly heated (up to 10'?K) central region may be formed releasing quarks
and gluons into a plasma configuration. (Reprinted from RHIC Report: Concep-
tual Design of the Relativistic Heavy Ion Collider BNL-Report 52195. Brookhaven
National Laboratory, with permission)

1. The abundant formation of photons and leptons, which are not affected
by the strong force, can carry information about the plasma state. De-
tailed studies of their spectra can track the thermal history and give
information about the temperature and the duration of a phase transi-
tion.

2. The production of lepton pairs, technically called di-lepton production,
contains information in their momentum spectra and in their yields.
These observables are directly related to temperature. Unique signals
will be difficult to find experimentally because such di-lepton pairs can
be formed in quite a number of other ways which will form a large back-
ground.

3. A signal that will be most critical to detecting the setting in of a con-
ducting state of quarks and gluons, and thus of “color” deconfinement,
is the formation of heavy vector mesons, in particular the J/y particle.
In a quark—gluon plasma, the quarks “lose contact” because they are
in a conducting state and so have fewer interaction chances resulting in
a decrease .in the formation of} e.g., the J/¢ charmed quark-antiquark
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Fig. 5.7. The many particle tracks produced at the CERN SPS accelerator, pic-
turing the collision of a 323 nucleus with a Au target at 200 GeV/A energies for
the sulphur ions. Hundreds of charged fragments are produced, mostly protons and
pions. (Taken from CERN Annual Report (1990) Vol. 1, with permission)

bound state. Of course, in order to obtain an unambiguous signal one has
to incorporate all knowledge about J/v production in nucleon-nucleus
collisions and in particular the absorption characteristics of J/1 particles
in nuclear matter.

4. If a plasma is formed for long enough that, besides thermal equilibrium,
the equilibrium allowing the formation of large numbers of strange quark—
antiquark pairs is also reached, in the cooling process, a large number
of particles containing strange quarks could survive in the final state
observed in the laboratory.

A number of other signals have been described and suggested but we shall
not go into these technical details. In Table 5.1 we show, for completeness, a
list of the various probes used in the search for a quark—gluon plasma.

There might of course be other unexpected results signaling the creation
of this new state of matter. In the cooling process it would not be wild
to suppose that the plasma may partially condense into strange forms of
matter that do not belong to the normal world as we know it. As this matter
will interact with the more standard particles appearing in our universe,
unexpected phenomena may arise and be detected.

Just recently, preliminary results from the NA50 experiments studying
J/+¢ production in Pb-Pb collisions at an energy of 158 GeV/nucleon at
CERN and comparing to former data obtained from the NA38/NA40 exper-
iments seem torindicate that only about half of the originally created J/¢
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Table 5.1. Experimental probes of new states of matter. (Reprinted from RHIC Re-
port: Conceptual Design of the Relativistic Heavy Ion Collider BNL-Report 52195.

Brookhaven National Laboratory, with permission)

SIGNAL

COMMENTS

Inclusive
particle spectra
Particle interferometry

Indicators
of temperature
size and density

Global event
parameters

Multi-particle Long range
correlations correlations
in rapidity; and macroscopic
Energy flow fluctuations charac-
teristic of first-order
phase transition
AVLVR VN o of Color screening effects Indicators of
suppression in deconfined plasma a phase transition

in dilepton spectra

Particle flavor ratios

Stable multiquark states

suppress heavy quark
resonances

Chemical equilibrium
in hot plasma gives

a large number of
strange particles and

enhanced A/7 ratio

Six-quark and higher
configurations readily

assembled in the plasma

Direct photon
production
(mt = pr)

Lepton pair
production
(virtual photon:

2 _ 2 2
MT = Mpyir + PT)

High-pr jets

mrt < 50MeV :
coherent emission
from local charge
fluctuations

50 < mr < 500MeV :
hadronic decays;
some coherent effects
500 < mt <3GeV:
direct emission

from plasma

mr > 3GeV:
approach to
equilibrium; structure
functions of quarks
and gluons change
and are computable
in perturbative QCD

Measures propagation
of quarks and gluons

Penetrating probes:
direct information

from the plasma

through nuclear matter;
hadronization properties
reflect the “real sea”

of quark—gluon plasma
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particles survive their journey through the interaction zone after the colli-
sion to the outside detectors (Fig. 5.8). Some theorists interpret this strong
supression as an indication that many of the J/i particles are absorbed in
a hotter-than-usual nuclear region which may also be indicative of the for-
mation of a quark—gluon plasma phase, in at least one part of the colliding
fireball. With the planned dedicated RHIC accelerator at BNL (see Box IX)
which is on schedule and should give early results around 1998-1999 and,
much further along the road, with the planning of Pb on Pb collisions at the
planned LHC accelerator at CERN, opportunities to probe the vacuum and
alter its properties will come within reach of physicists.

For example, it will most probably be possible to recreate conditions that
might resemble the early phase in the creation of matter in our universe.

o5} ¢

o 450 GeV p-C, Al, Cu, W
+ 200 GeV p—Cu, W, U F
o 200 GeV O-Cu, O-U, S-U

1n 160 GeV Pb—Pb

Survival probability

0.2 1 1 ] 1 1 1 1 I 1
10

A1I3 + B1I3

Fig. 5.8. The J/v survival probability, after absorption in nuclear matter, as a
function of A3 + B3 in which A and B correspond to the mass numbers of
the colliding systems. The full line (dashed-line) is the survival probability for
the proton-nucleus (nucleus—nucleus) systems. Experimental results are from the
NA40/NA38 and NAS50 collaborations. The abrupt change (in Pb-Pb collisions)
could tentatively indicate the “melting” of a bound hadron into the quark-gluon
plasma state. (Taken from J.P. Blaizot et al. (1996) Phys. Rev. Lett. 77 1703.
American Physical Society, with permission)
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Box IX
RHIC: The Road to the Little Bang

In Brookhaven, in 1991, the construction of RHIC, a relativistic heavy ion
collider began. This accelerator will occupy a 4 km circumference tunnel and
will accelerate countercirculating beams of heavy ions, up to and including
the very heavy Au nuclei, which fully stripped of all its electrons has a charge
of 79%. The energy associated with such an accelerated heavy ion will be as
much as 100 GeV /nucleon!

This unique collider, which will become operational in 1999 if everything
goes as planned, has as its major goal the creation and subsequent decay of a
new state of matter: the quark—gluon plasma. Starting from basic theoretical
concepts of QCD, a state of deconfinement of quarks and gluons could appear
and lead to a color force conducting state of matter. In order to reach these
extreme conditions, most probably those that governed the first milliseconds
of our own universe, one should enable the largest aggregates of known nuclear
matter (very heavy nuclei like Au and Pb) to collide head-on with the above
energies. Thus far, such experiments have been carried out mainly at the AGS
in Brookhaven National Laboratory and the SPS at CERN, where only fixed
target experiments were possible until now. In those experiments glimpses
of the strange behavior of nuclear matter when compressed and heated have
been seen. Extrapolating onwards, some theorists have recently suggested
the possible formation of clumps of the long awaited quark-gluon plasma
starting from Pb+Pb collisions at CERN. It is clear though that a more
dedicated apparatus is needed to allow an optimal study of these phenomena
under controlled laboratory conditions. RHIC will consist of a double ring
of superconducting bending magnets with only a modest bending field of
3.5 Tesla. The individual magnets each have a length of almost 10 m and
one needs 1600 of them to complete the full set-up. There can be up to six
interaction zones where the beams can be made to meet head-on creating the
violent collision events. The beam tubes are much wider than in conventional
proton or electron rings of comparable intensity (up to 8 cm to take into
account repulsive Coulomb effects acting between the highly charged heavy
ions). Moreover, the ions will be fully stripped when brought into the ring
structure to attain the final energy. The machine will also allow asymmetrical
collisions, e.g., between O and Au.

The starting point is formed by two existing tandem Van de Graaff accel-
erators. After passing these, the ion emerges partially stripped of its electrons
at an energy of approximately 15 times its net charge. A 700-m long trans-
fer line will then transport the accelerated ions into the newly built booster
which can accelerate ions as heavy as Au and produce energies of almost
100 MeV /nucleon. Subsequently, these ions will pass through a stripper chan-
nel that will remove all but the innermost electrons: these too will be stripped
off for the heaviest elements. The ions then enter the AGS accelerator which
increases the energy towards 28 ' GeV! for protons and 10 GeV /nucleon for
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Fig. IX.1. The ultrarelativistic heavy-ion collider (RHIC) under construction at
the Brookhaven National Laboratory. The rounded, hexagonal curves are the heavy-
ion storage rings carrying two countercirculating beams of heavy ions around the
4 km circumference. They can be made to collide at six interaction points. The
source—injector systems will use the existing Van de Graaff and AGS accelerators
(Reprinted from RHIC Report: Concep-
ollider BNL-Report 52195. Brookhaven
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Au ions. Then one last stripper will remove any remaning electrons and pre-
pare the ions to be brought into the RHIC accelerator. It then only takes a
short time to produce and shorten bunches of ions and accelerate them up
to the final energy, while keeping them countercirculating across the various
interaction (crossing) points on the ring. The entire layout is illustrated in
Fig. IX.1. A number of advanced collider detectors have been conceived: two
major systems called PHENIX and STAR and two smaller ones, BRAHMS
and PHOBOS. They are under construction at present. The detailed char-
acteristics will not be described here, but suffice to say that they provide
complementary capabilities and will immediately go into use when RHIC is
first started up. A number of initial experiments are already planned and
installed with the following aims:

1. To obtain first results on the energy densities, the multiplicity densities,
temperatures, etc., reached, so as to determine the degree of equilibration
in the Au + Au collisions.

2. To obtain first results on the spacetime evolution of matter under these

extreme energy densities and to study the presence of a possible long-

lived mixed phase.

To study properties related to chiral symmetry.

4. To gather data on the suppression of the J/v particle as a function of
the transverse energy for the Au+Au collisions where one expects initial
energy densities about one order of magnitude larger than those achieved
in experiments with a fixed target.

5. To measure the particles emitted with large transverse momentum.

w

In addition to these heavy ion collider experiments, detailed programs of
proton—proton and proton—nucleus scattering will be performed. These com-
plementary experiments will provide a good understanding of background
processes that might otherwise obscure analysis of the quark—gluon plasma
signals. These many experiments will involve interdisciplinary teams of nu-
clear and particle physicists.

In conclusion, RHIC will provide nuclear physics with a new and unique
apparatus to study the ultimate structure of nuclear matter under extreme
conditions of temperature, pressure, and density. Its most important con-
tribution may well turn out to be something totally unexpected by way of
information about new forms and unexplored regions of matter.

5.5 Further Reading

Studies of the equation of state (EOS) using heavy-ion collisions are reported
in a large body of references. Here we refer to a book devoting extensive
discussion _to the equation of state.
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6. The Nucleus as a Laboratory
for Studying Fundamental Processes

6.1 Introduction

Because of its structure of protons and neutrons which, in the bound nu-
cleus, are sensitive to the strong, weak, and electromagnetic interactions, the
atomic nucleus can serve as a very specific “laboratory” for testing how these
basic interactions behave together. It should be possible to probe physics at
the intersections of nuclear physics with fields as varied as particle physics
(tests of particle properties, tests of the standard model, ...}, atomic physics,
quantum physics and astrophysics (see Fig. 6.1). The very important issue of
nuclear astrophysics will be discussed in much more detail in Chap. 7.

It will become clear that under certain conditions the atomic nucleus may
act as a ‘magnifier’ of important aspects that would otherwise be difficult
to study. The study of neutrino properties is an example: Neutrinos can be
studied in great detail near the end-point of beta decay and the consequences
of neutrino properties can be deduced from experimental work on double beta
decay.

Before going in more detail and refraining from an exhaustive list, one
should mention aspects that

(i) pertain in large part to tests of the standard model and to searches for
new physics beyond it, and,

(ii) study the consequences of even tiny violations of the conservation laws
in physics.

In the next sections we shall concentrate on those nuclear physics tests
that carry important information about neutrino properties (beta decay, dou-
ble beta decay, intrinsic neutrino properties), formulate some general conclu-
sions about the role of nuclear physics in this very important domain of tests
of the ‘fundamentals’ of physics, and, finally, discuss symmetry tests for the
invariances of the basic interactions (T violation, P violation, electric dipole
moment of the neutron, etc.).

K. Heyde, FromiNicleoys to the Atom i Nuc/cus
@IS ULVEr a2 BE: lin Ferdelbers 1993
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PARTICLE
PHYSICS

ASTRO-
PHYSICS

Fig. 6.1. Schematic illustration showing the important position occupied by the
atomic nucleus in relation to fundamental experiments in atomic physics, astro-
physics, and particle physics, as well as for testing basic concepts in quantum
physics.

6.2 Beta Decay and Double Beta Decay:
A Road to the Neutrino Mass

In studies of the weak interaction, which causes a proton to be transformed
into a neutron, a positron, and a neutrino, or a neutron into a proton, an
electron, and an antineutrino, detailed experiments, measuring near the end-
point of the electron spectrum, e.g., in tritium beta decay, have given upper
limits for the neutrino mass. The probability of finding an electron with a
given energy E. in beta decay exhibits a very specific dependence on the
neutrino mass mp,, on the total energy released in the beta decay process,
E and on the electron energy, E, in the spectum of electrons emitted in this
beta decay process, given by the form

’ml—,g ct

(E - E.)?’

x4/1— (6.1)
This has allowed detailed tests of energy spectra near the point where the
electron carries away almost all the energy available in the decay process
(Fig=6:2)=Because the-energyreleases(called the Q-value in technical terms)
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in the beta decay of tritium is only 18.6 keV, this nuclear beta decay process
has been studied in great detail. There has been quite some controversy about
these measurements and subsequent experiments by Bergkvist and Lubimov
were in disagreement about the neutrino mass (Fig. 6.3). The more recent
data all seem to be consistent with an upper limit for the electron antineutrino
mass of 10 eV.

Situations can also arise where the mass of a nucleus is such that the
regular beta decay cannot occur but a second-order process, called double
beta decay, is possible. This process which proceeds through the intermediate,
virtual, states for the second-order process (see Fig. 6.4 for a schematic view)
can be described in second-order perturbation theory by the expression

(F|Hinel)) = > (!in,E[nz(gfmm |

(6.2)

and a very crude estimate for the timescale of these processes is given by the
square of a typical single beta decay matrix element.

