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PROGRAM OPTIONS IN
INTERMEDIATE-ENERGY PHYSICS

Vol. I: Summary and Panel Reports

Compiled and edited by

John C. Alfred and Beverly Talley

ABSTRACT

A Workshop on Program Options in Intermediate-Energy Physics sponsored by the
I'.S. Department of Energy was held at Los Alamos Scientific Laboratory, August 20-31,
l!)7!(. The scope of the Workshop included all laboratories in intermediate-energy physics,
worldwide, and all of these sent representatives to the Workshop.

The Workshop addressed itself to the critical questions on nuclear and particle physics
and how they can best be investigated by intermediate-energy accelerators. Among the
questions that the Workshop members considered were:

1. What are the important physics topics which might be understood through
research on these accelerators in the next 10 years? These topics include, but are
not restricted to, fundamental interactions and symmetries in particle physics,
and n-iclc at modes of motion, structure, and reaction mechanisms.

2. \t iiuL experiments should be undertaken to carry out the program? What are the
kinetnatical conditions, accuracies, resolutions, and other parameters required
to obtain the desired knowledge?

.'}. Which accelerators are best suited for each experiment? What work at other
laboratories (low-, intermediate-, or high-energy) could be undertaken to com-
plement and/or supplement the proposed LAMPF program?

4. What new facility capabilities should be explored for the long-term future?
The Workshop was divided into small panels in order to promote effective interchange

of ideas. After reports to other panels and plenary sessions, the panelists prepared reports
stating the results of their deliberations. These reports comprise the principal part of
Volume I.

Keynote addresses were given by G. E. Brown (State University of New York, Stony
Brook) and Maurice Jacob (CERN). Volumes II and III report these addresses. During the
time of the Workshop, Murray Gell-Mann gave the J. Robert Oppenheimer Memorial Lec-
ture, which is published separately from these Proceedings, and is available from the J.
Robert Oppenheimer Memorial Committee, P.O. Box 220, Los Alamos, NM 87544.

i i



I. INTRODUCTION

Ernest M. Henley
University of Washington

Chairman of the Workshop on Program Options
in Intermediate-Energy Physics

I. GENERAL REMARKS

The Workshop on Program Options in
Intermediate-Energy Physics was held at the Los
Alamos Scientific Laboratory from August 20-31,
1979. Its purpose was to raise critical questions in
nuclear and particle physics and to recommend how
they best can be addressed in the next few (~5)
years by intermediate-energy accelerators. Although
it is clear that some crucial questions cannot be
raised at any one time because they rest on future
developments, there are important issues which can
be addressed.

The workshop was organized by a Steering Com-
mittee consisting of Earle L. Lomon (Massa-
chusetts Institute of Technology), Chairman; John
C. Allred (University of Houston/LASL); Robert L.
Burman (LASL); Ernest M. Henley (University of
Washington); Peter Herczeg (LASL); Vernon W.
Hughes (Yale University); George J. Igo (University
of California); Darragh E. Nagle (LASL); Louis
Rosen (LASL), John P. Schiffer (Argonne National
Laboratory); Richard R. Silbar (LASL); and
Richard C. Slansky (LASL).

The steering committee outlined some topics to be
discussed: fundamental interactions and sym-
metries, nuclear modes of motion, structure, and
reaction mechanisms. Panel members were asked to
outline experiments that should be undertaken,
together with the necessary kinematics, resolution,
accuracies, and other parameters in order to obtain
the desired knowledge. They were also asked to rec-
ommend which accelerator is best suited for each ex-
periment or program, and what new facility
capabilities should be explored for the long-term
future.

The interest in the workshop can be judged by the
willingness of the 183 participants to spend almost
two weeks of intense work and discussions at t he L<«
Alamos Scientific Laboratory.

The workshop was divided into eight nuclear pun-
els and four particle panels. The topics for the 12
panels were chosen to cover broad areas of physics
accessible at medium-energy facilities. Although
such a division is bound to be .somewhat arbitrary, it
was felt important to address questions in nuclear
structure as well as in basic interactions and reac-
tion mechanisms. Some overlap was therefore un-
avoidable and even was felt to be desirable.

In addition to the 141 panelists (including \2
students) there were 42 members at-large (selected
by a committee consisting of Earle L. Lomon. Dar-
ragh Nagle, and Ernest M. Henley).

The steering committee made valiant attempts to
obtain a balanced membership for the workshop: it
was limited in this endeavor by the desire to keep
the number of participants sufficiently small to al-
low thorough discussions and strong interactions
within each panel, and by the availability of chosen
members. The recommendations undoubtedly are
colored by the membership of the various panels.
However, the steering committee hopes that the
membership is sufficiently representative of the
broader nuclear (intermediate-energy) physics com-
munity to make the recommendations of this report
meaningful.

The program of the workshop is given in Appen-
dix B. Two keynote addresses were given by M.
Jacob (CERN) on "New Directions in Elementary-
Particle Physics, pp from Very Low to Very High
Energies," and by G. E. Brown (State University of
New York, Stony Brook) on "New Directions in



Intermediate-Energy Nuclear Physics." I'. Debevec
reported on the Boulder Future Directions work-
shop held in Boulder, Colorado earlier this year.
The workshop members also heard M. Gell-Mann
deliver the J. R. Oppenheimer Memorial Lecture on
"Quarks and Other Fundamental Building Blocks of
Matter." These talks are published separately.
Furthermore, there were talks on possible future
facilities by D. E. Nagle. W. Turchinefz (Massa-
chusetts Institute of Technology), and K. M.
Henley, who reported on the TRIUMF Kaon Factory
workshop held in Vancouver, British Columbia.
Canada, August l.'i-I5, 1979.

After all panel reports had been heard in plenary
sessions, a panel was organized for the purpose of
discussing major facilities, equipment, and in-
strumentation needs at various intermediate-energy
facilities. The panel, chaired by Maurice Goldhaber
(Brookhaven National Laboratory), included •John
Domingo (SIN, Villigen). Vladimir Lobashev (INK.
Moscow), Louis Rosen (LAMPF). -Jack Sample
(TRIUMF), and -Jacques Thirion (CEN. Sadayl.
This panel presented and discussed plans at their
own laboratories, and the recommendations made
by the 12 panels; the presentation was followed by
discussion with workshop participants.

During the workshop. Roy Glauber (Harvard Uni-
versity) introduced the subject of summer schools
for intermediate-energy physics. The panel
chairpersons discussed this matter. They suggested
that summer schools should not be restricted to
intermediate-energy physics, but that such schools
in nuclear physics in general were a good idea. They
should be aimed at senior graduate students and
research associates. Near the end of the workshop.
Professor Glauber formally introduced the subject at
a plenary session. A show of hands indicated
overwhelming support for such summer schools.

The reports that are attached are the work of the
various panels, but were prepared by the
chairpersons with the assistance of the co-
chairpersons. Although the usefulness of the work-
shop can be evaluated only after some time,
whatever success can be ascribed to it should be
credited in large measure to the chairpersons of the
12 panels. In many cases, they made preparations
and were in touch with their members Jong before
the workshop. They worked long and hard during
the workshop itself and were able to finish their

writing prior to their departure from the workshop so
that this report could be published in a timely
fashion. (Our apologies are offered to the reader if
the prose suffers as a consequence.) It should be
noted, furthermore, that illustrations and examples
in the various reports are used to clarity ihe discus-
sion and are not intended to give credit. The
chairpersons were forced by time constraints to use
material that was readily available or was familiar
to them or to members of their panels.

Although the reports stand "on their own feel." 1
believe that it is worthwhile to summarize some
salient features. In doing so it should be noted that
at this writing I have not had access to the reports,
but only have listened to some of the discussions and
have heard the oral presentations made by
chairpersons (or co-chairpersons) at the workshop.
Since I am a theorist, my comments undoubtedly
will do even less justice to the equipment and
facilities recommendations that were made than to
the other recommendations. For this and for other
omissions, I apologize beforehand. In ihe short space
allotted to me. I only have managed to pick out some
highlights of the reports which follow.

1 have divided the recommendations into three
main categories: "Strong Interactions." both outside
and within the nucleus: "Nuclear Properties:" and
"Electro-Weak Interactions." In addition. I have
tried to categorize the recommendations as near
term (<2 years) and longer term (>2 years). Both
these divisions ,ve somewhat arbitrary. Panel
reports overlap the three areas, and short-term rec-
ommendations may not be implemented for a
number of years. The cuts were made to help me
organize the material presented below.