In its simplest form double beta decay can be depicted as the second order
process (Fig. 6.5a)

XN =G Yna e  +e + 0 + T, (6.3)

with the emission of two electrons and two electron antineutrinos. A few
parent nuclei that might decay via this mechanism are 4Ca, 9%Zr, 1°°Mo,
116Cd, 124Sn, IBOTe, 150Nd, and 2387,

The lifetime estimates are typically of the order of T/, ~ 10%y for an
energy release of 2.5 MeV and this double beta decay has been observed by
geochemical techniques through the extraction of the Z + 2 daughter nuclei
out of an ore of the original Z mother nucleus (Table 6.1) .
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Fig. 6.3. Fermi-Curie plots for the tritium (*H) beta decay. The data on the
left-hand side are from Bergkvist and are fully consistent with a vanishing neu-
trino mass, and exhibit an upper limit of 57 eV. The more recent data from Lubi-
mov (right-hand side) seem to favor a slightly non-zero neutrino mass of ~ 30 eV.
(Adapted from Bergkvist et al. (1972) Nucl. Phys. 39, 317 (left part), and Lubimov
et al. (1980) Phys. Lett. 94B, 266 (right part). Elsevier Science, NL, with kind
permission)

Fig. 6.4. A simplified set of
level energies for three con-
secutive nuclei (Z, Z+1 and
Z + 2) where single beta de-
cay from Z — Z + 1 is im-
possible. In this situation, a
double beta decay process,
proceeding through a set of
intermediate (virtual) levels
in the nucleus Z + 1, is pos-
sible. (Taken from K. Heyde

Z 1 2+2 Basic Concepts in Nuclear
i n f Physic ©1994 IOP Publish-
ing, with permission)
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Fig. 6.5. Schematic illustration of the
double beta decay process in which
two neutrons are transformed into two
protons, two electrons, and two elec-
tron antineutrinos (a). In the lower
part (b), neutrino-less beta decay is
shown. Here, in simple language, one
of the emitted electron antineutrinos
is absorbed as an electron neutrino,
transforming the neutron into a pro-
ton and an electron. (Taken from
K. Heyde Basic Concepts in Nuclear
Physic ©1994 IOP Publishing, with
permission)

Table 6.1. Summary of selected double beta decay results. (Taken from K. Heyde
Basic Concepts in Nuclear Physic ©1994 IOP Publishing, with permission)

FEzperiment Calculation
Geochemistry Laboratory Doi Haxton
et al. et al.
[6.8) [6.10]
76Ge
T2 (20)(y) 2.3 x 102 3.7 x 10%°
TV2 (0v)(y) > 3.7 x 10% 9.4 x 1022
m, (eV) < 16 <7
8286
Tije (2v)(y) 1.5 x 20%° (1.0£0.4) x 10'° 1.5 x 10*® 1.7 x 10%°
TV (0v)(y) > 3.1 x 10* 3.2 x 10%2
m, (eV) < 33 < 12
130:]:\e
T2 (2v)(y) 2.6 x 10% 26 x 10°' 1.7 x 10%°
T2 (0v)(y) 2.5 x 1022
m, (eV) < 130
130/128Te
T)55 1% (1.0+1.1) x 107*
m, (eV) <5 <5
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There are, however, more exotic ways to describe double beta decay pro-
cesses. Within certain forms of Grand Unified Theory (GUT) there is no
strict conservation law for the leptons and so neutrino-less beta decay could
be possible (Fig. 6.5b). Laboratory experiments to discover the actual way
in which double beta decay processes occur are of fundamental importance
in nuclear physics and far beyond. Figure 6.6 shows the energy spectrum in
double beta decay in the regular case and for the non-standard neutrino-less
beta decay. All has to do with whether the neutrino is a Majorana or a Dirac
particle (charge conjugate state to the original neutrino is identical (different)
to (from) the original neutrino itself) or, expressed in symbols, whether

Clve-) = |7e-) = |ve-)(M)

or

Clve-) = [Pe-) # |ve-)(D) . (6.4)
The beta decay particle balance then appears as follows

QXN ——>‘§+2 Yn_o+e +e , (6.5)

with the creation of just two electrons. This distinction between a Majorana
or Dirac nature was tested a long time ago in the Davis experiment where a
clear cut difference between the electron neutrino and electron antineutrino
was proven. Davis thus concluded that the electron neutrino was not a Ma-
jorana particle. The demise of parity conservation in the weak interaction
by the ground-breaking experiment of Wu changed this early interpretation.
It was shown that neutrinos and antineutrinos were particles with different
helicity (different screw type) so the right-handed antineutrino could never
match a left-handed neutrino

n—p+e” +7-(R),
V- (L) +n—p+e” . (6.6)

Thus, the double beta decay process would be strictly forbidden even if
the electron neutrino was a Majorana particle. These statements are only
strictly true, however, if the electron neutrino and antineutrino are massless
particles. Therefore, the double beta decay experiment, carried out under
strict laboratory conditions, and the determination of the character of the
neutrino, become of very basic importance.

The first full laboratory experiment studying the double beta decay pro-
cess was performed by Elliott, Hahn, and Moe and for the nucleus ¥2Se which
decays into 82Kr giving clear-cut evidence for the emission of two electrons
during the decay process. More recent experiments using enriched "°Ge de-
tectors have come up with limits close to 1 eV for electron neutrinos that have
Majorana character. The precise analyses depend on the theoretical calcula-
tion of a number of nuclear properties but ongoing experiments should enable
an improvement of the upper limit by a factor of 5. A summary of existing
experimental and theoretical results for double beta decay processes is given
in Table 6.1.



6.3 The Elusive Neutrino 127

+, o+
= ovpp
\ Fig. 6.6. The two-electron energy
spectrum for a 0% — 0% double
2vBp beta decay process. Distinction is
made between the two-neutrino
and neutrino-less situations, de-
B noted by 2v88 and Ov38, respec-
— tively. (Taken from K. Heyde Ba-
IO N SN DN B N B i sic Concepts in Nuclear Physic
0.5 1.0 (©1994 IOP Publishing, with per-
FRACTION OF DECAY ENERGY mission)

DECAY RATE IN ARBITRARY UNITS
|

154
=3

6.3 The Elusive Neutrino

Almost 40 years after their first discovery, the basic properties of the neutrinos
(at present three families have been observed: the electron-, muon-, and tau-
type neutrinos), remain largely unknown. We do not yet know if the neutrino
is distinct from its antiparticle, nor whether it has a non-zero rest mass. A
large number of experiments have provided strict upper limits (see Sect. 6.2)
but no lower limit has yet been set.

Besides the major production of neutrinos in nuclear reactions (through
the beta decay of the fission products, which are neutron rich and trans-
form into more stable elements producing electron antineutrinos), neutrinos
are amply produced in the solar burning process where protons fuse into
heavier elements (deuterium, helium, ...), as will be discussed in Chap. 7 in
more detail. Solar neutrinos provide a unique way to study the internal solar
physics. However, the neutrino—nucleus cross-sections are only of the order
of 1043 c¢m? making it very difficult to register these neutrinos in detectors
on earth, despite the very large neutrino flux at the earth’s surface (about
101 cm=2 57 1),

Two important facts concerning neutrino processes and their detection
are:

(i) solar neutrinos have been observed under controlled laboratory condi-
tions;

(ii) the number of detected neutrinos is substantially lower than predicted
from solar models.

In order to discuss what these two experimental facts imply about neu-
trino physics we need to consider:

(i) the neutrino production mechanisms in the fusion reactions in the sun;
(ii) the detection in the various types of detectors available;
(iii) possible implications for the intrinsic neutrino properties;
(iv) planned future experiments.
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6.3.1 Neutrino Production Mechanisms

The various reactions that produce neutrinos in the solar interior are summa-
rized in Table 6.2. The energy spectra for these different reactions showing the
relative contributions to the observed neutrino flux are illustrated in Fig. 6.7.

Table 6.2. Solar neutrino production reactions. (Taken from K. Langanke,
C.A. Barnes (©1996 Adv. in Nucl. Phys., Vol. 22. Plenum Publishing Corp., with
permission)

Reaction Maximum E, (MeV) Flux (10*° cm™2s71)
p+p—2H+et +v 042 6.1
p+te +p—H+~y 14 1.5x1072
"Be+e — "Li+v 086 (50%) 4.0x107}
0.38 (10%)
5B »8%Be+et 4+ v 14.06 4.0x10™*
BN BC4+et+v 120 5.0x10~2
B0 5 BN et +v 173 4.0x1072
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Fig. 6.7. The energy spectrum of solar neutrinos, as predicted from the standard
solar model. The solid lines correspond to neutrinos produced in pp-chains, dashed
lines to neutrinos produced in the CNO-cycle (see Chap. 7). The various processes
are discussed in more detail in the text and also in Table 6.2. (Taken from Oberauer
et al. (1992) Rep. Progr. Phys. 55, 1093. IOP Publishing, with permission)
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It is seen that the most basic reaction in which two protons are fused into
a deuterium nucleus, producing a positron and an associated electron neu-
trino, gives by far the largest contribution but the neutrinos produced in this
reaction have an upper energy limit of 0.42 MeV. At the other extreme, neu-
trinos produced in the beta decay of 8B are the only ones that have energies
exceeding 2 MeV and go up to about 16 MeV but their production rate is
very low compared to the p+p fusion reaction.

6.3.2 Neutrino Detection and the Missing Neutrino Problem

All of the detectors used to register neutrinos on earth have certain thresh-
olds: if one wants to detect as many neutrinos as possible, in particular those
producing the largest contribution to the total flux, one has to use reactions
that have as low a threshold as possible, preferably below 0.42 MeV. The
neutrino capture rates in the various experiments are so tiny that they are
measured in the unit SNU (for Solar Neutrino Unit) which corresponds to
10736 captures per second and per target atom. The main detectors are:

(i) In the Homestake mine (South Dakota), which was the first dedicated
neutrino detector and started data taking in 1970, one uses the inverse
electron capture reaction on 37Ar, i.e.,

Ve +37Cl — e~ +37 Ar, (6.7)

with a threshold at 0.814 MeV. So this reaction is sensitive mainly to the
higher energy neutrinos produced in the beta decay of ®B. Only about
32% of the predicted neutrino flux is detected in this experiment.

(i1) The Kamiokande detector, originally conceived to detect the possible
decay of the proton, has been taking most interesting neutrino data from
the 1987a supernova and from the sun. This detector is a Cerenkov water
detector and thus uses the scattering of electron neutrinos off electrons.
The threshold is rather high at about 5 MeV. This detector is exclusively
sensitive to the 8B decay neutrinos, which it has been detecting since
1985.

(iii) The Gallex detector is a huge detector made of 30 tons of gallium. It
detects neutrinos through the reaction

ve+1Ga—e” +71 Ge, (6.8)

with a threshold at 0.233 MeV. This detector was constructed primarily
to respond to the major source of neutrinos, i.e., the p+p fusion reaction.
It is situated in the Gran Sasso tunnel in Italy and has been taking data
since 1991. Gallex detects about 60% of the predicted neutrino flux.
(iv) The Sage experiment uses the same reaction as in Gallex but with 60 tons
of metallic gallium. The detector is located in a mine in the Caucasus
mountains and has been taking data since 1989. In this experiment the
neutrino detection rate'is; at most, 56% of the predicted value.
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One general conclusion is that, compared to the standard solar model pre-
dictions of Bahcall, there is a striking deficiency in the neutrino detection rate.
The problem so created is a serious one because the reaction cross-sections
producing the neutrino flux inside the sun are well known. Measurement of
the production rates of those elements that are at the origin of neutrino
emission is of major importance. One of those reactions, the "Be(p,v)®B re-
action (radiative proton capture), is very critical and efforts are under way
to measure the production cross-sections corresponding to solar tempera-
tures (energies) using radioactive ion beams. More details will be discussed
in Chap. 7.

6.3.3 Neutrino Mass and Neutrino Oscillations

The problem of the missing neutrinos could be solved by assuming that a
number of the electron neutrinos that induce the reactions measured in the
various detector set-ups change their character into other flavors of neutrinos.
This assumption is not as wild as it might seem because, a non-zero but even
tiny mass implies ‘neutrino-oscillations’ between the three different flavors
and so could explain the missing neutrino problem and ascribe a non-zero
mass to the electron neutrino at the same time.

A number of explanations for the missing solar neutrinos have been put
forward; all imply physics beyond the standard model of particle physics,
and all imply that some of the neutrino species are not massless! We shall
not discuss the details of the suggested solutions simply referring to the vast
literature that exists on neutrino physics. We concentrate here on the idea
that the physical neutrino states are not identical to the neutrino eigenstates
that correspond to the free Hamiltonian.

Within a two-state model, considering only the electron and muon neu-
trino types (ve and v, as the physical states, and vy, v, the correspond-
ing mass eigenstates), as in ordinary quantum mechanics, a state prepared
in a given configuration at a given initial time ¢y can evolve according to
the time-dependent Schrédinger equation. If we denote the physical neutrino
eigenstates at time ¢t = 0 as linear combinations of the mass eigenstates:

|Ve) = cos By |v1) + sin by |vy)

|vu) = —sinfy|vy) + cosby|vy) (6.9)
with a mixing angle 6,, the time evolution results in states at time t, given
by

|Ve>t = CcOs 9Ve_iE1t|y1> + sin 9ve_iE2t[1/2)

Ve = — sin6,e ™ F1¢u1) + cos bye " F2 1) (6.10)

where E; and E5 are the masses of the two mass eigenstates |v1) and |vg).
It is now easy to evaluate the probability that an electron neutrino, which
starts evolving at time ¢'= 0yistransformed into a muon neutrino at time .
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It is given by
(vu|ve)|? = sin® 26, sin? (rz/Ly) , (6.11)

where z is the distance traveled by the neutrino and L, the “vacuum neutrino
oscillation” length which itself is given by the expression

4
L, = o —md (6.12)
In this way the neutrino flavor can be modified. Several experiments have
been carried out to search for such oscillations without unambiguous success
although some hints for oscillations between muon antineutrino and electron
antineutrino flavors starting from positive muon decay at rest have recently
been found by the Los Alamos LSND collaboration.

The current status seems to indicate that neutrino oscillations in vacuum
between the site of production (the interior of the sun) and the detector on
earth would need a rather implausible fine tuning of the various quantities
appearing in (6.11), i.e., of the quadratic mass difference, the mixing angle,
the travel of distance x, and the average neutrino energy. This severe con-
straint does not seem to be necessary if neutrino oscillations are assumed to
take place mainly in the solar interior (including interactions with matter).

Mikheyev, Smirnov, and Wolfenstein (MSW) [6.31], [6.32] have developed
a model which can explain in a rather natural way the combined Ga, Cl, and
Kamiokande neutrino detection results. In this approach, which is discussed
at length by Langanke and Barnes [6.24], Oberauer and von Feilitsch [6.25],
and Van Klinken [6.45], an electron neutrino can change into a muon neutrino
by a resonant interaction.

Even for small mixing angles for oscillations in vacuum, an effective con-
version of the neutrino spectrum can occur because the electron density inside
the sun changes with radial distance from the center. Near the solar centre,
the electron neutrino is primarily in the state |v2) but at the solar surface,
it again reaches its vacuum value. A global solution from the MSW model
implies a small Am? value of the order of < 10™* eV? indicating that elec-
tron and muon neutrinos should have almost equal mass. This is illustrated in
Fig. 6.8 and is evidence that the MSW mechanism can simultaneously explain
the observed neutrino fluxes for the various detectors currently in operation.
In this figure, the upper left part is excluded because of accelerator, reactor,
and atmospheric observations. Contours for fixed SNU values show MSW
interpretations compatible with the various detector experiments. The full
black regions are allowed by all three detectors.

The various detectors now operational all suffer from very low event rates
and poor resolution. Therefore, a number of very ambitious direct counting
detectors are planned, which should provide a final solution to the longstand-
ing problem of the elusive neutrino.
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Fig. 6.8. Bound regions on neu-
trino oscillations in Am?j and
sin” 8;;. The top right region is ex-
cluded by accelerator, reactor, and
atmospheric observations. Iso-SNU
lines for solar neutrinos indicate
the MSW interpretation of solar-
neutrino observations: The area be-
tween full lines is allowed by the Ga
experiments, between the dashed
lines by the Cl experiments, and
that between the dotted lines by
Cerenkov experiments. The black
zones denote regions allowed by all
three detectors (at a 90% confi-
dence limit). At the bottom, there
remains a small region for a long-
wavelength interpretation of so-
lar neutrinos. (Taken from J. van
Klinken (1996) J. Phys. G 22, 1239,
IOP Publishing, with permission)

6.3.4 Planned New Neutrino Detector Experiments

A number of new detectors are currently being constructed.

(i) The Sudbury Neutrino Observatory (SNO) in Canada is a detector us-
ing heavy water where deuteron dissociation induced by neutrinos is the
reaction detected. The two possible reactions in this case are

Ve+d—->p+p+e”
v, +d—=p+n+u, (6.13)

where the first reaction is induced by the charge changing interaction
and can only be induced by electron neutrinos, whereas the second, the
neutral interaction, can be initiated by all three types of neutrino. It now
all depends on the spectrum of neutrinos appearing at the detector: If
the MSW mechanism is indeed active, then the various species of neu-
trino'should'bepresentiin'therincident spectrum and the neutral reaction
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should dominate over the electron neutrino induced type. The final state
(p+p+e~ versus p+n+v) should make it easy to identify the reaction
that actually takes place and so an unambiguous signal should appear
from this experiment. Needless to say, everybody is anxiously awaiting
the start of this experiment.

(ii) Super-Kamiokande, an upgraded version of the earlier Kamiokande ex-
periment, sensitive to the high energy 8B neutrinos, should have sensi-
tivity that is sufficiently improved to observe possible distortions of the
electron spectrum at low energy.

(iii) The Borexino detector, under construction in the Gran Sasso tunnel, will
be constructed from liquid scintillator material and will be sensitive to
the flux of low-energy neutrinos produced in electron capture reactions
on "Be.

(iv) A number of deep underwater detection set-ups are planned using mega-
tons of HyO, see [6.45].

With all these experiments starting up soon, detailed data on the precise
neutrino spectral distributions will become available and will enable stringent
tests of the solar model. The SNO experiment, which has been planned as the
ultimate trap forcing the neutrino to reveal its true mass nature, will allow
us, in the coming years, to finally get to grips with the neutrino. It will at the
same time yield answers to deep questions relating to the problem of missing
mass within the universe. A possible solution to the ‘dark matter’ problem
may well be found at SNO within a couple of years!

6.4 The Essentials of the Neutron:
Famous for 14 Minutes 49 Seconds

The free neutron decays into a proton, an electron, and an electron antineu-
trino with a half life of 14 m 49 s, an observable that has been determined to
rather good precision only very recently. Accurate measurements of various
properties of the neutron: half-life, decay asymmetries, electric dipole mo-
ment, magnetic properties, etc., have an important bearing on the precision
of the standard model of particle physics.

A precise determination of the half-life of the free neutron has been a
long-term effort and only quite recently, in 1990, Byrne, Dawber and co-
workers succeeded in obtaining a really precise value of 893.645.3 s (the
variation in measurement of this half-life over the last 35 years is illustrated
in Fig. 6.9). The team working at the ILL, Grenoble detected not the electron
final decay product but the protons. Because the protons, as decay products,
are relatively slow moving and have charge +e, they can be trapped in a
device called a Penning trap where the combination of electric and magnetic
fields holds them in this ‘electromagnetic bottle’ to be counted. In the neutron
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beam at the ILL, about 4 x 10° neutrons passed through the ‘bottle’ every
second leaving behind just 10 protons from the radioactive decay.

Another method based on the decay of ultra-cold neutrons measures the
number of surviving neutrons rather than the number that decay. The ob-
served lifetime was in quite good agreement with the Penning trap measure-
ment. In 1992 the accepted half-life was 889.1+2.1 s.

The neutron half-life, the various angular and polarization correlation co-
efficients in free-neutron beta decay, as well as log ft values (log ft value is
a reduced beta decay half-life and separates out the energy dependence into
a comparative half-life) in Fermi superallowed 0t — 0% beta decay all con-
stitute some of the most stringent and best tests for the V-A (vector/axial-
vector current) structure of the weak beta decay process. In the case of the
now very precise neutron half-life, limits on possible departures from the
standard model can be set. The neutrino half-life is also related to the pri-
mordial deuterium and helium content in the universe. This has to do with
the fact that in a Universe at temperatures of around 10!° K, protons are
continuously changing into neutrons (beta decay and inverse electron capture
by protons were in statistical equilibrium). With the cooling of the universe,
this process departs from equilibrium and neutrons start to decay one-sidedly
into protons, electrons, and electron antineutrinos. At temperatures near to
10° K the neutrons start sticking to protons to form primordial deuterium
nuclei with the strong force overcoming thermal dissociation. Thus, at about
a time of 200 s after the formation of the universe, most neutrons got stuck in
deuterium nuclei and thence in He nuclei. These processes and the subsequent
primordial deuteron and “He content are highly sensitive to the neutron half-
life. Calculating in the reverse direction, from the observed values of those
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primordial abundances, a neutron half-life of close to 890 s was derived, much
lower than that previously measured, even in the second half of the 1980s.

Another most interesting result from the precise neutron half-life com-
bined with the value of the primordial *He-to-proton ratio is a prediction
of the number of neutrino families. The outcome was a value of 2.6+0.3 for
the number of neutrino families, a prediction that has been advancing the
experimental result on the number of neutrino families as obtained recently
at LEP from the decay width of the Z° particle.

The neutron, first identified by James Chadwick at Cambridge in 1932,
has many important things to say about a wide spectrum of physics. We
refer to a number of more detailed papers and a recent book concentrating
at great length on the many properties and characteristics of the neutron
[6.36](6.39].

6.5 Breaking of Fundamental Symmetries:
Low-Energy Tests

Symmetries have always been a basic guiding principle along the road to a
better understanding of fundamental interactions and in searching for unifi-
cation schemes in physics. Detailed tests of the various symmetries we expect
to find in describing the laws of physics are therefore of the utmost impor-
tance. Discovering symmetry-breaking effects is actually an indication that
we do not yet fully understand the most elementary processes and the way
to describe them. The experimental fact, that on the level of the weak force
(e.g. beta decay), left-right symmetry no longer holds was what enabled iden-
tification of the rules unifying the electromagnetic and weak forces into the
electroweak theory. We shall discuss here some tests of time-reversal breaking
as well as of the detection of nuclear parity violating effects.

6.5.1 Tests of Time-Reversal Invariance

In general, one expects that on a microscopic scale the particles that are
influenced by the basic forces and governed by a set of equations of motion,
will not be affected by a change in the way that time runs (backward or
forward direction).

The only well-known case where time-reversal symmetry is broken (usu-
ally called T violation) has been obtained from the study of the decay of the
neutral kaon particle. A deeper understanding of what causes time symme-
try to be broken bears on our understanding of important questions such as
the baryon asymmetry as it appears in the particle content of our universe.
Specific nuclear and particle tests for T violation can be made in the study
of the possible existence of electric dipole moments in the neutron, electron,
andrcertainmnucleimnDetailedssearchessfor the electric dipole moment in the
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neutron over the years, with ever-increasing sensitivity since 1950, have been
giving more and more stringent tests of the theoretical description of such T-
violating effects in the basic theories. We illustrate the increasing sensitivity
limits in Fig. 6.10.
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Fig. 6.10. A compilation of the results of the continuing search for a non-vanishing
electric dipole moment for the free neutron. The various predictions stemming from
theoretical models and constraints are indicated on the right-hand side of the figure.
(Taken from NUPECC Report (1991) Nuclear Physics in Europe: Opportunities and
Perspectives November, with permission)

These experiments require ultra-high precision rather than of the use of
large accelerators. Here, the increasing ingenuity of experimental research
at small accelerator facilities in university laboratories in isolating and ma-
nipulating even a single atom is apparent. Using electromagnetic trapping
methods, and cooling atoms with lasers, one is able to determine the basic
properties of atoms and particles with enormous precision.



6.5 Breaking of Fundamental Symmetries: Low-Energy Tests 137

6.5.2 Tests of Parity Violation in Nuclear Physics

The major goal here is to determine the strength of the coupling constant for
that part of the weak nucleon—nucleon force component which breaks parity
as a good quantum number. Within the nuclear many-body system, a number
of effects can play an amplifying role enabling one to study the relative role
of the strong and weak force components inside the atomic nucleus.

Starting from the full Hamiltonian containing a large parity-conserving
part and a very small parity non-conserving (PNC) contribution

H = Hy + Vpne (6.14)

lowest order perturbation theory leads to a mixing in the parity of nuclear
eigenstates given by the relation

RRIVEDY o Ponclborlig, )

=¢y+ + 6¢J— - (6.15)

Here, the typical strength of the PNC matrix elements is of the order of 1 eV
and energy denominators are of the order of 1 MeV and so mixing amplitudes
are of the order of 1076,

A favored testing ground for parity violating effects are very close-lying
parity doublets in light nuclei. Here, one needs in addition very precise infor-
mation about nuclear wavefunctions in order to single out the precise PNC
effects.

There are a number of types of experiment that are particularly interesting
for testing PNC:

(i) The study of cases where an observable would vanish exactly were it not
for PNC. The alpha decay of unnatural parity states to 0t groundstates
like 160(27) — 12C(0%) + « gives direct access to the parity-violating
matrix element;

(ii) Interference between PNC and PC matrix elements in the determination
of pseudoscalar observables. A common variable is the circular polariza-
tion P, = (o.p,) of gamma rays emitted by unpolarized nuclei. As we
discuss in a separate technical box (Box X), an amplification factor arises
that greatly facilitates the determination of the circular polarization in
light nuclei.

(iii) Interference between PNC and PC matrix elements for scalar observables.
As a result, the observable is of second order in the weak component and
so can be neglected in the first instance when studying PNC effects in a
nuclear medium.

The detailed and precise alpha decay branching in 0(27) leading to
12C(0%) directly gives the PNC decay width of (1.03 4 0.28) x 10710 eV,

The study of interference effects (ii) is particularly interesting because
herevonerdetectsygammarradiation'with very good statistics. In Box X we
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Fig. 6.11. The upper part of the figure illustrates the transmission of neutrons
through the target of 232Th. The large dips correspond to well-known resonances.
The lower part plots the difference in transmission between left- and right-handed
polarized neutrons. The strikingly large differences at certain energies correspond
to weak resonances which, however, violate parity ( up to ~10%). The experiments
were carried out at Los Alamos National Laboratory. (Taken from NSAC (1996)
Nuclear Science: A Long Range Plan February, with kind permission)

shall discuss in some detail the parity mixing effect occurring in light nuclei
as deduced from the measurement of circular polarization.

Other interesting parity-violating effects can be studied by performing
scattering experiments, which can be of the following types:

(i) scattering of polarized electrons or,
(ii) scattering of polarized protons off the proton, and,
(iii) polarized neutron scattering off atomic nuclei.

The quantity that is measured in all of these cases, the asymmetry Aexp is
defined by the expression

ot —o~
ot +o-
where + and — denote the helicity of the polarized projectile that is scattered
off the unpolarized target.

In the scattering of polarized cold neutrons at Los Alamos, extraordinarily
large parity-violating effects have been observed. Even though the fractional
parity violation in the nuclear strong force is only about one part per million,

effects on the order of 1/10 have been observed and so large enhancement

Aexp = y (616)
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effects in the nuclear medium must be at work. The results for the transmis-
sion of neutrons on 232Th are shown in Fig. 6.11 (upper part) where the large
dips are caused by a number of well-known resonances.

The lower part shows the scattering asymmetry and the large differences at
certain energies are caused by weak resonances which lead to parity-violating
effects of the order of 10%. The mechanisms causing these very big enhance-
ments are not yet well understood.