There are a number of features of the rec-
ommendations which cannot be divided or
categorized. One of these is a general characteristic
of hadronic interactions. There often is no single or
crucial experiment to test a theory or model, or even
to deduce an important property of the nucleus. Ex-
amples are pion condensation and high-momentum
components or short-range correlations in nuclei.
The isolation and elucidation of such properties or
theories generally require experimental and
theoretical programs with several probes. It is only
when various approaches and attacks can be in-
terpreted consistently in terms of the desired theory
or property that the result is accepted by the com-
munity of physicists.



In the case of hadronic probes there is the further
difficulty of isolating and understanding the reac-
tion mechanism so that the desired structure or
other property can be deduced. For this reason (he
reports contain many recommendations which use
very light (e.g., nucleon number A < 4) nuclei, or
selected heavier ones (e.g., 208Pb, 40Ca) as targets,
because it is felt that the structure of these systems
is understood reasonably well. Another suggested
technique is to use inclusive reactions for which
detailed structure aspects are less important.

Another message which was heard consistently at
the workshop is that an increased theoretical effort
is required to keep up with experimental findings
and to guide future experiments.

II. STRONG INTERACTIONS

A. Short-Term Recommendations for Studies of
Basic Interactions

Although the subject of the nucleon-nucleon iNN)
interaction is a very old one, recent developments
have revived interest in it. These developments are
related to the underly' g structure of the nucleons
themselves. What is the number and nature of
dibaryon resonances? The answer to this question
may give us insight into underlying bag and quark
models of nucleons and nuclei. Medium-energy (E >
500 MeV) scattering experiments with polarized
beam and polarized targets are emphasized to help
answer this question and to pin down phase shifts in
this energy region. For instance. Arc, = cs{. > -
a{ •), where arrows indicate spin directions, shows
resonance behavior. High-quality polarized beams
of protons and deuterons (at Saturne in France I. ol
reasonable intensity, and (frozen) polarized targets
are required for this work. Indeed, in order lo take
advantage of nucleon probes of nuclear densities, it
is recommended that at least both spin-independent
and spin-spin NN isoscalar amplitudes be deter-
mined in the region 0° < 0 < 35° at energies around
800 MeV.

At energies above ~45() MeV. where pion produc-
tion becomes an important inelasticity, it is rec-
ommended that complete kinematical experiments
be done at several energies for the pion channels
which are coupled to the NN system (N = nucleon).
i.e., for the reactions NN • vd and NN • wKK.

For the irN interaction, further low-energy experi-
ments to test the accuracy of PCAC, and higher
energy experiments with polarized targets to tie
down phase shifts are recommended. At the higher
energies the inelastic channel 7rN • ITTTN must be
considered, and detailed experiments are required to
delineate the properties of the 7rX interaction. What
is the TTN form factor? Is the pion a useful probe to
test bag models? In the small bag model the pion
plays a special role, so that details of 7rN interaction
and form factor, and of excited nucleon (N'r) states,
may help to test quark models of hadrons. Such ex-
perimental studies are recommended.

The A is perhaps as "fundamental" as ijie \ .
Properties of the AN interaction can be obtained
from reactions such as 7rd -• AN and 7d • AN: these
and other such reactions with polarized beams/-
targets are proposed.

B. Longer Term Studies of Basic Interactions

Not all of the recommendations in the previous
section are short-term ones; it may take some time
to develop (frozen) spin targets at some of the
medium-energy facilities. I have classified kaon (K
and K) and antinucleon (N) proposals as longer
term ones, even though some of the rec-
ommendations may be able to be carried out on a
shorter time scale.

Detailed properties of K±-N interactions are still
not well known. The limitations on the applicability
of PCAC to the low-energy K-N system are un-
known. The couplings which connect a K and
nucleon to hyperons (A or 2) remain to be studied.
Better quality kaon beams are required for these in-
vestigations.

The antinucleon nucleon (NN) system is rich in
information. Closely connected to QCD and quark
models is the necessity of studying the existence and
properties of bound and unbound baryonium states.
The number of such states and their energies and
spins may give clues to the underlying quark struc-
ture of nucleons and nuclei. It is recommended that
nuclear physicists make use of the low-energy J)
beam at Fermilab to carry out some of this work,
and I endorse this proposal. Detailed investigations
will probably have to wait for the Low-Energy An-
tiproton Ring (LEAR) to begin operations at CERN.



C Strong [nteractions in Nuclei; Short-Term
Recommendations

Continued of'f-the-energy-shell experiments ni' the
N"N and irN interactions are recommended lo test
theory. Theoretical calculations of pion production
which include both the single- and two-nucleon
mechanisms are needed lo compare whh expen
meni. Further elucidation ol the pion interact ion in
nuclei requires isolating the various absorption
channels leg., IJT.N). (JT.2.\I. . . . |. especially at
energy's below and above the .i resonance, and the
various contributions to the loial cross seel ion.

A joint effort of studies of pionic x rays and pion-
nucleus scattering to probe the low-energy interac-
tion of pions with nuclei is recommended.
Systematic investigations are called for.

It is urged that investigations of N and -w scatter-
ing studies be carried out in nuclei with A < A and in
selected heavier ones with polarized beams and/or
targets to test our theoretical understanding ol the
scattering and reaction mechanisms. For instance,
what is (he quantitative contribution ni p exchange
in pi m scattering and production? Such tests are
important if nucleons and pions are to be used to
probe nuclear densities and structure.

In order to understand further the interaction of
pions with nuclei, the role of the A-nucleus interac-
tion, the propagation of the A through the nucleus,
and the -1-hole interaction need to be investigated.
This subject is presently receiving considerable at-
tention and further investigations are recommend-
ed.

D. Strong Interactions in Nuclei; Longer Term
Recommendations

Investigations with kaons. especially K to lonn
hypernuclei and Y* resonances in nuclei, were rec-
ommended. Better quality and lower energy kaon
beams are required to take full advantage of
theoretical proposals. At low energies the
strangeness double-charge-exchange reaction can be
used to form AA-hypernuclei. Simple and naive ap-
plications of QCD predict a strongly bound A A
state.

III. NUCLEAR PROPERTIES

One of the more intriguing and challenging
studies that is possible with intermediate-energy ac-
celerators is an investigation of the possible ex-
istence of pion condensation. This phenomenon does
not occur at normal nuclear densities, so that the
challenge is to find experiments which can give
evidence lor or against its existence. Convincing
evidence requires a coherent picture with theoretical
predictions and experimental verifications o| a
variety of precursor phenomena. A signature is the
enhancement of excitation modes that can be
reached by a pion; in even-even nuclei these modes
are isospin 1. -lp = ()~. 1+. 2'. . . . slates at momen-
tum transfers q -* (2-H) ni,. Recommended experi-
ments involve (e.f'l, (e.eV). 17,71-1. itr.-)). (ir.-)-)i.
(7r.e+t'~). (.\'..\T). and {TT.'ITT) reactions. Considerable
theoretical as well as experimental work is required
to determine best attacks on this fascinjiiittg and
provocative problem.

The electron is a choice probe to investigate
nuclear charge densities (p) and currents (j). es-
pecially when used in conjunction with muonic atom
studies. The recommendation is thai an accuracy of
1% in the determination of these parameters be
sought in electron scattering up to momentum
transfers q ~ 4 I'm"1. This would allow a mapping of
charge and current densities and would determine
nuclear charge radii to better than 0.01 fm. Indirect
evidence for quark structure or bag properties may
appear. The importance of exchange currents is
stressed. The use of high-resolution N and z scatter-
ing experiments to determine nuclear densities is
recommended.

Intermediate-energy accelerators allow one to
probe simple modes of motion (elementary ex-
citations) of the nucleus at high excitation energies.
There remain giant resonances yet to be discovered
and properties of known resonances to be elucidated.
For the determination of partial widths and decay
channels the use of a yet-to-be-constructed electron
accelerator is recommended, as are polarized p
probes to determine spin properties. The investiga-
tion of the properties of high-spin simple particle-
hole stretched modes with pions, protons, and
electrons is recommended; such studies require
high-momentum transfers (~600 MeV/c) and good
energy resolution.



An elusive property of nuclei is the short-distance
behavior or the presence of short-range correlations
(SRC). It is emphasized that an understanding of
the formation and interaction of the A is required to
understand these nuclear properties. A program of
experimental and theoretical investigations of
elastic scattering, inclusive reactions, quasi-elastic
(knockout) reactions, two-nucleon knockout reac-
tions, high-momentum mismatch |e.g.. (%p)|. and
other reactions is recommended to explore SRC. The
importance of considering post-scattering NX in-
teractions in addition to prescattering ones is
emphasized. The importance of determining
whether high-momentum transfer reactions are
primarily one- or multiple-step processes is rec-
ommended.

A program of inelastic-scattering processes at
high-momentum transfers is recommended to deter-
mine transition densities. The suggested program
induces a comparison of the excitation ol selective
high-spin states with (e.e'l. (NN'l. and '•w.w') reac-
tions.

An improved low-energy kaon beam is rec-
ommended tor longer term detailed investigations of
A-hypernuclei through (K~.7r~) and (K ~ ,ir •>•) reac-
tions. Such a beam would also allow the study of --
hypernuclei, of AA-hj pernuclei. and the determina-
tion of the presence or absence of strangeness analog
states in heavier A-hypernuclei. In addition, it
would allow improved studies ol kaonic x rays to
determine the kaon-nucleus optical potential and
probe the nuclear surface.

IV. ELECTROMAGNETIC AND WEAK IN-
TERACTIONS

Because the electromagnetic interaction is well
understood, very high-precision measurements of
nuclear and particle properties are possible. Some of
these studies already have been mentioned. Higher
quality beams are recommended (e.g.. liiie-
narrowing, pulsing) in order to continue such
studies. Muonium remains a rich source of informa-
tion, and continued investigations of this system are
recommended.

The advent of polarized electron beams opens up a
new horizon for probing weak interactions. A
program to determine completely the weak neutral
nucleon currents is recommended, as are investiga-

tions of selected inelastic scatterings of longitudinal-
ly polarized electrons to determine the nonleptonic
parity-violating interaction in nuclei. Improved
polarized electron beams (higher polarization and
flux) are recommended for this purpose. I'arily-
violation experiments in muonic atoms are suggest-
ed, as are higher energy experiments in polarized pp
and perhaps np scatterings.

The capture of n~ in hydrogen, with separation of
the two hyperfine states, is recommended but would
require a higher flux stopped muon channel. The
helicity of the muon neutrino can be determined.

Continued efforts to detect n • e-> and/or ^ e
conversion are recommended as tests ol gauge
theories. The present discrepancy between theory
and experiment in the ratio of Ihe decay rates for

ei>y

needs to be resolved or understood.
Continued searches for CP violation are urged in

order to determine whether more than one Higgs
doublet is required by the theory or whether the
superweak interaction model is correct.

Longer term recommendations include an ultra-
cold pulsed-neutron (n) source for higher precision
(one to two orders of magnitude) searches of an n
electric dipole moment. Studies of selected rare-
decay modes are suggested.

It is highly recommended that the forthcoming
proton storage ring (PSR) at LAMPF be used for <•
scattering experiments and for other studies.
Neutrino oscillation experiments become possible
ai d can set lower limits on neutrino masses.

Improved measurements of low-energy i'ee • i'ee
scattering are recommended. This cross section is
sensitive to both neutral and charged weak currents.
The interference tests weak-interaction theory, such
as the description in terms of a single neutral gauge
boson (Z°).

Elastic- and inelastic-scattering experiments of
i»'s on nuclei would allow one to isolate isoscalar and
isovector axial and vector interactions of neutrinos
with nucleons. Large detectors would be required.

In this introduction ' have only been able to give a
broad perspective of the workshop rec-
ommendations. If the summary sounds like a long



program, it is hecause that is my impression of the
recommendations. The field of strong interactions
does not lend itself to simple clear-cut and highly
specific recommendations. Nevertheless. 1 am sure
that all of us hope that the attached reports will he
useful to researchers, advisory com mil lees, and
laboratory directors. As I stated at the beginning,
the recommendations are the result of hard work for
a short time by dedicated individuals. Although we
hope that they will serve as guidelines. 1 don't think
that any of us believe that they should be followed
slavishly. Indeed, new findings and discoveries may
well make some of the recommendations obsolete
before they can be pursued. The recommendations
should cr ta inlv be re-examined a few vears hence in

the lighl of new insights which have been gained in
the meantime.

Kinallv. for the steering committee. I would like id
thank all participants for your ellorts dining the
workshop. We hope that it was a rewarding i \
perience. We are particularly grateful in tin-
chairpersons and co-chairpersons lor (he additional
work entailed in planning, organizing, and I malls
distilling the discussions and work lhai took place.
We arc also grateful to -lohn Allied l"i In-
organizational skill and help throughout ilw plan
ning and execution of the workshop.

I-'inallv. I'm sure I speak for all workshop panic i
pants in t hanking Louis Kosen. ihc lonl iniu r Mall.
and oilier LAMI'F personnel tor I he îa< 1011-
hospitahty ;ui<\ help they base provided.



II. PANEL P-1

STRONG INTERACTIONS

Chairman:
Co-Chairman:

Richard Silbar
Peter Carruthers

P a r t i c i p a n t s : H . K . K n n n e r . 1 ) . C a l l o w a y . K . H . < \ e m a . I V h i e t e i l e . l i C . I ) . » l i l i - r . i \ A . I ) . . n i i i i ^ m / . I I . W . K e a i i i i ^ .
I ' . A . M . C r a m . I . . H e l l e r . K . H e n l e y . H . H e w . M . I V . I I . I I I I M . H . \ M l . . . l i a - . h e s . K . I . . l . . > m . . n . C . C . I ' h i l h p s . C . \ . H e h k a .
J r . . I . T . S a m p l e . M . 1 ) . S c i u f r i i n . H . S c h m i l l . - I . S m i i i i ' M i - . I ' I ' h i r i < > n . a n < l A . Y n k i i > a w a .

I. INTRODUCTION

In the last few years one important aspect of
strong interactions at intermediate energies — the
nucleon-nucleon problem — has enjoyed a con-
siderable rejuvenation. This has been in large part
because of the possible discoveiy of dibaryon res-
onances in certain measurements of spin-dependent
observables. On the other hand, the equally fun-
damental pion-nucleon interaction has for some
time been in a state of neglect, the richness of the
7iN resonance region having been recognized 15 or 20
years ago.

The reasons for this "ho-hum" attitude by many
physicists regarding the irN and. in the past before
the dibaryons, NX interactions are hard to under-
stand. One possibility is that, in spite ot great efforts
by leading theorists, there was no striking success in
the irX and NN problem for many years, in contrast
to the situation in weak and electromagnetic in-
teractions. Furthermore, experimental investiga-
tions following the discovery <>f the jrN resonances
did not lead to surprising new effects but rather to a
gradual improvement in our knowledge of the in-
teractions. Further progress in our understanding of
these systems will require yet more hare' Aork. Are
the rewards worth it?

We feel the answer to that question is 'yes." and
that the present and past states of neglect in the 7r\
and NN nteractions have been undeserved.
Understanding these fundamental hadronic interac-
tions both elucidates strong-interaction particle
physics and has important applications in nuclear
physics.

Moreover, in very recent times a new prospect for
what we may learn from jrN and NN seems to be
emerging — can we learn about the underlying
quark structure of hadrons with intermediate-energy

data and its analysis? The questions that can be ad-
dressed are:

• Is NN scattering, for example, the scattering of
two bags of colored quarks, or can il still be de-
scribed beyond some range by the single and
multiple exchanges between the nucleons of
pions and other mesons'?

• Are the present quark models adequate for
describing the irN resonances extracted from the
scattering data?

• Is the pion something special in quantum
chromodynamics (QCD)'.'

• How big is a nucleon bag (or. how big is its quark
core)?

• What are the quark contributions to the short-
range forces between hadrons0

We will return to, and expand upon, these questions
below.

Another recent development is that we have now
entered a new era of technological opportunities in
strong interactions at medium energies. Because of
the high-intensity, good-quality beams now
available, the phase shifts and inelasticity
parameters describing NN elastic scattering will
very likely be much better known in the near future.
The 7rN phase-shift analyses can also be con-
siderably sharpened, at least to 600 MeV. though
this will require some improvements in detectors
and instrumentation. Finally, there is now the pos-
sibility for the study of inelastic reactions like pp •
np7r* nr -K*p - 7r+7r°p, in which all the kinematic
variables are completely determined.

In the report of the P-l panel which follows, we
will discuss in turn the status and the opportunities
for progress for a nvniber of strongly interacting
systems — NN, KN, and KN, as well as the above-
mentioned NN and irN cases. This will be followed
by a discussion of the theoretical implications of



such studies. Finally, we indicate briefly the kinds of
new facilities that will be needed to pursue them.

II. THE NUCLEON-NUCLEON INTERAC-
TION

A. Elastic Scattering and Phase-Shift Analyses

Phase-shift analyses of N \ data represent an in-
termediate step between experiment and fundamen-
tal theory. At LAMPF energies there are about 2(i
elastic phases and 12 inelasticity parameters that
cannot be neglected. Thus it is not surprising that
progress has sometimes been slow in obtaining
meaningful phase-shift solutions.