Similarly, the p-wave scattering of polarized neutrons on 13°La, in which
the number of transmitted neutrons indicates a strong p-wave resonance at
0.75 eV, shows a particularly large scattering asymmetry indicating parity-
violating effects (Fig. 6.12).
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These large effects can be understood in terms of the fact that, near thresh-
old, neutron widths (penetrabilities) are proportional to the factor (kr)2+1.
Through the parity-violating component in the strong force, coupling between
p and s resonances can result, and this gives rise to the PNC observable being
proportionalitonI(s)/ T (p)]* 2wecmty/ kr. In the particular case of 13%La +
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n, the amplification factor for detecting the PNC amplitude itself is almost
760. Experiments by Alfimenkov et al. [6.47] were able to derive a PNC ma-
trix element of the order of 1 x 1073 eV. A detailed but schematic model
explaining the amplification factor in this case has been discussed by Richter
(see caption of 6.12).

Box X
Parity Violation in Light Nuclei

In light nuclei, one can find cases where two levels are very close-lying, allow-
ing parity mixing to be detected through the observation of circular polar-
ization of gamma radiation deexciting these states. A number of good cases
- 14N, 18F I9F and ?!Ne - are shown in Fig. X.1.

Al=0 (+2) Al=1 Al=0+1, odd p Al=0+1, odd n
s34 10 5337 1
- 3662 33
8776 01 )5 )
8624 01
1304p 2195 y
2789 14
Y 4 l 4
w915 00 1081 070
1042 0*1
110 13 ‘
1+0) T 1 i1
Hy 18 19 2INe
AE 152-206i keV 39 keV 110 keV 5.7 keV
AE' 3703 keV 3134 keV 5337 keV 3662 keV
VT, /T, =105 IM1/E = 112 M1/E1 =11 IM/E1] = 296

Fig. X.1. Parity-mixed doublets in various light nuclei. The particular transi-
tions displaying the amplified parity non-conservation are shown in each case. The
numbers, denoted by AF, are the smallest energy denominators governing the par-
ity mixing amplitude using perturbation theory. The numbers below indicate the
various “amplification” factors. (Reprinted from the Annual Report of Nuclear &
Particle Science (©1985, Vol. 35. Annual Reviews Inc., with permission)
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In the particular case of !3F, one has a 0% and a 0~ level with an energy
separation of AE = 39 keV and an excitation energy of about 1 MeV. From
first order perturbation theory and defining the PNC mixing amplitude € as

_ {(+|Vencl-)
€T T 30keV (X.1)

one obtains for the parity mixed wave functions
|1081) = |-) + €|+)
[1042) = |+) — ¢|-) , (X.2)

and the resulting value for the circular polarzation variable caused by a small
admixture of the 07 state into the 0~ level at 1081 keV becomes

6(98|M1|+)}

P, 2 2Re
! { (gs|E1|-)

1R
|

=

le°]

2 (gsIM1|+)
39 {('HVPNCI—') (gs|E1|—) }

= 2 Re{ (+1Vincl-) (Z)/ >< (%)m} . (X3)

The amplification factor then becomes nearly 112 (the sign, however, cannot
be determined by this method). From the data on '®F, the absolute value of
the PNC matrix element emerges as |(Vpnc)| < 0.09 eV. Theory (Haxton,
[6.42]) gives a result of 0.37 eV.

6.6 Further Reading

We begin by referring to the references of Chap. 1 which include a number
of books concentrating on general nuclear physics. There, beta decay is pre-
sented in some detail. Because beta decay is a particularly important issue a
number of books completely devoted to this topic, for example, are given:

6.1 Hoistein, B. (1989) Weak Interactions (Princeton University Press,
Princeton, N.J.)

6.2 Strachan, C. (1969) The Theory of Beta Decay (Pergamon, New York)

6.3 Wu, C.S., Moszkowski, S.A. (1966) Beta Decay (Wiley, New York)

Here, we are particularly interested in the end-point of the energy spectrum
giving information about a possible non-vanishing neutrino mass. This is
discussed in detail by

6.4 Holzschuh, E. (1992) Rep. Prog. Phys. 55, 1035
6.5 Holzschuh, E., Fritschi, M., Kiindig, W. (1992) Phys. Lett. B287, 381

The issue of double beta decay is most important. Geochemical evidence has
existed for quite some time but the'detailed observation of double beta decay
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under controlled laboratory conditions is quite recent. We first give a popular
text, then some review papers, and a result from recent experiments.
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7. The ‘Cosmic’ Connection:
Nuclear Astrophysics and Onwards
into the Stars

7.1 Introduction

Recently, a large number of new links between nuclear physics and astro-
physics have been made. A totally new discipline has emerged at the inter-
section of these research fields. It goes under the name of nuclear astrophysics.

Some of the major goals relate to the energy production in stars and
are relevant to fields as diverse as basic nuclear physics, astronomy, particle
physics, and the study of basic symmetries in physics. A second essential
topic that has been pursued for a couple of years albeit in an experimental
phase, is that of element synthesis. After the early work of Burbidge et al. it
became clear that nuclear physics is the basis for understanding the way all
the elements observed in our universe have been ‘synthesized’.

In the recent years techniques in nuclear physics made possible the pro-
duction of radioactive elements and their acceleration up to the energies
found in stellar environments. This has enabled the study, under controlled
laboratory conditions, of a number of nuclear reactions that are a fundament
to element synthesis. The techniques related to radioactive ion beams (RIB)
have become a major research topic and will remain so in years to come.
Imagine that one can recreate reactions in a controlled way at acclerator fa-
cilities — reactions that are responsible for element formation in the universe
and thus on earth too.

7.2 Element Synthesis

7.2.1 The Principles and Upwards to ¢Fe

In this very short story of element synthesis, which has now been told a few
times in manners varying from the strict scientific evolutionary schemes to
the more narrative short stories of how the elements as we know today were
formed mainly inside stars, we would like to tell the lifestory of a star from
the viewpoint of a nuclear physicist.

There are two parts in the road: the first part describes how, through
consecutive fusion reactions, elements up to %6Fe have been formed and the
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second part describes how subsequent neutron capture has led to the forma-
tion of many of the heavier elements in the universe.

In the typical burning stages following the big bang, the cooking pot
containing gamma radiation, electrons, neutrinos, neutrons, protons, and the
lightest elements created in this primordial synthesis constituted most of
the matter and radiation of the early universe. Small amounts of deuterium,
isotopes of He, and "Li had been formed at this stage (Fig. 7.1). The earliest
stars consisted almost entirely of hydrogen and helium. Most of the heavier
elements were produced during stellar evolution and they contribute at most
about 2% of the total mass of the universe.

Fig. 7.1. Illustration of the pro-
duction of light elements in the
big bang phase. The primeval abun-
dances of D, 3He, “He and “Li
can be simultaneously accounted for
by a baryon density in the inter-
val 1.5 — 4.5 x 1073 gem ™2 (shaded
region). This density is far below
the critical density, shown by the
dashed line. (Taken from M. Turner
(1996) Physics World September,
Vol.9, No.9. IOP Publishing, with
permission)

The elementary burning phase brings the p+p reaction into action near
temperatures of 1 — 4 x 107K and is at the origin of *He formation. There
are quite a number of variations in the precise nuclear reaction chains but all
these chains will inevitably end up with 4He and complete the transformation
process from four protons into a single He nucleus. As was discussed in
Chap. 3, the nuclear binding energy per nucleon increases up to iron, so
the above reactions are exothermic. Stars that burn hydrogen into helium
are called main sequence stars and about 90% of the lifetime of stars of the
appropriate mass is spent in this burning phase.

The p-p process (and also the CNO cycle) gradually transforms the hy-
drogen in the central region of the star while a He core is forming. During
the evolution, the core temperatures continue to rise and reach values of
1.5 — 2.3 x 108K which is the threshold temperature for starting the He
burning process! Typical nuclear téactions happening at this stage include
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the fusion of three He nuclei into a '?C nucleus and the 2C(a,v)®O reac-
tion. The story of the intermediate processes where two alpha particles fuse
into a 8Be nucleus with the subsequent capture of a third alpha particle, even
within the very short lifetime of 8Be, forms the basis of a “heroic” piece of
astrophysics in which Hoyle proposed some of the basic schemes to explain
the observational facts.

The above is the typical story associated with the synthesis of the most
abundant elements up to mass 2°Ne with the exception of “N, which is
formed in the CNO cycle.

At this stage a carbon—oxygen core develops within a core where He gets
exhausted in the reaction processes, which is itself surrounded by a H shell.
The subsequent burning processes are ignited when the core temperatures,
after gravitational contraction, reach the threshold values.

But here, a number of different paths are possible depending on the orig-
inal mass of the forming star. At present these are not fully known.

In stars with approximately the solar mass, the carbon-oxygen cycle will
be the final stage inside the stellar core and most stars of this type will end up
as a white dwarf. Stars of a few solar masses up to about eight solar masses
will also end their life as a white dwarf, although, the upper mass limit is not
so well known. From the nuclear astrophysics point of view, the heavier stars
with masses above about eight solar masses are the most interesting ones:
Here most of the heavier elements can be formed. In these heavy stars, after
further gravitational contraction, carbon burning begins at temperatures of
about 6 — 9 x 108 K. This burning process now starts producing elements
such as neon, sodium, magnesium, and small amounts of aluminum. These
heavy stars can enter a new steady state of burning. In those conditions,
with more neon formed, the next burning stage sets in with neon burning
beginning near temperatures of 1.4 — 1.7 x 10° K. In this burning stage, a
large number of high energy photons are produced and photodisintegration
starts to become an important factor in the process of producing elements of
higher and higher Z value. At this stage, stars become rather complex entities
where many nuclear reactions are producing heavier elements, the whole star
maintaining a balance between the energy radiated away via photons and
neutrinos and the mass of the star tending to contract.

At the end of the carbon and oxygen burning stages, the most abundant
nuclei are 28Si and 32S. A star in the appropriate mass region will then
start to contract again due to gravitation resulting in the initiation of other
reactions. Before these reactions start, the high photon flux will break up
(photodisintegrate) a large number of the nuclei already formed. The final
outcome of this process is that 28Si is the major species remaining intact.

At temperatures of about 3 x 10° K one reaches a point where photodisin-
tegration of 28Si also becomes possible and also where the Si burning process
sets in. In this phase of burning, a very large number of nuclear reactions
take place but all have a general tendency of shifting the final nuclei towards
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the region where nucleons are most strongly bound in the nucleus (i.e., the
iron region).

When a star has reached this stage, a variety of nuclear reactions are
occurring in the various shells surrounding the rapidly growing iron core.
One gets a very specific onion-like burning structure in the star where, like in
a big ‘cauldron’, elements are formed up to the critical phase where nucleons
are most strongly bound in a given nucleus and no more energy can be gained
by fusing into still heavier elements.

Near to this stage, the mass of a star can no longer be balanced by energy
production inside the star and a nova or supernova explosive phase begins.
These processes are outside of the domain of this text and we refer to the
astrophysics literature for the details. However, we would like to point out
that, under these extreme conditions of the stellar evolution, a very precise
knowledge of the basic nuclear reactions and nuclear physics are critical for
understanding the way in which the ‘cosmic’ process is evolving.

One of the obvious questions now is how the heavy elements up to the
uranium region could have been formed. The answer is that a sequence of
neutron capture processes and subsequent beta decay processes in compe-
tition, known in astrophysical language as the slow (s process) and rapid
(r process), make possible the long route to the formation of the heavier nu-
clear species. These processes form a big chapter in the study of astrophysics.
They represent the fine-tuned cooperative action of nuclear physics processes
within an extreme environment of stellar burning and have been described
in great detail. This description forms one of the great epics of our basic
physical knowledge, going all the way back to the early universe.

7.2.2 Slow and Rapid Neutron Capture

The formation of heavy elements far beyond *6Fe, the seed nuclei, is the result
of a unique set of nuclear processes in which fusion can no longer play any role
due to the endothermic nature of the fusion process beyond *6Fe. The heavy
elements are formed instead through a chain of neutron capture reactions
with subsequent beta decay. The difference between slow (s process) and
rapid (r process) capture reactions will be discussed in some detail because
here, the nuclear physics plays an important role in our understanding of
element formation and in explaining, e.g., the abundance of elements in our
solar system.

The neutron capture primarily forms elements starting from the Fe seed
nuclei. The source of the rather low energy neutrons is reactions like (a, n)
on 22Ne and 13C where the alphas are highly abundant during He burning
in the stars. The small neutron abundance then causes a particular path to
be formed in which the half-life for neutron capture is much longer than
the beta decay half-life. So, this particular condition implies a path that lies
mainly along the valley of beta stability because the capture process follows
altimescalerdictated by thevariousibeta decay processes (see Fig. 7.2 for
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an illustration of this process). One can follow this process in great detail
starting at %6Fe throughout the mass table. One thus finally arrives at the
element 21°Bi which is unstable with respect to a-decay and one observes a
cycling back into 2°6Hg, thereby ending the s process.

T T T T T T T T T T T T, T T
100 | mo 8, 238 g
b/
90 - - Wy AR i
B v \ o
80 €XY) ]
70 - 3 Subsc\dmt\u E
B - Decay .

Z 60 b
sof N :
0 -56Fe Seed ‘ _____d/" Fission i
ol \ :
R |
20 r““ 1 ] Nl= 50 1 1 1 ]
1 1 1 1 1 1 1 1 1
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

N

Fig. 7.2. A schematic representation of the mass table showing in particular the
r process, in which heavy elements are formed through a series of rapid neutron
capture and beta-decay processes far from the region of beta-stability, and the
s process path. (Taken from R.P. Wang et al. (1992) AAPPSB Bulletin, June, Vol.
2, No. 2, with permission)

One of the prerequisites for the whole process to take place steadily is
a large enough neutron density. These conditions are fulfilled in particular
during the He burning stage in stars. When, at a later stage, these elements
get ejected into the interstellar medium through novae and supernovae events,
the basic material in the universe is constantly being enriched. There is clear-
cut evidence for sharp peaks in the abundance curve near neutron closed shell
configurations which can only result from the existence of such a slow neutron
capture process (Fig. 7.3).

On inspecting the abundance curve in some detail, one finds evidence for
a number of additional broad peaks at around 8-12 mass units prior to the
s-process abundance peaks. This indicates that other capture processes where
neutrons are involved have to take place in order to produce those elements
as well being responsible for the production of elements beyond 2°°Bi. This
is called the rapid or r process.