Impressive progress has recently been made in
this field. As a result of the recent analyses of the
BAS'.Jl'K group's triple-scattering data from
TRIl'MF and the (leneva group's polarization data
from SIN, unique I = 1 and I = 0 solutions exist up
to 50(1 MeV. There is an extensive program at
LA.MPF energies (500-800 \<IeV) using polarized
proton beams and targets. The Virginia Polytechnic
Institute and Saclay energy-dependent analyses
(still preliminary for I = 01 now go up to 800 MeV.
At lhe Z(JS. currently in its last days of operation,
an impressive program of proton-proton measure-
ments has led to a unique amplitude analysis at
6 GeV and to the suggestion that dinucleon res-
onances exist at lower energies. The Kyoto group
and Karlsruhe-Wuppertal group have been especial-
ly prominent in analyses of these data and the res-
onance interpretation.

We break our discussion of what further improve-
ments would be desirable in the data and its analysis
into separate pp and np cases for various energy
ranges.

1. For pp scattering below 500 MeV. we need
precise differential cross sections and a reduc-
tion in the errors of the triple-scattering
parameters. There may be a residual problem
with the determination of the forward values of
the imaginary amplitudes. Further work is rec-
ommended.

2. For pp scattering from 500 to 1000 MeV. the
data can be described as qualitative. An excep-
tion is the energy point near 650 MeV, where a
body of earlier data from Dubna exists. At
LAMPF, the Case Western Reserve group has

made precision measurements for pp differen-
tial cross sections (da/diil. analyzing power
(P), and the spin-correlation parameter ANN.
Further experiments will take advantage of the
variable-energy H~ beam, polarized beams,
polarized targets, and polarimeters that will
soon be available. These experiments should
improve ihe state of knowledge at these
energies considerably.

Even so, there remains the problem <>f in-
elasticity. Single pion production increases
rapidly to large values from 500 to 80(1 MeV.
This generates imaginary parts in all phase
shifts. The elastic observables are not very sen-
sitive to these parameters, which make their
determination difficult. It would be very useful
to include suitable differential pion production
data directly in the phase-shift analysis. This
would require a coupled-channel approach,
which has been much discussed but not yet
attempted. It is highly desirable that a start be
made in this direction, since there already ex-
ists a body of pion production data that could
be usefully employed.

.'). For pp scattering above 1 (leV there arc sub-
stantial scattering and polarization data from <)
number of groups. A significant new element
was measurement of transvers? and longitudi-
nal spin-dependent total cross sections (A<TT.

•ACTL) as a function of energy by Michigan-ANL-
Rice University groups and the Yokosawa
group. T'.ese have led to the conjectured
dibaryon resonances discussed below. The
nature of these resonances remains unclear,
and one of the objectives of the LAMPF NN ef-
fort is to clarify theirorigin.

4. For np scattering up to 500 MeV. an important
milestone has been recently achieved. The
analysis of the BASQUE np triple-scattering
data, combined with the pp analysis men-
tioned above, has resulted in a unique set of
I = 0 phase shifts in the 200- to 500-MeV range.
Further improvements can be expected from
small-angle np dtr/dfi measurements; such ex-
periments are in progress at TRIUMF. The np
spin-correlation observable ANN would further
constrain the pha<?e shifts.

5. Regarding np scattering at LAMPF energies,
the 1 = 0 amplitudes are relatively poorly
known (see Fig. II-1 for one example). In the
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Fig. II-1.
The 1 = 0, 'P, NN phase shift, as a function of
energy, as determined by various different
analyses.

last few years d<x/dQ has been measured by
LASL and Texas A&M University at a number
of energies, including a small-angle measure-
ment at 800 MeV. P and ANN data are in the
process of being analyzed. Kxperimenis are be-
ing planned or proposed for furt her small-angle
do-/d$2 and quasi-free pn triple-scattering
measurements. The latter should be pursued in
free np scattering as well. Spin-eorrelaiion
observables are also clearly desirable. Here
LAMPF finds itself at a distinct disadvantage
uis-a-uis polarized neutron beams presently at
TRIUMF or soon to be available at Saturne II.
A more intense polarized proton ion source is
needed.

6. Above 800 MeV a rather small amount ol np
data exists, mainly charge-exchange d<r/d[2 and
P. There are, however, some very interesting
quasi-tree np Aah experiments (polarized
deuteron target) which have been performed at
Argonne by the Yokosawa group. Extracting
1 = 0 information using the I = 1 \<rv pp data
indicates possible structure as a function of
energy there as well. If this is an I = 0
dibaryon, it would be very interesting. It would
be extremely valuable to confirm this structure
by independent experiments in free np scatter-
ing. We also note that a program of np polariza-
tion and spin-correlation experiments will be
carried out at Saturne at energies up to '.] (IeV.

B. Inelastic Channels

The NN system at intermediate energies is strong-
ly dominated by the inelastic pion production chan-
nels. For example, in the energy region from pion
production threshold (near ;)()() MeV) to 1 (leV. the
total pp cross section approximately doubles, while
the total elastic cross section monotonicaliy
decreases. Thus it is of importance to study the in-
elastic reactions NN -• d7r and NN • NN:7r. which
account for about one-half of the total NN cross sec-
tion. (Below 2 GeV the reaction NN • NNITTT is. for
I = 1, relatively unimportant. However, it may be
more important in I = 0 np channels, in which single
A production is forbidden.)

The interest in inelastic reactions is heightened by
the possible effects on these channels due In
dibaryon resonances (or, vice versa, the effects of in-
elastic reactions in producing the resonance-like
structures). Study of the NN system at intermediate
energies must include spin-dependent, variable-
energy measurements in all reaction channels, so
that unique amplitudes can be derived. Clearly, a
parameterization only in terms of elastic phase
shifts and partial-wave inelasticities is inadequate,
and a coupled-channels approach of some kind is
called for. This combined program of experiment
and analysis is formidable, but we have hope that a
careful selection of experiments with tastetui
theoretical guidance will shorten an otherwise very
long job.

The usual picture of the NN • NNTT inelasticity
in this energy region is that of the isobar model I Fig.
II-2). We note that in the last two years it has
become possible to calculate the isobar amplitudes
NN • NA, NN • NN1 in a unitary way. i.e.. in a
way which goes beyond the Born approximation.

Fig. II-2.
The reaction NN — NNir in the isobar model.



The reaction pp • dir' has just begun hi he
studied as a (unction of energy with polarized beams
and targets at all three meson factories. This reac-
tion is simpler than the unbound three-body stale
XX'ir experimentally, hut may he more difficult to
deal with theoretically. There have also been the
beginning* of two-armed spectrometer studies o| the
pp • npir* and pp • ppjr0 react ions by the Hire I Di-
versity/I 'niversity of Houston group. In l ad . one ol
these "complete kinematics" experiments has taken
data with a polarized beam, and the spin-
dependence of the reaction seems to be large. (A
similar dependence on spin is seen by the I.ASI.-
Texas A&M group in the spin transit r to the forward
neutron in polarized pp • npir*.)

We expect, and wish to encourage, that other
"kinematieally complete' pion production experi-
ments be done in the near future. To facilitate data
acquisition it may be necessary to consider experi-
ments with large solid-angle acceptance (streamer
chambers? time projection chambers'.'i. Also
because of the small cross sections lor kincmatically
complete differential cross sections, we encourage
the installation ol an intense polarized H source to
make spin-dependent pion production experiments
feasible.

C. Dibaryons?

As mentioned in the Introduction, the discovery <>f
strong energy dependence in spin-dependent total
cross-section differences, such as AT, = ni. •) -
<x( :). has led to considerable new interest in the
nucleon-nucleon problem. We review the evidence
for these dibaryon resonances briefly:

1. I = 1. 3K3. with a mass around 2.2:M'ieY. has
been seen as a dip in AIT, near 800 MeV. As-
sociated with this are a last rise in the polariza-
tion, a peak in the total elastic cross section,
and a sharp change in A IL (Wom = 90 I at this
energy. A dispersion relation analysis and
several phase-shift analyses show resonance-
like counterclockwise motion on the Argancl
plot ofthe J F, partial-wave amplitude.

2. 1 = 1 . lG«. with a mass around 2.43 (leY. has
been suggested by A<rT and possiblv ±<T{ peaks.
The AIL(90°) data indicate this is resulting
from rapid change in the T»4 partial-wave
amplitude.