In order for this process to work effectively, one needs a very large neutron
flux, with densities typically of the order of 102 cm~3. Here, the process is
suich that a given starting nucleusis capturing a large number of neutrons and
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Fig. 7.3. The r-process abundances as a function of the mass number A. Sharp
and pronounced peaks at A = 80,130 and 195 are clearly visible. (Adapted from
insert in Fig. 15. in The Isospin Laboratory: Research Opportunities with Radiactive
Nuclear Beams, Report LALP 91-51, with permission)

so proceeds along an isotopic chain. This long sequence only stops if (i) an
isotope is formed with a very short lifetime for beta decay, or (ii) the (y,n)
process occurs much faster than the neutron capture. These conditions, as
is seen by inspecting known mass tables and studying properties of highly
unstable nuclei, are reached almost 20-30 mass units beyond the stable iso-
topes for a given element. An r-process path then evolves along the neutron
drip line region and can be derived under the waiting point approximation
which takes into account that the time scale for neutron capture is much
shorter than that for the beta decay processes. So, before beta decay starts,
an equilibrium in abundances builds up.

Astrophysicists, generally, believe that the r-process nucleosynthesis sites
are situated in the inner and neutron-rich ejected layers of stars after a super-
novae explosion. Depending on the neutron density at the various places, dif-
ferent elements will form the starting point and so different r paths will result.
In this process almost all elements between the line of stability and the neu-
tron drip line will take part in the r-process nucleosynthesis and this amounts
to about 5000 nuclei. In this process, reaching far out beyond known nuclei,
theoretical mass formulas that predict nuclear masses are greatly needed.
There are still many uncertainties in extrapolating our present-day know-
ledge of nuclear physics (Chap. 3) towards the region of the drip line where
weakly bound nuclei are obtained. This field of nuclear physics is itself one
of the major topics of research at present, but contains in addition much po-
tential for astrophysics purposes. Besides theoretical nuclear physics studies,
experimentalists are trying to approach as close as possible to this drip line
region. The known stable nuclei are too far away from the drip line region
butywithrtheradvent of new facilitiesithat allow the acceleration of radioac-
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tive ion beams and yield the appropriate target-radioactive element (beam)
combination, one can explore new regions of nuclear matter and gain a better
understanding of these extreme conditions.

At some stage, the neutron density and temperature in the stellar envi-
ronment will drop and so the conditions for r capture cease (or “freeze out”).
The final result is that the r-capture elements decay back towards the valley
of beta stability leading to the formation of, e.g., the actinide elements which
have very long beta decay half-lives.

It has become clear that, in the course of the element formation, the initial
nucleus through which a given path passes is unstable (radioactive) in most
cases. This insight yields a better understanding of the CNO cycle, the s-,
and r-processes. With the advent of new experimental techniques in creating
intense beams of radioactive elements, a number of critical stellar reactions
can now be carried out under controlled laboratory conditions. This is an im-
portant motivation for constructing a variety of radioactive ion beams which
can explore and study the ‘nuclear ashes’ formed in the stellar interior. The
last few years have therefore seen something of an ‘explosion’, with a large
number of proposals for creating (i) radioactive ion beams with well-defined
astrophysics purposes and (ii) facilities that will provide astrophysicists and
nuclear physicists with a large spectrum of radioactive elements with ener-
gies up to and beyond the Coulomb barrier energy. These features will be
discussed in the next two sections.

7.3 Why Radioactive Ion Beams Are Needed
and How to Produce Them

7.3.1 Why Do We Need Radioactive Ion Beams?

As discussed in the previous two subsections, the production of the many
elements that are observed in our present-day universe is the result of burn-
ing processes inside stars, on top of which a very large variety of nuclear
reaction processes act to synthesize the heavier elements and the proton rich
nuclei. Because the temperatures are high enough to create charged particles
with energies that approach the Coulomb barrier energy, the nuclear burning
occurs on a timescale of seconds.

A quantitative understanding of the observed abundances requires a
knowledge of cross-sections such as (p, v) and (@, ), and of the many other
types of reactions involved. For many elements, half-lives are of the order of
a day or longer. In such cases, radioactive targets can be constructed and the
subsequent reactions studied. In the majority of the most interesting cases,
however, half-lives are too short (of the order of a few seconds or minutes) so
that beams of these radioactive elements have to be made and accelerated up
to the appropriate energies in order to induce the critical nuclear reactions
determining the precise paths in'the (/V, Z) mass plane in the synthesis of
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the elements. The two major production methods will be discussed in some
detail and, in the next section, applied to a number of reactions in the CNO
cycle of light element formation.

Charged-particle induced reactions are very important for the study of
light elements up to the Fe region. In this domain, the theoretical calculations
using Hauser—Feshbach methods are far too inaccurate because the presence
of certain resonances can dominate a given reaction at the appropriate energy.
In a number of cases, inverse kinematics is preferable, but in those cases too,
restrictions are present because the levels to be reached in the original or
inverse reactions can often be quite different.

Another class of reactions that carry essential information about nuclear
processes inside stars are the various capture reactions like (p,7) and («, %)
for which the inverse reactions can be studied using Coulomb break-up in the
field of a heavy nucleus.

In most cases, direct measurement of the various cross-sections, using the
appropriate RIB, is by far the best approach but it may often be a technically
difficult task to produce the appropriate beams and accelerate them to the
energies needed.

Radioactive ion beams are particularly useful at energies up to 1 MeV/A
with high intensities allowing the measurement of cross-sections as discussed
before. On the higher energy side (10-20 MeV/A) one can determine reaction
cross-sections in another, otherwise inaccessible, energy window, albeit in an
indirect way.

|
7.3.2 How Can Radioactive Ion Beams Be Created?

We shall now discuss the various ways of producing radioactive ion beams
(RIB) and a number of the latest developments in this field.

Exotic beam facilities can be characterized by the production mechanism
of the radioactive elements, which will subsequently be accelerated up to
the appropriate energy. The isotope separator on line (ISOL) technique and
the projectile fragmentation method are the two basic approaches. They are
depicted schematically in Fig. 7.4. The precise outline for a typical example
of both (Louvain-la-Neuve for the former and GANIL for the latter) will be
discussed in more detail in a technical (Box XI) on RIB facilities.

In the ISOL method, radioactive isotopes far away from stability are pro-
duced by bombarding a thick target with a high-intensity beam of protons,
alpha particles, or light ions. The radioactive nuclei are separated out of the
target in the form of atoms or even molecules. Then they are ionized within
a specific ion source (this is in most cases one of the most difficult technical
steps along the chain) and subsequently accelerated up to the required energy
in a second accelerator. These radioactive ion beams, also called secondary
beams, are then themselves directed towards a target in order to study the
particular nuclear reaction of interest.
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Fig. 7.4. lllustration of the ISOL (upper part) and projectile fragmentation (lower
part) methods for producing high-intensity radioactive ion beams. (Taken from
Proposal for Physics with Ezotic Beams at the Holifield Heavy-Ion Research Facility
©1991, eds. J.D. Garrett, K.D. Olsen)
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Table 7.1. Existing and proposed ISOL exotic beam facilities. (Taken from Pro-
posal for Physics with Exotic Beams at the Holifield Heavy-Ion Research Facility
©1991, eds. J.D. Garrett, K.D. Olsen)

Facility Driver RIB Mass Maximum Status
Accelerator  Accelerator Range Energy”
Louvain- K =30H" K =120 13 0.65 Achieved
la-Neuve cyclotron cyclotron
30-MeV p
ARENAS 3 K =120 45 MV < 30 1.5 Proposed
Louvain- cyclotron SC linac

la-Neuve 80-MeV p

HHIRF K =100 25 MV < 80 5-13 Operational
ORNL cyclotron tandem
60-MeV p
EB88 K =30H" K =140 < 30 140 (Z/A)?>  Discussed
LBL cyclotron cyclotron
30-MeV p
ISAC K =500H- Linac < 60 1.5 TISOL
TRIUMF cyclotron exists
500-MeV p Proposed
PRIMA 1.0-GeV p Linac <27 1.4 ISOLDE-3
CERN synchrotron exists
Proposed
JHP 1.0-GeV p Linac < 60 6.5 Proposed
KEK linac
Rutherford  800-MeV p Linac or < 80 6.5 Under
Lab synchrotron  synchrotron study
ISIS (into ISIS) 45-120
ISL* - - <220 10 Under
study

* in Units: MeV per nucleon, or MeV/A

There are of course many variants of this scheme for producing RIB, sev-
eral of which are at present still on the drawing board or under construction.
Variations exist, for example, in the choice of the light elements to acceler-
ate into the heavy target in the initial phase. Here, in the primary beams,
one can use protons of rather low energy (20-50 MeV) or very high energy
(1 GeV at CERN) proton beams, or one can even use heavy ions. There are
also several ways of extracting the nuclei produced and of ionizing them (we
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Fig. 7.5. Comparison of the maximum energy per nucleon (E/A) as a function of
the nuclear mass number A for various existing and proposed exotic and radioactive
ion beam facilities, based on the ISOL technique. The Coulomb barrier height is
also given for comparison. (Taken from Proposal for Physics with Ezotic Beams at
the Holifield Heavy-Ion Research Facility ©1991, eds. J.D. Garrett, K.D. Olsen)

refer to specialized literature on this point) and, subsequently, of choosing a
second accelerator to give the radioactive ions the desired energy.

At present, there is only one such facility actively working at Louvain-
la-Neuve with the HHIRF just becoming operational. This will be discussed
and outlined in more detail in a technical box (Box XI). In brief, it consists
of a 30 MeV, 500 pA proton cyclotron as a first accelerator and an electron
cyclotron resonance (ECR) ion source followed by a K = 110 MeV second
cyclotron accelerator. Here the K value is connected to the maximum energy
per nucleon delivered by the cyclotron, W™2* through the relation

W™ = K (¢/A)? (7.1)
with ¢ the ion charge and A the atomic mass number. For a proton, one
obtains W™2* = K . Running this combination in the optimal mode, one can
produce RIB with energies of 0.5 MeV/A and 108 — 10° particles per second.

Quite a number of other projects (see Table 7.1) will be based on this tech-
niquesin Burope(at'GANIL) CataniajISOLDE CERN, PIAFE at Grenoble)
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Fig. 7.6. Comparison of the energy per nucleon (E/A) as a function of the nuclear
mass number A for various existing projectile fragmentation exotic beam facilities
together with the maximum E/A value for the proposed extension of the HHIRF.
The Coulomb barrier height is also shown for reference. (Taken from Proposal for
Physics with Exotic Beams at the Holifield Heavy-Ion Research Facility ©1991, eds.
J.D. Garrett, K.D. Olsen)

and in the USA (Oak Ridge), in Japan (ISN, Tokyo), and in Canada (TRI-
UMF).

A second, important method relies on a different mechanism of nuclear
fragmentation. Here, a high-energy beam of stable heavy ions is accelerated
onto a target of light nuclei with the subsequent fragmentation of the projec-
tile into many nuclei, of which a large number are radioactive and which are
emitted almost exclusively in the forward direction. The desired RIB with
energies almost of the order of the primary beam are separated from the pri-
mary beam and from the other fragments (the details can be found in many
technical reports and articles) and are directed towards a second target for
experiments to be performed.

Here again, as the ISOL technique, there are a number of variants that
already exist or are being planned for various energy of the primary beams,
various separation methods, and, sometimes, with the addition of an extra
ring that can accumulate radioactive ions and cool them for specific pur-
poses. Examples of this method are operating at GANIL (Caen), RIKEN
(Japan), MSU (Michigan, USA) with a number being designed and/or under
construction.
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The maximum energy reached (per nucleon, expressed as E/A) is illus-
trated for both the ISOL technique (Fig. 7.5) and the projectile fragmentation
method (Fig. 7.6).

Box XI

A Short “Tour” of Radioactive Beam Facilities

Unique possibilities have opened up with the recent and forthcoming ra-
dioactive ion beam facilities. They will allow the study of a large domain of
physics, extending across various borderlines that previously separated nu-
clear physics from, e.g., astrophysics, cosmology, particle physics, or solid
state physics.

In this technical box we discuss in some detail two typical existing facil-
ities concentrating on the prospects for carrying out experimental programs
related to nuclear astrophysics. These are: the project at Louvain-la-Neuve,
a typical ISOL type for the production of secondary beams and GANIL, the
“Grand Accelerateur National d’Ions Lourds” which produces higher energy
radioactive ions beams using projectile fragmentation.

Finally, we survey the existing projects and their stage of development.

The approach used at Louvain-la-Neuve, as outlined before, comprises
two cyclotrons, coupled on line via an intermediate ion source of the electron
cyclotron resonance (ECR) type. It is outlined in Fig. XL.1.

Fig. XI.1. Schematic drawing of
the radioactive ion beam facility at
Louvain-la-Neuve. A two cyclotron set-
up is used here. (Taken from Dar-
quennes et al. (1990) Phys. Rev. C42,
R804. American Physical Society, with
permission)
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The first CYCLONE 30 accelerator is used to produce large numbers of
radioactive nuclei that are extracted from the first target, made into atomic
or molecular form, and ionized in the ECR ion source. Following a transport
phase, the radioactive ions are then injected into the second stage cyclotron.
This accelerator delivers the RIB with the desired energy to study nuclear
reactions at the end station.

Some of the main advantages of such a two-accelerator set up are: (i) a
broad spectrum of radioactive ion beams can be produced over an energy
interval of 0.2 to about 2 MeV/A, energies that are particularly suited for
the study of reactions of astrophysical importance. Here, the first radioactive
ion beams of 13N in a 1% charge state have been produced with an energy of
0.65 MeV /A and an intensity of 1.5x108 particles/s. This was made possible
with the 30 MeV, 100 pA proton beam produced at the CYCLONE 30 cy-
clotron, which was directed at a target located in a large concrete wall used
to separate the vaults of the two cyclotrons. Large amounts of 3N were pro-
duced there through the reaction *C(p,n)!3N. The ®N was then extracted
from the original '3C target in the form of Ny molecules (**N!4N). These
molecules were transferred to an ECR ionization source, especially designed
to optimize the production of the 1t charge state in the atomic ions. These
particular ions were subsequently extracted from the ECR source, analyzed
according to mass, transported, and injected into the second cyclotron CY-
CLONE. The latter cyclotron has been modified in particular to optimize the
acceleration at the lower energy side so as to produce accelerated radioactive
ions in the energy region of 0.65 MeV/A. These ions are particularly well
suited for studying reactions of astrophysical significance. The accelerated
13N 1% ions were extracted from CYCLONE, directed through a switching
magnet towards a thick stopper plate and the 3% activity deposited there
was measured. It was confirmed that the radioactivity was indeed due to 3N
by controlling the decay half-life.