•i. I = 1. 'l)2. with a mass around 2.1(i ( !e \ . is
suggested by a sharp peak in An, ami three
phase-shift analyses.

4. 1 = 0. 'F3. with a mass around 2.20 (leV (near
80(1 MeVl. is suggested by the smooth behavior
of -iff, for pd scattering. There is some support
for a resonance interpretation from a lorward
dispersion relation analysis and one I = 0
phase-shift analysis.

">. Resonance-like behavior seen in the proton
polarization from deuteron photodisintegni-
lion.

(5. Possible pA and A A enhancements at 2 .Hand
l'.:i") (leY may have been observed in low-
statistics invariant mass plots by groups at
( 'HRXandl)uhna.

It is fair to say that among the I'-l panelists there
was a range of acceptance of this evidence lor
dibaryon resonances that went from enthusiastic ad-
vocacy to skepticism. We all feel that new experi-
ments under way. to check the earlier measurements
ami to extend them to particular reactions, should
cl;>ri!\ this matter in a few years. It these exotic ob-
jects really exist, there are profound theoretical
implications.

There are at present two common views of how t he
resonance-like structures might arise. The conven-
tional meson theory approach, which includes the
attractive potential due to the opening of inelastic
channels (e.g.. the NX • XA • XX "box diagram").
may already provide a dynamical explanation.
Figure Il-.'i shows the prediction for the '1)2 partial-
wave amplitude by Kloet and Silbar. using such a

Fig. 11-3.
The Argand plot of the 'D2 NN partial-wave
amplitude, as calculated by W. M. Kloet and
R. R. Silbar in the isobar model.
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model. This is a unitary calculation using one-pion-
exchange forces between nucleons and isobars, and
it has no adjustable parameters. The highly inelastic
resonance-like behavior in this partial wave may
even be exaggerated. There are similar counter-
clockwise loops in the 3IV 3F3, and '(i4 partial waves
in this model, but they are slower and are not by
themselves able to fit. say. the A<rL or Aar data.
With some adjustments of transition potentials in a
similar model, however. Lomon is able to reproduce
most of the energy dependence of the experimental
phase shifts.

The other popular suggestion is that these
dibarvons are in fact six-quark bound states, all in
one bag (big or small), perhaps temporarily sep-
arated into two halves, each with color. The (}('!)-
bag model approach predicts many such res-
onances. If it turns out that there is in fact an I = I)
'F3 resonance with nearly the same mass and width
as the better established I = 1 3F3. it may be iheonly
explanation for them is such a bag model picture:
the conventional meson theory approach would be at
a loss in such a case.

In this regard, it might be most amusing to check
to see it lower energy s- and p-wave dibarvons
(around 400 MeV) might also show up as narrow
|K»aks in precision total cross-section measurements.

III. NUCLEON-ANTINUCLEON INTERAC-
TIONS

The important news in this field is that the Low-
Knergy Antiproton Ring (LEAR) is looming on the
CKRN horizon. The LEAR will begin producing,
around 1984, very high-quality antiproh.n beams
that are 103 times more intense than those, say. of
the LESB-II channel at the Brookhaven ACS. The
experimental program for LEAR is well thought out
and well documented, and there appears to be little
activity in planning and building such a cooling and
storage ring anywhere else. Because of this virtual
monopoly by CERN on future low-energy antiproton
physics, the P-l panel did not dwell too much on the
NN problem, so this section will be relatively short.

The antiproton physics that has received the most
attention in recent years has been whether narrow
(or broad) bound states and resonances exist in the
NN system. The experimental situation is chaotic,
with even the "well-established" S(1937) meson now
in a state of doubt. Theoretically, there has been a

fair bit of hoopla claiming that such "baryonium"
states can arise (or not) in either the conventional
meson-exchange picture of the NN potential, trans-
formed to an NN potential by a simple (I-parity
argument, or in bag model like that described above
for dibaryon resonances ("color chemistry"). It may
well be that we shall have to await the results of
LEAR before we know whether and how much
baryonium exists in the world.

Other aspects of the NN interaction are also
interesting. It has been suggested by I). I nderwood
of ANL that the storage ring more or less naturally
brings the antiprotons into a stale of polarization.
Scattering experiments measuring spin correlations
would then give us interesting new information. We
may eventually be able to obtain the NN elastic-
scattering phases, just as we now do tor the NN
problem. The NN case is much more complicated
(and interesting! because of the very important an-
nihilation channels. Indeed, the annihilation
process, NN - pions, is poorly understood and is
ripe for exploitation. It may be that, if the nucleon is
described as a collection of three quarks in a large
(MIT) bag. the branching ratio tor some NN • .'i7r
reactions is predictable. On the other hand, if the
small (Stony Brook) bag picture holds. NN
47r.57r. . . . may be more important because of the
spectator pions in the clouds about the bags.

Other applications of antiprotons. such as to ex-
otic atoms and to nuclear physics, may need more
study.

As to the question of whether the I'nited States or
others should consider building a low-energy storage
ring in a future competition with LEAR, there was
some mixture of opinion among the P-l panelists.
The majority felt that a wait-and-see attitude was

appropriate.

IV. PION-NUCLEON INTERACTIONS

A. Elastic Scattering and Phase-Shift Analyses

The amplitudes for 7rN elastic scattering are bet-
ter known than those of any other hadron-hadron
reaction. This is largely because there are only four
independent invariant amplitudes and some :i5 000
data points. Nonetheless, the present knowledge of
the TTN - a-N process is not satisfactory for many ap-
plications. There are fairly large discrepancies be-
tween different data sets and considerable gaps in
the data.
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An improved determination ot the 7rN amplitudes
is of interest for the following applications:

• The excited states of the nucleon (the 7r\ res-
onances) are often the most important data with
which calculations of the excited stales <>l a
three-quark system (hound in a hag or by some
single- or multi-channel potential I can he com-
pared. The parameters of these resonances are
determined in wS phase-shift analyses, hut the
present experimental accuracy is not sufficient
to determine reliably the level split I ings and
weakly coupled members of multiplets. Since
the structure of the nucleon is one ot the fun-
damental problems of physics, interest in the j r \
resonance parameters will increase in ihe nexl
decade.

• Accurate results for the irS amplitudes at low
energies (and for extrapolation to unphysical.
subthreshold regions) are needed to test predic-
tions of P('A<' (see Sec. Vlll and various
dynamical models. These models are <>l interest
in that they give off-shell extrapolations <>l 7rN
amplitudes needed for applications to nuclear
physics (e.g.. pion-nucleus scattering, pion con-
densates, three-body nuclear tones, etc.).

• By ana ly t i c c o n t i n u a t i o n of 7r\ • i r \
amplitudes, we can obtain wn • W ini'orma-
tion that is useful tor extending one-boson-
exchange models of (he \ . \ force beyond one-
pion exchange. At present the accuracy of ihe
continuation lor t > 10 y1 is not yet satisfactory:
it requires more accurate low-energy 7r.\ data
and resolution of problems with WIT • ww phase
shifts at low energies. The 7rir • NN amplitudes
are also useful in our understanding of ihe
nucleon's isovector electromagnetic form factor.

The methods used in 7r\ phase-shift analyses to-
day are considerably augmented by theoretical con-
straints. These include not only consistency with
isospin conservation, but also with fixed-t and other
sorts of dispersion relations, and other uses of
analyticily (such as conformal mapping to put
singularities in the amplitudes "far away"). This is
not the place lo go into details of this well-developed
machinery. (We do comment, however, that many of
these techniques might also be useful in carrying out
NN phase-shift analyses; il might be worthwhile to
have a special topic workshop to which practitioners
of both arts get together for an exchange of infor-
mation.)

Since the incorporation of mt>ny of the above-
mentioned constraints in phase-shift analyses re-
quires much effort, it has been accomplished up to
now only by two groups. Karlsruhe-Helsinki iKH)
and Camegie-Mellon-Herkeley (('.VIC-l.BI.l. '1 hese
two analyses use considerably different methods.

The CMl -LBI. group starts with a careful
amalgamation of the wS data at .'fc'i momenta in the
range of ().4:i to 2.0(le\7c. The Ansatz tor the
partial-wave amplitude at tixed-s contains "Bom
terms" which include Kegge expressions with ab-
sorption corrections for the exchange of the
Pomeron. meson resonances, the nucleon. and _i
isobars. Presumably this introduces (inly a weak
model dependence. The application of constmints
from dispersion relations along five hyperbolae in
the Mandelstam plane finally leads to a uniqu" set
of phase shifts.