The first physics experiment carried out with this beam was the study of
the 1¥N(p,7)'40 reaction which is crucial to understanding parts of the hot
CNO cycle. The aim was to study the direct gamma capture width through
the direct proton capture into the dominant resonance at 0.445 correspond-
ing to the above stellar temperature scenario. A number of other dedicated
radioactive ion beams have been developed since and are included in Table
7.2 of the main text.

The GANIL accelerator facility at Caen in France has a long-standing
tradition of accelerating a large spectrum of heavy-ion beams. Much has been
learnt since 1979 about projectile fragmentation for producing and studying
reactions induced by radioactive ion beams.

At present, GANIL produces high intensity beams for ions from 2C up
to 38U at energies of 96-24 MeV/A. Great efforts have been made to im-
prove the beam intensity with the aim of later producing radioactive ion
beams. To reach this goal, the primary heavy-ion beam accelerated by the
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Fig. XI1.2. Layout of the future installation SPIRAL at GANIL. The primary beam
of the CSS2 cyclotron can be directed either to the present experimental area or
to SPIRAL. After production, ionization and magnetic separation, the secondary
beam is injected into the CIME cyclotron. The accelerator beam is then sent to the
experimental hall. (Taken from A.C.C. Villari et al. (1995) Nucl. Phys. A588, 267c
and M. Lieuvin, Spiral Project Leader. Elsevier Science, NL, with kind permission)

GANIL cyclotrons (see Fig. XI.2) will bombard a production target in a well-
shielded underground area. The ten-fold increase in intensity, available at
present (1996), is at the same time beneficial for the high-energy radioactive
ion beams prepared by projectile fragmentation. The radioactive ions thus
produced will be at high temperature (about 2300 K) and will pass into a
ECR ionization source. After extraction from this source, the low-energy RIB
will be selected by a relatively low resolution separator (Am/m = 4x1073)
and injected into a new cyclotron CIME. The design and construction of this
post-accelerating cyclotron (a K = 265 cyclotron) is the result of a collabora-
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tion between GANIL and the Institut de Physique Nucleaire (IPN) at Orsay.
After acceleration, with final energies between 1.8 and 25 MeV/A, a special
magnetic selection will be carried out before the RIB is directed into one of
the experimental areas. The details can be found in the full description of the
project SPIRAL which should become operational in 1998 with experiments
planned for the end of 1998 and beginning of 1999.

Thus, at GANIL, the unique combination of producing, in the same place,
a spectrum of ISOL radioactive ion beams, as just described, and in flight
production of high-energy radioactive ion beams through projectile fragmen-
tation will clearly form the basis for a very broad research program.

Besides these two facilities, several upgrades of existing facilities and new
projects are coming on line. Extensive and comparative studies have been
made, concentrating on the specific and complementary possibilities of these
various facilities. A very interesting publication is the “Isospin Laboratory”
newsletter which brings regular news from the various laboratories producing
RIB; this newsletter can be consulted to follow developments in the coming
years. In conclusion, we draw attention to the important investments, both
in R&D and in fundamental physics, that are being made at the following
institutions: Oak-Ridge (HRIBF — Holifield Radioactive Ion Beam Facility),
NSCL (National Superconducting Laboratory at Michigan State University),
ATLAS at Argonne National Laboratory, a radioactive ion beam project
ISAC at TRIUMF in Canada, upgrading the Notre-Dame/Michigan existing
facilities. In Europe, besides Louvain-la-Neuve and the SPIRAL project at
GANIL, there are projects at ISOLDE CERN (the REX-ISOLDE project),
PIAFE in Grenoble where the high-flux reactor at the ILL is being linked
with the cyclotron facility at the ISN. In Japan, the RIKEN facility which
is already operating, has major plans to construct a versatile and large-scale
RIB facility.

7.4 Studying the Nuclear Ashes
in the Laboratory

With the present means of accelerating radioactive ion beams, one can study
a number of key reactions in the long chain of element synthesis, from protons
right through to the heaviest elements known in the universe today.

We shall discuss some of the reactions that have been studied in detail by
using low-energy light radioactive ion beams, concentrating in particular on
the reaction *N(p, 7)!*0, a key reaction in understanding the CNO cycle.

Many stars, similar to our sun, are emitting the energy produced in the
burning of four protons into a *He nucleus via a chain called the CNO
(carbon-nitrogen—oxygen) cycle, first discovered by H. Bethe. For this discov-
ery he'later received the 1967 Nobel prize in physics. This cycle is shown in
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Fig. 7.7 and illustrates the catalytic action of the '?C in the transformation
of four protons into a single “He nucleus with the simultaneous liberation of
a large amount of energy. There is an interesting point in the study of this
chain: At a large enough temperature, in what is called the ‘hot’ variant of
the original (now called ‘cold’) CNO cycle, the radioactive element formed,
13N, may capture a proton and so form 4O which then can decay back into
the stable element 4N. This variant is particularly important because it may
lead to a ‘break-out’ from the CNO cycle leading to the formation of heavier
elements. In order to draw quantitative conclusions one has to know in much
more detail the cross-section for proton capture in 3N with the subsequent
formation of 14O. This proton-induced reaction is dominated by a resonance
at 0.445 MeV center-of-mass energy in the 3N+p system, which corresponds
to the first excited state in 14O at 5.17 MeV.

Fig. 7.7. The various reaction steps characterizing the ‘cold’ and the ‘hot’ CNO cy-
cles, starting from *2C and producing *He from four protons. (Taken from M. Huyse,
P. van Duppen (1991) Natuur en Techniek October, with permission)

Concluding, this reaction depends critically on the possibilities for pro-
ducing the radioactive element 3N in sufficiently large numbers. This beam
must then be accelerated up to the appropriate energy to induce the 1¥N+p
reaction: In a typical star; **Nvis forined within a time scale that is large
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on the astronomical level. Under laboratory conditions, we can create the
appropriate isotope by bombarding 13C with protons. One has to remember
that natural carbon consists to 98.9% of 2C and only 1.1% of the isotope
13C. So, in the first step of acceleration, the first cyclotron accelerates pro-
tons to create the necessary >N nuclei which have to be separated out of
the target, ionized, transported to the cyclotron, and then themselves ac-
celerated in order to induce the *N+p reaction in inverse kinematics (see
also Fig. 7.8). In the first stages of producing the appropriate RIB of 1°N,
a huge contamination of 13C was present because, after the reaction on the
first target, in addition to separating out the radioactive 3N, the element
13C with almost the same mass is very difficult to distinguish and also gets
ionized and brought into the second accelerator phase. After a large number
of technical improvements, a sufficiently intense beam was produced, allowing
the reaction *N(p, 7)!*O to be studied.

Fig. 7.8. The two steps, drawn schematically as separate reaction channels, needed
to produce 0. In the first phase, the p + 3C — N* — 3N + n reaction is
performed using CYCLONE-30. Subsequently, *N, as a radioactive ion, is acceler-
ated in the second cyclotron CYCLONE and induces the 3N + p — 10* — 10
+ < reaction. (Taken from M. Huyse, P. van Duppen (1991) Natuur en Techniek
October, with permission)

Three different types of measurements have been performed in this case:
(i) the direct determination of the proton-induced reaction cross-section in-
tegrated over the 0.445 resonance, which has yielded the radiative width of
this particular resonance; (ii) the determination of the spectroscopic factor
for the 1*N(d,n)'O (ground-state) transition; and (iii) a direct measure-
ment of the energy and width of this resonance through the study of the 3N
+p elastic scattering in the resonance region. All these data have allowed a
number of important astrophysical quantities to be calculated and have also
confirmed experimentally, under laboratory constraints, the importance of
the *N(p,v)!*O reaction in nova processes.

In Table 7.2, we indicate the characteristics of various accelerated RIB at
the facility in Louvain-la-Neuve.

Another interesting capture reaction is the °Ne(p, v)?°Na reaction which
could lead to escape from the hot CNO cycle and is situated in the chain

15O(a,'y)lgNe(p, 7)20Na(ﬂ+)2ONe ] (7.2)
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Table 7.2. Characteristics of the accelerated radioactive ion beams available at the
ARENAS 3 facility. (Taken from M. Huyse et al. (1995) Nucl. Phys. A588, 313c.
Elsevier Science, NL, with kind permission)

Isotope Ty Production Emax Intensity

(s) target (MeV)  (pps)
SHe™ 0.8 LiF 18 3 x 108
o+ 1200 BN 10 1x 107
BN+ 600 13C 8.5 2 x 108
BN2Z+ 600 !3C 34 1x 108
BNe3t 1.7 LiF 55 4x10°
I9Ne?t+ 17 LiF 23 5x 108
I9Nett 17 LiF 93 2 x 108
35Ar%t 1.8 NaCl 79 1 x 10°

and may so be the starting point for rp (rapid proton capture reaction)
processes, in which, through succesive proton capture reactions starting from
elements in the mass A = 20 region, nuclei with masses up to A = 60 — 75
could have been formed in the proton rich sector of the mass table. This
reaction too has been studied in a direct way using the radioactive ion beam
of 19Ne made at the Louvain-la-Neuve facility.

Interesting information for astrophysics has been obtained with the very
low energy RIB at on-line isotope separators producing elements with 50—
100 keV energies. Examples are the study of waiting point nuclei in the r
process, for instance, "°Cu and 3°Cd at ISOLDE CERN. More recently, the
beta decay of ®N to unbound levels in 160 has been studied in detail by
research groups at TRIUMF and Yale and is giving information on one of
the most critical and astrophysically imporant quantities, namely the cross-
section of the 2C(a,)'¢0 reaction.

The use of higher energy RIB of various elements is important for nuclear
astrophysics too because it allows one to obtain information on cross-sections
in key reactions mainly through Coulomb dissociation. This method relies on
the intimate relation between a given nuclear reaction and its time-reversed
reaction (principle of detailed balance) in order to determine cross-sections
for radiative capture of a given particle and the inverse photodisintegration
reaction cross-section X(v, particle)Y. In these reactions one does not use real
photons but the virtual photon spectrum which is generated when a radioac-
tive ion beam passes through the field of a heavy nucleus like 2°®Pb. This
method has the advantage over the direct capture mechanisms of the particle
in the very fact that cross sections are on average a factor 1000 more impor-
tant in the dissociation experiments. Thus one obtains much better counting
statistics and/or needs lower intensity RIB. There are, of course, limitations
too: for example, one cannot ensure that the Coulomb excitation is the sole
reaction process: Nuclear interactions'may also enter and complicate the final
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reaction through unwanted interferences with the pure Coulomb amplitude.
Various other shortcomings are discussed in recent articles and reviews of the
various accelerating schemes for obtaining effective and selective RIB (see the
reference list at the end of this chapter [7.27]-[7.40]).

Experiments have been carried out using this method at RIKEN and at
GANIL, also studying the 1®N(p, v)!4O reaction, but here using the photodis-
sociation method. Results are in good agreement with the direct method used
at Louvain-la-Neuve. A number of the reactions that are accessible almost ex-
clusively through this method are of great astrophysial interest. RIKEN and
GANIL will thus develop further research programs concentrating in partic-
ular on the light nuclei that are critical in understanding the proton burning
phase in stars.

7.5 Conclusion

In this chapter we have pointed out the various cross connections between
astrophysics and nuclear physics. We have seen that efforts to built a set of
full-scale facilities able to create radioactive ion beams with a large range of
(Z, A) and a broad range of energies, may solve a number of crucial questions
concerning element synthesis in stars. The chains of element formation that
have long been a unique characteristic of the heavens have now moved into
the nuclear physics laboratories. Beams of selected elements have already
been able to confirm our ideas about the CNO cycle of hydrogen burning.
More extensive efforts towards the end of the present decade and in the
new millenium will undoubtedly shed new “light” on the production and
abundance of the elements that form our present universe.

7.6 Further Reading

First of all, we present a few text books that concentrate on nucleosynthesis
in the context of more general nuclear astrophysics problems. These books
give a very general and extensive coverage of the major issues.