The KH group did not use such Born terms, and
the effort lor the amalgamation of the data, lor error
estimates, and for random searches was smaller
Instead, much stronger analyticitv constraints were
used. Kixed-t analyticity was imposed ai !f. (-values
up to t = — I l(ie\ I2, as was fixed cenier-of-mass
angle analyticity at 18 cos D values. This made it
necessary to analyze simultaneously all data from
threshold to 200 (le\7c. The analysis would not have
been possible without Pietarinen's expansion
method. The solution was checked for compatibility
with fixed lab angle ("interior"! and. for s-wa\es. s-
channel partial-wave dispersion relations. "Zero tra-
jectories" were also studied for invariant and Irans-
versity amplitudes.

A detailed comparison of the ("Ml'-LBL and KH
analyses will soon be available. There are dif-
ferences, of course, in many of the partial waves.
For example, the imaginary part of the I)35

amplitude shows a distinct bump in the CMl'-LBL
case at 1900 MeV. whereas the KH only shows a
shoulder. If there is a D36 resonance, however, it rep-
resents evidence for a state which is not predicted in
the simplest quark models. Thus it is of some impor-
tance to clarify the nature of (his bump or shoulder.

In comparing with earlier phase-shift analyses,
one should remember that a good fit to all data
solves only the simpler part of the problem. The
main question is whether the phases of the
amplitudes are compatible with fixed-t and other
dispersion relations. To now this has not been
checked for the older solutions.
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We turn now to the experimental situation and
the gaps in the data that need to he filled. We con-
sider, for convenience, two energy regions: "low,"
from 0 to 600 MeV, accessible at the present meson
factories; and "high," above 500 MeV, accessible at
other high-energy accelerators. In the low-energy
region we co d identify only two active groups,
working at SIN and LAMPF. There is a problem in
the "high" region in that many facilities for carrying
out 7rN experiments are disappearing rapidly. The
advent of a trN program at the Japanese KEK
facility is encouraging, however. In addition to ac-
tive groups, there is a fair bit of 7rN data extant, not
yet available in final published form. We continue to
eagerly await the results from the LAMPF" and
Saclay low-energy vtp elastic cross sections
(<7() MeV) and the extensive Nimrod data at higher
energies.

In the "low" region, it would be most useful to have
7r~p - 7r°n charge exchange cross sections below
200 MeV. A good absolute normalization for thai
process is necessary in the region where drr/dil is flat
(s-wave dominance). In the region of the (3,3) res-
onance, the main problems are the determination of
the A* + -A" mass splitting and the I = Va phases. We
need da/dU in larger angular intervals for all three
jrN - xN reactions and at more energies than
measured in the benchmark experiment of Bugg.
Carter, and Carter. New jr~p elastic and charge-
exchange polarization data would give important
constraints on the S,L amplitude. This partial wave
is not well dptermined as yet because its contribu-
tion to the I = V2 total cross section is comparable to
the effect of the .i-mass splitting. Above (he first res-
onance there are gaps and discrepancies between
different data sets.

In the "high" region, the present information on
the 7r"p polarizatioi is much worse than that for all
other da/dn and P data. The mass splitting in JTN-
resonance families is at present only indirectly
derived. It would be of great use to have polarization
data at closely-spaced energies.

The experimental situation in charge-exchange
scattering above 600 MeV/c has much improved
with the new Rutherford data. Unfortunately, both
the KH and the CMU-LBL groups have difficulty
fitting it together with all other information and the
dispersion relation constraints. This suggests that
either dcr/dfi charge-exchange data have an un-
known systematic error, or some high partial waves
are much larger than expected.

There exists much information on d<r/d$2 at many
energies for | cos 6\ < 0.95, but in only a few data sets
for cos 8 > 0.95. There are also some differences be-
tween different near-backward data. New data at
| cos 81 > 0.90 would be of interest for several
reasons. First, since do/dQ at 0° is well determined
from <rT (which unfortunately shows systematic
discrepancies) and dispersion relations, the new
data would be well normalized and would improve
the normalization of the (overlapping) |cos 6\ < 0.95
data. Second, d<r/dfi usually varies rapidly for
|cos0| > 0.90. This struct re. not well resolved at
present, contains important information on the
higher partial waves. Finally, the reliable informa-
tion on the absolute phase of the forward amplitude
can be extended to larger angles only if there is no
gap in the data.

The comparison of the KH and CMl'-LBL
analyses mentioned above will soon provide a list of
discrepancies between predictions and measurable
quantities. This will indicate where new data are
desirable. At present, spin-rotation data (A and R)
are nonexistent below 6 GeV/c. It would not be sur-
prising to us that some such experiments will he the
most sensitive ways to improve our knowledge of the
TTN phase parameters. At the least, a measurement
of suitable spin-rotation parameters would fix tin-
relative angle between the two isospin triangles iind
their orientation with respect to reflections (I he
"discrete ambiguity").

B. Inelastic Channels

Single pion production in TTN collisions, 7rN
7T7TN, is of interest for several reasons:

•The strong unitary coupling to the elastic chan-
nel (most 7rN resonances are highly inelastic)
means 7rN — jr7rN information may be helpful in
establishing n-N phase shifts.

•The process, describable by phenomenological
isobar models, can be used to find resonance
(isobar) coupling constants.

•Aside from KM-decay. it is the only way we have
at present of studying irn scattering and its rela-
tion to chiral symmetry (see below).

Application of 7rN —• nrN data for each of these pur-
poses requires the use of more or less sophisticated
dynamical models. Thus, if the above programs are
successfully carried through, this means an
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enhanced understanding of the dynamics of the JTX
— 7r;rN process as well.

Experimentally, in the "high" energy region above
800 MeV, there is a world collection of about :«)0 000
bubble-chamber events in the final charge state.-;
7r+7r~n, 7r-rr°p. 5r*7T°p, and ir 'Vn. Below 600 MeV
only the ir'p • ir+7r~n reaction has been studied
with any thoroughness, and additional data on in-
elastic channels are highly desirable. Most of this in-
formation comes in fact from one experiment, using
counters, by Wyoming and LASL, recently com-
pleted at LAMPF. This is a one-armed spectrometer
experiment in which the outgoing ir* is idep'ified
and momentum analyzed. Apart from the integrated
production cross-section data obtained here, which
were used to extract irn scattering lengths, the dif-
ferential cross sections themselves exist and should
be compared with either unitary three-body
dynamical models, .-.uch as that of Aaron. Amado.
and Young, or with more phenomenological isobar
model partial-wave analyses.

Other one-armed TTX • 7r7rX measurements are
now technically feasible with the intense pion beams
at LAMPF. One of these, for example, is w'p
7r~ir°p. where the r" is detected with. say. the Los
Alamos TT° spectrometer set at low resolution. Also,
the ir*p • ir~w~n reaction could be studied by
detecting a neutron with time-of-flight techniques.
These examples are more difficult than the ir p •
ir'K'n experiment above because of a background
from single charge exchange in the target walls,
which is more frequent than double charge ex-
change. We urge a serious consideration of such ex-
periments.

In the future, measurements of completely deter-
mined kinematics for 7rN • jr;rX react ions should be
considered. These would probably require larger
solid-angle detectors, such as streamer chambers or
time-projection chambers. Completely differential
production cross sections are, of course, much more
constraining on theoretical models than the in-
tegrated, one-armed data. In the farther future, the
spin dependence of the irN - WTTN reaction should
be meacl.!red. This will probably require frozen spin-
polarizeci targets and far more sophisticated in-
strumentation than has yet been proposed.

To conclude tNs section, we comment that verv
little is known about irN — 7T7rjrN reactions near that
threshold, around 400 MeV'. This is within the
capability of LAMPF, and the reaction could
provide a whole new test of chiral symmetry.
14

C. ira Scattering and Ctriral Symmetry

The amplitude for irX • 7rjrN at threshold has as
an important contribution the "irir scattering graph"
shown in Fig. IJ-4. Consequently, the amplitude,
say. for ir'p • ir*ir~n is proportional to 2a0 + a2 + b.
where at is the irir scattering length in isospin state I.
and b represents the background from all the other
Feynman graph contributions that enter. Kxtraid-
ing 7TJT scattering lengths necessarily depends to
some degree on a model to estimate b. To the extent
that b becomes small as energy decreases toward
threshold, however, we can hope toextrad the quan-
tity 2a0 + a2 with only a minimal dependence on the
model.

To get the a, separately, not just the one linear
combination, will require measuring other charge
states, such as 7r*p • ir~ir"p or w p • ;rVn. Pref-
erably more than one such reaction should be
measured, so as to overconstrain the irir scattering
parameters. We mention that, in the past, attempts
to determine the 7T7r scattering lengths from higher
energy data have led to serious difficult ies.