7.1 Arnett, W.D., Truran, J.W. (eds.) (1985) Nucleosynthesis: Challenges
and New Developments (University of Chicago Press, Chicago)

7.2 Clayton, D.C. (1983) Principles of Stellar Evolution and Nucleosynthe-
sis (University of Chicago Press, Chicago)

7.3 Kippenhahn, R., Weigert, A. (1990) Stellar Structure and Evolution
(Springer, Berlin Heidelberg)

7.4 Phillips, A.C. (1994) The Physics of Stars (Wiley, New York)

7.5 Rolfs, C.E., Rodney, W.S. (1988) Cauldrons in the Cosmos (University
of Chicago Press, Chicago) ’



7.6 Further Reading 165

We refer to the basic article by F.M. Burbidge et al. on element synthesis as
well as the Nobel Prize account by W. Fowler, a most readable review article:

7.6 Burbidge, F.M., Burbidge, G.R., Fowler, W.A., Hoyle, F. (1957) Rev.
Mod. Phys. 29, 547
7.7 Fowler, W.A. (1984) Rev. Mod. Phys. 56, 149

In relation to the various processes that account for both the standard syn-
thesis (up to °6Fe) and the production of medium-heavy and heavy nuclei,
we first present a number of more popular accounts:

7.8 Astroparticle Physics — Special Issue (1996) Physics World, September,
Vol. 9, No. 9, pp. 29-56
7.9 Bethe, H.A., Brown, G.E. (1985) Scientific American, April
7.10 Bignami, G.F. (1987) Nature, 325, 302
7.11 Levi, B.G. (1993) Physics Today, July, 23
7.12 Mathews, G.J., Cowan, J.J. (1990) Nature, 345, 491
7.13 Pagel, B.E.J. (1991) Nature, 354, 267
7.14 Pasachof, J.M., Fowler, W.A. (1974) Scientific American, May
7.15 Viola, V.E., Mathews, G.J. (1987) Scientific American, May
7.16 Wang, R.-P., Lu, N.-Y., Feng, D.-H, Thielemann, F.-K. (1992)
AAPPSB (Assoc. of Asia Pacific Phys. Soc. Bulletin) Vol.2, No.2, 2

A number of more technical review articles and more detailed accounts of the
above processes:

7.17 Bethe, H.A. (1990) Rev. Mod. Phys. 62, 4

7.18 Chen, B. et al. (1995) Phys. Lett. B355, 37

7.19 Copi, C.J., Schramm, D.N., Turner, M.S. (1995) Phys. Rev. Lett. 75,
3981

7.20 Cowan, J.J., Thielemann, F.-K., Truran, JJW. (1991) Phys. Rep. 267,
208

7.21 Han, X.-L., Wu, C.-L., Feng, D.-H., Guidry, M.W. (1992) Phys. Rev.
C45, 1127

7.22 Hata, R. et al. (1995) Phys. Rev. Lett. 75, 3977

7.23 Kappeler, F., Beer, H., Wisshak, K. (1989) Rep. Prog. Phys. 52, 945

7.24 Schramm, D.N. (1995) Nucl. Phys. A588, 277c

7.25 Voss, F., Wisshak, K., Guber, K., Kappeler, Reffo, G. (1994) Phys.
Rev. C50, 2582

7.26 Wang, R.-P., Thielemann, F.-K., Feng, D.-H., Wu, C.-L. (1992) Phys.
Lett. B284, 196

Recently, new experimental techniques have made it possible to accelerate ra-
dioactive ion beams (RIB) thus allowing hitherto impossible reactions start-
ing from unstable nuclei. The development of a variety of RIB has, in partic-
ular, allowed the nuclear reactions responsible for the synthesis of the light
elements (CNO cycle) to be performed under controlled laboratory condi-
tions. The literature about this field is vast and there are also a number of
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reports putting the case for new RIB at various existing and new facilities to
be constructed.

We give first some references discussing the physics case for RIB

7.27 Los Alamos Working Group on the use of RIB for Nuclear Astrophysics
(1990) April 10-12, Los Alamos

7.28 ISL — The Isospin Laboratory: Research Opportunities with Radioac-
tive Ion Beams (1991) LALP-91-51

7.29 Garrett, J.D., Olsen, K.D. (eds.) (1991) A Proposal for Physics with
Exotic Beams at the HHIRF

7.30 Butler, P.A. (1991) Spectroscopic Tools for the 90s: EUROGAM, SU-
SAN and RIB facilities: Nuclear and Atomic Physics with Accelerators
of the Nineties, p. 209

7.31 Nuclear Structure and Nuclear Astrophysics: A Proposal (1992) Uni-
versity of Tennessee, Dept. Phys. UT-Th9201

7.32 The UNIRIB Consortium: A white paper (1995) Oak-Ridge

7.33 Vervier, J. (1995) Nucl. Phys. A583, 717

7.34 Nazarewicz, W., Sherrill, B., Tanihata, I., Van Duppen, P. (1996) Nucl.
Phys. News 6, 17

We also give references on how to make those RIB and include here a number
of discussions about facilities, even though in the above references, specific
facilities are discussed when presenting the physics case.

7.35 Ravn, H.L. (1991) RIB based on ISOL postacceleration, CERN-
PPE/91-173

7.36 Garrett, J.D. et al. (1992) The Oak-Ridge RIB facility, ORNL Preprint

7.37 NUPECC Report (1993) European Radioactive Beam Facilities

7.38 Mueller, A.C. (1995) GANIL, IPNO-DRE 95-21

7.39 Villari, A.C.C. et al. (1995) RIB at Spiral, Nucl. Phys. A588, 267c

7.40 Lubkin, G.B. (1996) Oak-Ridge RIB facility, Physics Today, January,
24

Recent developments relating to the Isospin Laboratory ISL can be found in
the ISL Newsletter (e-mail: rick@riviera.physics.yale.edu)

Finally, we give references to recent experiments in which radioactive ion
beams of various types have been used and others that are being constructed.

7.41 Blackmon, J.C. et al. (1995) Phys. Rev. Lett. 74, 2642
7.42 Decrock, P. et al. (1991) Phys. Rev. Lett. 67, 800

7.43 Decrock, P. et al. (1993) Phys. Lett. B304, 50

7.44 Decrock, P. et al. (1993) Phys. Rev. C48, 2057
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And, finally, a short, technical review:
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8. From Nucleons to the Atomic Nucleus:
A Short Story

8.1 The Short Story

In this final chapter, having made a long journey through the exciting sub-
atomic world where nucleons join together under the action of the strong
force, we will try to view some of the major organizing elements that give
the nucleus such a rich structure. At the same time, we emphasize and illus-
trate this theme with a number of brief examples. They demonstrate how the
story of discovering the various basic features in the atomic nucleus is due,
to a great extent, to the constant inventivity of experimentalists. It becomes
clear that, whenever new technology has come within reach for probing the
internal motion of nucleons in the nucleus, the nucleus has, time after time,
shown new features and further elementary modes of nucleon motion. This
line of experimental work has been connected largely to the development of
new accelerators and detectors (Fig. 8.1), for observing nuclear interaction
processes. This combination has led to a better understanding of how nu-
cleons feel the nucleon—nucleon interaction and thereby build up the nuclear
many-body system.

We have journeyed through the various distance and energy scales: ob-
serving the processes that play a role on the level of the nucleon itself and its
correlations with other nearby nucleons; studying the various substructures
that are formed inside the nucleus like clustering modes of nucleons; and,
finally, concentrating on the large-scale mean-field properties of the nucleus
which give rise to a largely independent-particle picture of nucleons moving
in the average field generated by all other nucleons. We have also considered
the various possible interactions with external fields: Electromagnetic prob-
ing of the internal motion of the nucleon has shown, and still is revealing,
new aspects of how a nucleon behaves in the presence of A nucleons. Weak
interactions that transform the nucleus into a most interesting laboratory, are
able to test some of the basic symmetries governing the global interactions
and invariance properties. We have also concentrated on what may happen,
as a result of the strong force, when two “chunks” of nuclear matter (two
large atomic nuclei) are smashed into one another using heavy-ion accelera-
tor methods. The behavior of nuclear matter under these extreme conditions
of high temperature and high density over a relatively large spatial volume
may give rise to totally new phenomena, such as a possible phase transition
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Building and operating the Nucleon and cluster Quark-gluon plasma?
first big accelerator knock-out

Fig. 8.1. Bigger and bigger accelerators. We illustrate how physicists have come
to explore more and finer details using ever-increasing energies. With the lower en-
ergy (a few tens of MeV) cyclotrons, Van de Graaff, and electron accelerators, global
properties of the nucleus could be observed via scattering of protons and/or elec-
trons. This gives access to overall nuclear shape properties (left). With increasing
accelerator energy (1-2 GeV), fine details of how protons and neutrons behave and
move inside the nucleus have become accessible. Here, the scattered electrons can be
detected together with nucleons or clusters of nucleons knocked out of the nucleus
in the scattering process (center). On the very high energy side (a few GeV/A), the
ultimate accelerators may show glimpses of the quark—gluon world (plasma state?)
in some detail (right). (Adapted from Fig. 1.8 in F. Close, M. Marten, C. Sutton
The Particle Explosion ©1994 Oxford University Press, with permission)

of regular nuclear matter made of nucleons into a phase where color con-
finement disappears and quarks and gluons are released in a plasma phase.
This new phase might mimic some of the conditions that pertained in the
very early phases of the universe. In this way we have seen that nuclear
physics and astrophysics have a thin dividing line and that experiments un-
der controlled laboratory conditions give access to processes that explain the
present-day abundances of elements in the universe and in our solar system.
With the advent of radioactive ion beam accelerator facilities, new direc-
tions and technical possibilities are opening up and will become accessible to
nuclear physicists in the years to come.

The 65 year period of evolution in nuclear physics, originating around 1932
with the suggestion of a two-fold symmetry classifying the observed proton
and neutron in a unified way, up to present-day symmetry concepts and
microscopic attempts to understand the atomic nucleus, its internal structure,
and its interaction with external fields, has been explosive and is not yet over.

The nucleus is not just a collection of nucleons and simply knowing some
properties of nucleons and their interaction is quite insufficient to explain the
observed nuclear phenomena. This is clearly demonstrated by the new layers
of structure that have successively come onto the observational horizon, often
quite unexpectedly.
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This constant sequence of surprises, generated by intensive work in many
laboratories worldwide, has provided the road to a deeper understanding
and has set the stage for, and determined the trends in present day nuclear
physics.

8.2 Nuclear Physics as a Piece
of the Global Physics Jigsaw

Nuclear physics is a field that is strongly connected to and intertwined with
other scientific disciplines (Fig. 8.2).

COSMOLOGY

Fig. 8.2. Schematic il-
lustration of the various
interconnections between
nuclear physics and a
number of other fields
NUCLEAR —_— i of physics research. A
i line towards the more
applied domains of nu-
clear instrumentation and
methods is also pre-

‘ sented. (Reprinted from

A. Richter (1993) Nucl.

Phys. A553, 417c. El-

NUCLEAR INSTRUMENTS sevier Science, NL, with

& METHODS kind permission)

It shares a long boundary with the domain of astronomy and astrophysics
because many of the basic processes fueling the stars in our universe are ruled
by basic nuclear physics. They govern the large chain of nuclear reactions that
keep our Sun and many other stars “alive”, and result in the element distri-
bution that we now observe in our solar environment. This is particularly the
domain of the strong forces that build up nuclei and, through a number of
capture processes, form all of the heavy elements of nature. The weak force
is also very important in understanding nuclear astrophysics processes be-
causeyatitherendiof the'regular burning phase, neutrinos are released in large
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numbers when protons are transformed into neutrons through the electron
capture process. The subsequent interaction of neutrinos with nuclei largely
determines what may happen in supernova processes. At present, these neu-
trino reaction processes are one of the major topics in nuclear physics, but
now under laboratory conditions.

The separate fields of nuclear and particle physics have recently seen the
emergence of such common ground. Here, the term ‘intermediate energy’
physics has been coined to characterize research in which the pure nucleonic
degrees of freedom alone are no longer able to fully describe the observations.
In the other direction, specific characteristics of mesons, and even deeper,
quark and gluon variables also enter the picture. A word of caution should
be given at this stage: One does not need the full power of quantum chro-
modynamics (QCD) to describe phenomena like superdeformation or shape
coexistence in nuclei. There appears to be a ‘filtering’ of information (call
this scaling or, better still, renormalization) from the deeper level (deeper
in the sense of smaller length and higher energy scales) into the upper level
(the level where nucleon degrees of freedom are the essential variables of the
theory). In a schematic way, the parameters determining the electroweak and
strong Lagrangian of particle physics do have to be averaged into a descrip-
tion where nucleon variables are dominant — called quantum hadrodynamics
(QHD) - entering the region where nuclear structure properties play a role
on a more global level (mean-field concept, global properties of the nucleus,
and the nuclear interaction acting inside the nuclear medium).

In a different direction, developments in basic nuclear physics strongly
linked to applied fields, for example through the construction of accelerators
that offer unique and specific beams of particles. So, it is not just the increase
of energy and intensity that has allowed some of the major developments in
nuclear physics: Dedicated efforts have often been at the start of new research
directions and we shall discuss some particular efforts in the next section.
Strongly related to the former point has been the development of specific
detector systems in the attempt to solve some very difficult problems. The
advent of the very high-resolution and highly efficient gamma arrays oper-
ating over an almost full 47 geometry has given access to features hitherto
impossible to detect, such as the gamma transitions in superdeformed bands
and the connecting gamma transitions into the regular low-lying levels. De-
tector technology has also seen advances in detecting and in discriminating
various species of particles and determining energies over a large interval. Fur-
ther influence comes from the still growing computer facilities and computer
performance.

On a more general level and supported by large-scale theoretical under-
takings, a number of unifying themes, common to the atomic nucleus and
many other quantum many-body systems, have been shown to exist. They
are studied using both elegant general ideas of theoretical many-body physics
and high-power numerical quantum Monte Carlo simulations of the nucleus.
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8.3 The Importance of Technical Progress

Here we shall see that, with every new experimental technique for accelerating
or detecting particles, the rich field of nuclear physics has revealed new, and
most often unexpected features. We shall illustrate this by just a few selected
examples although it could itself be the basis for discussing all developments
in nuclear physics over the last 60 years.

Our information about the atomic nucleus comes via the detection of par-
ticles and gamma radiation emitted from the nucleus as it de-excites into its
ground state. The early detectors for gamma radiation using Nal(T1) detec-
tors had rather poor resolution compared to the present-day Ge detectors.
The latter detectors, put into arrangements that allow the Compton scattered
processes to be added to the main photopeak process have opened totally new
avenues in gamma spectroscopy. Added up in large arrays (Chap. 3) with a
full 4w geometry, this has resulted in the discovery of the physics of superde-
formed bands and also of the way heated nuclei behave when they cool off
via the emission of a number of photons.

Accelerators for various particles have evolved far from the original Van
de Graaff and cyclotron machines into very sophisticated equipment. One
region where particular progress has been made is the field of electron accel-
erators in which a large spectrum of energies is now available. Lower energy
accelerators (a few tens of MeV) and intermediate energy apparatus (100~
200 MeV) are mainly used in a very specific way in order to study elementary
nuclear modes of motion. On the higher energy side one now has a number of
approximately 1 GeV accelerators of a continuous wave type (CW) deliver-
ing electrons continuously by the use of recirculation (race-track) techniques,
sometimes combined with superconducting technology to keep magnets to
manageable sizes. In Chap. 4, we discussed a number of such accelerators and
the interesting physics that they can and will potentially reveal. At present,
CEBAF represents the state-of-the-art with a 4-GeV electron final energy;
it has just become operational. On the lower energy side, by concentrating
on specific characteristics, there is still much physics to be studied and new
discoveries are likely to be made. We refer to the 180° electron scattering
facility at the Technische Hochschule, Darmstadt where, through magnetic
dipole excitations of the nucleus (M1 excitations), a new mode of motion was
discovered. Thereby, protons and neutrons are able, within deformed nuclei,
to move in a way known as “scissors” motion.

In obtaining information about the atomic nucleus, a characteristic that
is particularly important is the speed with which the excited levels decay
and so, through the nuclear lifetime, give access to the nuclear dynamics.
Most standard techniques of measuring lifetimes, using delayed coincidence
methods between two subsequent photons feeding and de-exciting a given
level, have a lower limit in the region of nanoseconds (ns). A new technique
has been developed, largely at the high-flux reactor at Grenoble (ILL) where,
tising ‘the neutron capture process; gamma rays are emitted by the nucleus
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as it seeks out its way into the ground state. Now, every time a photon is
emitted, through conservation of momentum, the nucleus gets little kicks and
so photons are emitted not from a nucleus at rest but from a moving nucleus.
The photon is therefore doppler shifted and broadened and, by studying the
precise shape of the emitted gamma ray in detail, one can learn about the
full history of how the nucleus de-excites and about the half-lives of the
nuclear level. This technique, called GRID (Gamma-Ray Induced Doppler
broadening method), has opened a new “window” of nuclear lifetimes that
were previously inaccessible. These data then allow an extension of tests of
our theoretical description of the possible forms of motion of nucleons inside
the nucleus. In a number of cases, clear-cut assignments could be made using
the GRID method leading to a better description of atomic nuclei.

The advent of highly precise ISOL (isotope separator on line) systems,
allowing nuclear physicists to create, transport, detect, measure, and analyze
the properties of nuclei very far away from the region of beta-stable nuclei
within the time of milliseconds, and even beyond, has greatly extended our
knowledge about the way nuclei behave, not only near stability, but also
when approaching the extreme edges of stability. This in itself is already a
unique accomplishment achieved by a number of accelerators connected to
ISOL systems. ISOLDE at CERN has been particularly successful over a long
period and has thus acquired great expertise in the domain of studying exotic
nuclei and disentangling their most secret properties. Efforts by physicists
from the University of Mainz (Otten and co-workers) have made it possible
to study the way in which electrons are coupled to the nucleus by looking
at the hyperfine interactions via extensive laser investigations of the optical
properties of these exotic ions. The tiny hyperfine interactions carry much
information about intrinsic nuclear properties such as magnetism (nuclear
dipole moments, nuclear quadrupole moments, nuclear charge radii, etc. ). In
unravelling these bits of information many surprises have emerged. The liquid
drop concept for describing global properties of the nucleus predicts that with
increasing A the nuclear size gradually increases (like A'/2 for the radius). It
was a big surprise to find that in a number of mass regions, this trend was
not just modified but, occasionally, totally reversed. The Au, T1, Pb region is
a most instructive and dramatic exhibition of this. It illustrates that one may
still encounter the unexpected in the study of the atomic nucleus (Fig. 8.3).

In studying very light nuclei in the He, Li, Be region (see Chap. 3) very
loosely bound quantum systems were discovered, possessing almost unbound
nucleons moving outside a rather bound core system. The nucleus !!Lj is
one of the best examples of these halo systems which are, at present, not
very well understood. They may form a special kind of configuration of the
nucleus along the path of rearranging protons and neutrons before the system
becomes totally unbound. Much research remains to be performed in this field
of exotic nuclear physics.
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Fig. 8.3. Variation in the nuclear in the high mass region (the Pb region of nuclei).
Just below the N = 126 neutron closed shell, a liquid drop model variation is
followed rather closely. Near mid-shell (N = 104 —108), however, very large changes
show up in the experimental data that cannot be understood by regarding the
nucleus as a charged liquid drop

We saw in Chap. 7 that new capabilities are coming of age in accelerat-
ing radioactive ion beams, and that new technical possibilities are becoming
available to explore a region of atomic nuclei that was previously held to be
beyond the reach of laboratory study. We discussed the facilities and their ca-
pabilities in quite some detail in Chap. 7. The significance for nuclear physics
is twofold: (i) it provides ways of exploring nuclei much further away from
the region of beta, stability and, (ii) it creates unique ways to study reactions
that occur at the “heart” of stars in the formation of elements and are thus
basic to our understanding of why our universe, and in particular our solar
system is the way it is. Further new discoveries will certainly follow in this
still very young field of nuclear astrophysics.

This is a rather incomplete list of illustrations of how new technical de-
velopments have ignited new directions of research; many others could be
mentioned. As a last point, I would like to refer to the basic studies that
have become possible thanks to the ability to collect slow and cold neutrons
at reactor facilities (neutron bottles, etc.). Here a number of very fundamental
questions have come within reach: measurement of the precise half-life of the
neutron has put constraints on the standard model and on the constitution of
the early universe. Neutrons hold a number of secrets to our understanding
of nature. The search for a possible electric dipole moment is still in progress.
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This quantity is a very significant parameter for going into physics beyond
the standard model.

8.4 How Well Do We Understand
the Atomic Nucleus?

At present it is not possible to perform ab initio calculations that generate
the properties of the atomic nucleus starting from a given nucleon—nucleon
interaction. Attempts have been undertaken to describe nucleon motion in
the simplest few body systems like 2H, 3He, ‘He using Monte Carlo methods.
They are found to agree with the main assumption of some kind of single-
particle motion and orbitals in which the individual nucleons are moving.
Present methods which make maximum use of the computer power available
today are large-scale shell model studies in which an “effective” force (the
pure nucleon—nucleon force corrected for medium effects caused by the pres-
ence of A — 1 nucleons) is diagonalized in a full basis. At present, the full sd
shell and part of the fp shell can be treated with model spaces extended to
include up to 108 — 10° independent configurations. There is a clear limit to
this method, the moreso because the truncation methods used in the big shell
model studies can miss a number of low-lying excitations actually observed
in nuclei. One needs truncation schemes that are better adapted to the dom-
inant degrees of freedom exhibited in the atomic nucleus. A very promising
approach combines a Monte Carlo method to determine the optimal basis
consistent with the main degrees of freedom and conserved symmetries like
rotational invariance, isospin invariance, etc. Then, in a second step, the in-
teraction is diagonalized within the chosen Monte Carlo model space (called
QMCD). At present, calculations within a full fp shell are being carried out
and we show, in Fig. 8.4, an illustration for 84Ge. This method developed by
Otsuka and co-workers (describing detailed nuclear spectroscopic informa-
tion) is in contrast to the former Shell Model Monte-Carlo method (SMMC),
worked out by Koonin and co-workers which enables the description of ther-
mal properties of atomic nuclei (see Chap. 3 for references).

Apart from the approach that treats the nuclear many-body system in
terms of the individual nucleon degrees of freedom interacting through an
effective two-body interaction, one can also attempt to understand the or-
ganization of nucleons inside the atomic nucleus using symmetry concepts.
One of the early applications of continuous symmetries in nuclear physics
consisted in treating the charge character of the individual nucleons (see also
Chap. 3) within the SU(2) group. Combining this with the intrinsic fermion
spin character of protons and neutrons led to the Wigner supermultiplet
SU(4) symmetry. In later years, it was shown by Elliott that the nuclear shell
model can be used to classify modes of quadrupole collective motion thereby
bridging the gap between the microscopic and macroscopic approaches to nu-
clear structure: In recent decades; combining the pairing (short-range) and



8.4 How Well Do We Understand the Atomic Nucleus? 177

»

§ oL 4t 4t

? L (2"7 2+

=]

A1 +

§ 2 2+

_§ A

a ol ot o+
Exp. QMCD

Fig. 8.4. State-of-the-art calculations using the nuclear shell-model techniques in
order to probe the nuclear many-body system. Quantum Monte Carlo (QMC) meth-
ods have been extensively used in recent years (Chap. 3). The present example, the
nucleus *Ge, illustrates the capabilities of these QMC methods, exploiting the
limits of present-day computing power. (Taken from M. Honma et al. (1996) Phys.
Rev. Lett. 77, 3315. American Physical Society, with permission)

quadrupole (long-range) components within a boson model symmetry, a U(6)
group structure has been proposed by Arima and Iachello. It resulted in a
largely unified approach encompassing a description of diverse excitations
in the atomic nucleus. In all of these symmetry classifications, use has been
made of nucleonic excitations outside of closed shells. Extensions to symmetry
groups in which both the horizontal (excitations within a given major shell)
and vertical (excitations across closed shells forming many-particle many-
hole configurations) ways of moving nucleons around inside the nucleus are
combined will require the study of larger groups and may indeed lead to an
elegant description of the atomic nucleus.

Exciting the atomic nucleus up to a high energy or, equivalently, large
intrinsic temperature, often drives the system into a regime where symme-
tries existing at low energy cease to hold. One can have confidence in the
shell model for describing nuclei at high excitation energy, but this only
for light nuclei. In the heavier nuclei and even in light nuclei, when one
considers all nucleons without the constraint of closed shells forming an in-
ert core, and forms all states via combinatorial methods or, uses statistical
methods, the situation becomes too complex to be handled using standard
shell model methods. Here, the main quantities of interest are no longer the
energy positions of all individual levels but rather, level densities, thermody-
namical properties, dissipation of angular momentum in rotational damping
processes, and properties related to the quantum statistical behavior of a
collection of many nucleons. One must also ask how far the symmetries de-
termining nuclear structure properties at low energy extend into the region
of high energy.

Various energy regions, exhibiting different major excitation modes, are
schematically illustrated in Fig. 8.5

Our understanding of how the atomic nucleus interacts with external
fields'has also progressed significantly. Electromagnetic interaction processes
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Fig. 8.5. Various regions where the nuclear many-body system exhibits quite
different basic modes of motion: At the lower energies, collective modes of mo-
tion (vibrations, rotations, etc.) occur. At around the energy needed to break the
nucleon—nucleon pair correlations (about 24 ~ 2 MeV), typical shell model cor-
relations dominate the excitation modes in the atomic nucleus. At high energies,
(=~ 8 MeV at the nucleon separation energy), statistical properties become domi-
nant. Occasionally, simple modes of motion may survive at such high energies e.g.
superdeformed band structures, giant multipole resonances, etc.

(Chap. 4) have yielded a detailed understanding of how nucleons move near
the Fermi level in the atomic nucleus, of how the interaction process is able to
knock out a nucleon or clusters of nucleons from the nucleus, and have been
used to study nucleon—nucleon short-range correlations. A number of review
papers and recent books describe this field in great detail and outline the
present boundaries of our knowledge (see References in Chap. 4). The weak
interaction processes have not been studied in so much detail as yet; in re-
cent years, however, the field of neutrino interactions with nuclei has become
very active, despite the very small cross-section of a neutrino interacting with
a single nucleon. This is compensated by the very intense neutrino sources
at various accelerators. In the coming years, a number of decisive neutrino
experiments are planned that should shed light on neutrino—nucleus interac-
tions, on the long-standing solar neutrino problem, and on the related topic
of a possible non-vanishing neutrino mass. ’

When studying nuclear physics, one may wonder where relativity should
come in and for which properties it plays a dominant role. Efforts over a num-
ber of years by Ring and co-workers using, besides the nucleon mean field
properties, meson fields that carry the interaction and constrain the dynam-
ics to be consistent with a relativistic treatment, have produced impressive
results. A unique identification of the major properties whose description re-
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quires such relativistic models remains to be made at low excitation energy. A
number of efforts and ideas are being pursued in this direction. Work attempt-
ing to connect a pseudo-spin symmetry observed in the mean-field motion of
individual nucleons in both spherical and deformed nuclei to an underlying
spin—orbital relativistic interaction structure is in progress (Ginocchio et al.).

It is difficult to find an appropriate conclusion. Suffice to say that impres-
sive progress has been made, from the early concepts of protons and neutrons
moving in a simple spherical or deformed average potential, towards full-scale
symmetry-dictated shell model studies and the study of more complex group
structures encompassing a large family of nuclear modes of motion, extending
up to high energy. New techniques and developments will surely help us to
better understand and find underlying simplicity in the highly varied types of
nuclear excitations. And just as surely, the new results will bring with them
new challenges.

8.5 Further Reading

In previous chapters we have given extensive reference to a wide variety of
literature ranging from popular accounts to specialist textbooks and techni-
cal papers. Here we present only a short set of references. These are reports
looking into longe-range planning and coordination of experimental and the-
oretical research in nuclear physics. These reports emphasize the importance
of the research carried out on the level of smaller groups at university labo-
ratories and research institutes. We also include a few relevant papers that
were presented at some of the recent nuclear physics conferences.

8.1 The DOE/NSF Nuclear Science Advisory Committee (1996) Nuclear
Science: A Long Range Plan

8.2 NUPECC Report (1991) Nuclear Physics in Europe, Opportunities and
Perspectives

8.3 NUPECC Report (1993) European Radioactive Beam Facilities

8.4 ISL Report (1991) The Isospin Laboratory: Research Opportunities with
Radioactive Nuclear Beams, LALP 91-51

8.5 Richter, A. (1993) Trends in Nuclear Physics, Nucl. Phys. A553, 417c

8.6 Detraz, C. (1995) Perspectives in Nuclear Physics, Nucl. Phys. A583, 3

8.7 Feshbach, H. (1995) Closing Remarks, presented at the Conference
“Nucleus—-Nucleus Collisions V” Nucl. Phys. A583, 871

8.8 Siemssen, R. (1995) Concluding Remarks, presented at “Int. Symp. on
the Physics of Unstable Nuclei, Niigata” Nucl. Phys. A588, 371c

8.9 van der Woude, A., (1995) Impact and Application of Nuclear Science
Opportunities and Perspectives, Nucl. Phys. A583, 51

8.10 Koonin, S.E. (1994) Perspectives on Nuclear Structure, Nucl. Phys.
A574, 1c
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Key to the Nuclear Mass Table

Magic nucleon numbers lie between double lines

Stable isotope  : black

Unstable isotope : purple = 3% emitter and electron capture

: blue = 8~ emitter

: yellow = a emitter

: orange = p emitter

: green = nucleus undergoing spontaneous fission
Boundary lines : red-dashed = proton binding energies B, =0

: blue-dashed = neutron binding energies B, = 0

: blue-dashed = fission barrier Br < 4 MeV
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