The ww scattering lengths are predicted by cine or
another of the chiral Sl'(2) X Sl'|2l symmetry
models. Unfortunately, such models are not con-
strained by other soft-pion and current algebra con-
siderations, and hence a0 and a2 are determined by
chiral symmetry up to a parameter called £ by Ols-
son and Turner. One of the goals of experiment >
measure irir scattering is to fix the value off.

The recent LAMPF experiment on w~\i • ir*wn
has found £ * 0, consistent with the Weinberg chiral
symmetry model. (This is consistent with the type of

Fig. II-4.
The pion-exchange contribution to irN • irirN,
as a means of studying the irir — irr amplitude.



PCAC, chiral invariance, and chiral symmetry
breaking that has been derived from the quark
model.) This satisfying situation ought to bc-
checked in other TN — irirN reactions, however,

The same models when extended to chiral SU(3)
X SU(3) also make specific predictions for wK • wK
or TTTT - KK scattering lengths, measurable in the
same way in KN — KTTN or irN — KKN reactions.
Such experiments will require high-intensity K or -K
beams and may have to await the advent of a kaon
factory before being feasible.

V. KAON-NUCLEON INTERACTIONS

Despite the growing interest in a kaon factory, the
P-l panel did not have enough time to more than
touch upon the KN and KN systems. Clearly these
interactions would be an important part of any kaon
factory experimental program. In this regard we note
that the jrN interaction was relatively better under-
stood at the time that pion factories were first dis-
cussed seriously than the KN and KN interactions
are understood today.

The relatively weak KN interaction is something
that might be well exploited in probing the atomic
nucleus. However, the basic interaction itself needs
clarification. Do Y = 2 exotic Z* resonances exist'.'
There are theoretical grounds for believing that they
should, either as a result of attraction dup to the in-
elastic K*N channel or as (q4cf) states in bag
models. The experimental phase-shift information,
especially in I = 0, is not clear on this point. If Z*s
exist in these analyses, they are generally p-Wim-
rather than the expected s- or d-wave resonances.

Apart from the question of Z* resonances, it is
clear that the low-energy KN amplitudes are not yet
well enough known to use in K*-nucleus scattering
analyses for purposes of extracting, say. information
on the neutron matter distribution in the nucleus.

The KN interaction with its abundance of Y = 0
Y* resonances seems to be better understood (i.e.,
more often studied). Nonetheless, most quark
models predict more Y* resonant states than are
presently known. (That is even more true for S* res-
onances.) Further, the kaon-nucleon coupling con-
stants gK^, gKNS a r e rather poorly known at this
time, and progress on this is very slow. Finally, here
too, different low-energy parameterizations of the
KN amplitudes predict vastly different K"-nucleus
scattering cross sections.

VI. QUARK MODELS, QCD, AND BAGS

The "new slant" referred to in the Introduction is
the implication that quark models and quantum
chromodynamics have for strong interactions at in-
termediate energies. There is strong overlap with the
other subtopics discussed in this report, and we have
often mentioned some of these ideas already abive.
Most of the ideas we are about to discuss, however,
have not yet been carefully developed. Thus, what
we present here must he considered as highly
speculative.

There are two popular bag models for discussing
the structure of hadrons. The older, more-
established MIT hag has a large size (radius about
1 fm). is spherical, and predicts a rich-level density
of dibaryon states. The "Little Bag" model from
Stony Brook is newer, involves a quark bag of small-
er radius (about 0.5 fm). deformed and surrounded
by a cloud of pions. The pion in this model is a (!old-
stone boson and not itself a bag oi quark-antiquark.
as in the MIT model. It is conjectured thai the Little
Bag model also gives a rich dibaryon level density,
but no calculation exists so far.

We have already mentioned, in Sec. III. the ideas
of quark "molecules" and "color chemistry" as a way
to predict many states in the NN system
("baryonia"). We also noted there that annihilation
branching ratios might be able to distinguish be-
tween the two different bag models.

Regarding the interactions of hadrorv. in this con-
text, there are several interesting conceptual ques-
tions:

• What is the limit of validity of the meson ex-
change picture?

• Is there a duality between the quark-bag t heories
and the meson-exchange theories? If so, which
theory is simpler?

• If the answer to the duality question is no."
what modifications of conventional meson
theory would be required to give such a duality?
Or, in what limit does such a duality exist?

There is quite a bit of work here for the theorist in
sorting out answers to these questions.

We turn now to the question of whether NN scat-
tering can give us information on the bag size. We
first note that, in low-energy scattering, the meson-
exchange theories (involving point-like nucleons)
work well when the nucleons are >0.7 fm apart. This
suggests that the bag radius satisfies 2RbBB < 0.7 fm,
which would be rather small bags indeed. On the
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other hand, bag theories themselves appear to be
qualitatively successful when the nucleons are
<1 fm apart. On the basis of these two (mildly con-
tradictory) pieces of evidence, it is difficult to come
to any conclusion. However, there is an implication
that at least some limited duality is effective.

For medium-energy NN scattering, up to 1 GeV or
so, we need to extend the meson theory calculations
and confront them with relevant data. It is here that
some members of the P-l panel felt there is the best
chance of learning about bag st ruct ure.

At energies above 20 GeV, where (he de Broglie
wavelength is short and the pp differential cross sec-
tion becomes diffraction-like, it appears the elastic
scattering is consistent with a core of 0.2 to 0.4 fm.
The break in the cross section is a dramatic effect.

If not NN, then can irN scattering say anything
about QCD and bags? A fairly large number of
papers deal with quark models for the nucleon and
its excited states. Aside from that, there has been
less work done, but the Little Bag model does lead
to a successful Chew-Low type of theory for low-
energy scattering. This model predicts the (3,3) res-
onance width correctly. What happens for higher
energy JTN scattering is largely uninvestigated. It
may be that the Little Bag and the MIT Bag give
different predictions for the electromagnetic form
factors, which are related via unitarity and disper-
sion theory to 7rN scattering amplitudes.

The quark model itself, with or without the bag
model, can give rise to a nonelectromagnetic source
of isospin symmetry breaking if the mass of the "u"
and "d" quarks differ. This can provide an explana-
tion of why the neutron is heavier than the proton, a
Al = 1 mass difference that has always been hard to
understand electromagnetirally. Such isospin viola-
tion might also show up in xN and NN scattering.
(One example is that the S,i and PM phase shifts
deduced from 7r"p-scattering data may not agree
with those found from jr+p.)

The Big Bag quark model appears to require or
enhance multibody forces between nucleons. There
may be some indication of such forces in recent
elastic electron-scattering measurements at large-
momentum transfers. These forces may also be the
reason why nuclear matter theories cannot
reproduce the binding energy and density of nuclear
matter. We suggest that experiments studying the

energy sharing in the final state following (true) pion
absorption in nuclei might show the large three- and
four-body correlations expected if this idea holds up.

Another difficult experiment that has been
suggested to determine whether the bag for the (3.3)
resonance state is spherical or strongly deformed is
to measure the A-quadrupole moment in the reac-
tion 7rN - irNy near resonance. (The reason this is
difficult is that we have not yet been able to unravel
the easier A-magnetic moment, despite much ef-
fort.)

The implications of QCD for nuclear structure are
even more speculative. There are conjectures of a
"crystal structure" of the nucleus in ihe Big Bag
model. Electromagnetic form factors at large-
momentum transfers may reflect quark-counting
rules. And the suggested stable dihyperon (an
S = - 2 AA-bound stat?) may be found in doubly
strange hypernuclei.

To conclude, we suggest the following experiments
as most likely to bear fruit in this speculative new
enterprise of QCD and nuclear physics:

1. careful, systematic study of NN scattering in
the medium-energy domain to determine the
level density and elastic and inelastic widths of
dibaryon resonances,

2. pp and 7rp elastic-scattering studies up to a few
GeV with an eye to obtaining information on
bag size and excited states of the bag,

3. study of level densities of NN states, a poten-
tially rich area of new physics,

4. study of NN annihilation products,
5. experiments to measure isospin violation in TTN

and NN interactions,
6. searches for multinucleon correlations, as in TT-

absorption experiments, and
7. search for S = - 2 hypernuclei.

VII. PCAC AND CHIRAL SYMMETRY

In general, the SU(2) X SU(2) chiral symmetry
and PCAC are in good shape when compared with
experiment. There is one caveat: there are certain
processes in which the "background terms,"
presumably zero in the true soft-pion limit, can be'
quite large for physical pions. For example, the cross
section for NN — NN*- at 740 MeV predicted using
the PCAC soft-pion theorem is about a factor of 8 too
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small. It was conjectured (and more recently
checked in a mode1, calculation) that the discrep-
ancy is due to "background" contributions from
(3,3)-resonance poles.

The outstanding areas in which there are PCAC
difficulties, or for which it would simply be nice to
have more data, are these:

1. TTN -* a-N data near threshold, to improve the
present amplitude analysis, *

2. yN t ; TTN and eN - eirN data, also at low
energies, to enable a richer amplitude analysis
to be carried out,

3. threshold TTN — TTJTN in one or two other reac-
tion channels, as mentioned in Sec. V.C. to tie
down the nature of SU(2) X SU(2) chiral sym-
metry breaking and the a-r scattering lengths,

4. high-statistics study of the K^j decays (e.g., K '
— i^(i*v) to verify the Callen-Treiman relations
in detail, and

h. more information regarding the mysterious >? •
ir*ir~ir" decay. Note that the latter two experi-
ments are not now things that can be done at
"medium-energy facilities."

The more general StT(3) X SU(3| chiral symmetry
and the associated kaon-PCAC are on rather less-
solid experimental grounds. Here, further ex-
perimental information or input that is needed in-
cludes:

1. determination of the gKN- s and gg^Nv coupling
constants, to allow an evaluation and test of
the SU(.'i) X SU(3> Goldberger-Treiman rela-
tions,

2. determination of axial-vector coupling con-
stants in hyperon 0 decays (e.g.. -~ • ne ») to
check the extensions of the Adler-Weisberger
sum rule, and

3. measurement of low -energy KN -KNscaiter-
ing to a sufficient accuracy to allow an evalua-
tion of the SU(3) X SUM) IT term.

In this case all experiments mentioned will have to
be done at energies higher than available at
intermediate-energy machines. Perhaps some of
these would only be feasible with a kaon factory.

To close this section, we remark that all the above
statements deal with PCAC at the phenom-
enological hadronic level. At the quark level the
nature of PCAC is still controversial and is in the
process of being sorted out and understood.

VIII. APPLICATIONS TO OTHER AREAS OF
PHYSICS

As nucleons are the basic building blocks of
nuclei, a detailed understanding of NN forces is
necessary in order to have a microscopic theory of
nuclei. This applies not only to nuclear structure
and nucleon-nucleus reactions, but also to nuclear
reactions involving other probes (e.g., pions or
photons). These always depend, to a greater or lesser
extent, on . .Itinucleon effects such as meson-
exchange currents, intermediate isobar states,
many-body forces, etc.

Nucleon-nucleon amplitudes are used as input for
calculations of proton-nucleus scattering cross sec-
tions. It appears that lack of knowledge of the spin-
dependent NN amplitudes at 800 MeV is standing
in the way of using proton-nucleus scattering data to
learn about neutron density distributions. For this
reason the N-l panel has recommended a crash
program to measure the NN amplitudes they feel
they need (from 0 to 30°), using both the HKS at
LAMPF and the polarized deuteron beam at
Saturne (for quasi-free n + p information from d +
p reactions). A number of persons on the P-l panel
view such a crash program with caution, since the
information that is really necessary may not come
from (or be well established by) such a limited set of
measurements.

rI he inelastic NN — NNTT amplitudes are likewise
needed as input if we are ever to understand the
processes of pion production or absorption on nuclei.
We concur with the recommendation of the N-7 pan-
el that an increased effort be made to develop our
understanding of inelastic NN reactions.

Calculations concerning the properties of pion
condensates depend, in their turn, on properties of
the TN interaction at low energies. The TTN-
scattering amplitudes are also input to multiple-
scattering or optical model treatments of ir-nueleus
scattering. We remind the reader of a remark by
Gibson that, within a given multiple-scattering
treatment of jr-helium elastic scattering, equally
good parameterizations of the present-day low-
energy TTN amplitudes give enormous qualitative
differences in the predicted ir-helium scattering
angular distributions.
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Another "engineering application" of strong in-
teractions to medium-energy physics will he proton-
nucleus production cross sections lor kaons and an-
tiprotons. At present these are not well enough
known (there is a disputed "knee" in the production
curve a£ the ZGS energy tor both K*,K and J)
production) to make a rational choice as to what
energy a kaon factory should strive tor. We rec-
ommend an experiment to measure these cross sec-
tions at enough energies, angles, and i'or enough
nuclei to help in the planning and decision-making
concerning a future kaon factory and its secondary
beams.

There are astrophysical implications of the \ \ in-
teractions, particularly with respect to neutron
stars. The equation of state for neutron matter is
needed in order to estimate the mass, radius, and
moment of inertia of the neutron star, as well as the
sequence of events in the supernova leading to it.s
formation. This equation of state is very much deter-
mined by the properties of the short-range repulsive
NX interaction. Data at medium energies, as
already indicated in Sec. VI. are going lo he very im-
portant in establishing details of ibis short-range
behavior.

In a more speculative vein, it might be the cfise
that better knowledge oft he N.\ interaction at small
distances can be used, together wilh hadronic scat-
tering experiments, to study the electromagnetic
form factors of nuclei. The example we have in mind
is the ad hoc adjustment made in the deuteron (orm
factor by fJurvitz and Kinat some time ago to fi< the
back-angle pd elastic scattering, assuming then-
known NN amplitudes. Later electron-scattering ex-
periments at SLAC confirmed the postulated H0-
times-larger form factor.

IX. NEW FACILITIES
DESIRED

NEEDED AND

In the following we do not count as "new" those
facilities and improvements that are already under
way, such as variable-energy operation, EPB area
improvement, and spin-precession equipment at
LAMPF, polarized target development at LAMPF,
TRIUMF, and Saturne, and polarimeter develop-
ment at LAMPF and Saturne. Obviously our

awareness of these programs had an impact on the
suggestions made in this section. We consider the
needs at the various intermediate-energy facilities
separately.

A. LAMPF

There are three items:
• Dilution refrigerator and frozen spin targets

are needed for both the NN and TTN programs.
This would entail an initial cost of (roughly)
$().5M and would require a continuing man-
power effort (about $20()k/y ear) for
maintenance.

• For use of superconducting magnets in spin-
precession solenoids and polarized-target
dipoies, a system for recovery, purification,
and reliquifieation of liquid helium is needed
for existing targets and superconducting
magnets, as well as new acquisitions. We
roughly estimate this to cos; about S-JOdk.
Perhaps .some arrangements can lie made with
other divisions of LASL to share the cost and
work involved.

• For LAMPF to be competitive with Saturne in
the production of polarized-neutron beams, an
intense polarized H~ source that gives 2(MI-
.'500 nA of polarized protons in Line X is re-
quired. (Actually, with such a source LAMPF
would be about equal with Saturne in inten-
sity, but some five times better off in energy
definition of the neutron beam.) Design and
construction of such a source should be under
way in one or two years, with operations begin-
ning in three or four years. The cost of such a
source is estimated by the LAMPF Long-
Range Planning Committee to be about $1M/-
year over the next six years, including the cost
of three or four years of operation and
maintenance. P-l panel felt this estimate was
too high and suggested that a collaborative ef-
fort with the ANL polarized source group
might result in a better engineering match of
source and the present injector configuration,
as well as a more trouble-free performance
with deuterium as the charge-exchange
medium instead of cesium. We urge LAMPF
management to look into this possibility.
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B. Saturne

In the near future the polarized proton and
deuteron beam in the accelerator will only be trans-
verse. A solenoid and other spin-precession equip-
ment are needed to provide the other spin orienta-

Z ^ S r ^ ^ 6tit th

C. LEAR

We urge the machine designers «, ]Mtk i r m , ( h e

question of whether the antiprotons in the storage
nn<t wj] (or. with easy modifications, could) develop

tn.nsverse polarization. An estimate bv D
Underwood suggests that this useful polarization
might evolve in as little as 10 minutes.

D. A Future Kaon Factory

We urge the designers of such a machine to bear in
mind the possibility of accelerating polarized
protons and providing variable-energy beams , a

front or back "porch"?). Polarized deuteron beams
would also be desirable, but probably more difficult
it a present-day meson factory is used as the injer-
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I. INTRODUCTION

The study of the weak interactions has been an ex-
traordinarily fruitful way to obtain information
about the fundamental particles. Theoretical and
experimental work during the last decade has point-
ed strongly to the likelihood that the weak and
electromagnetic interactions arp described by a
renormalizable unified gauge theory. Indeed, at the
present time all experimental data seem to be con-
sistent with the so-called "standard (Weinberg-
Salam) model."1 In Sec. II we outline the open
questions that arise when one wishes to determine
some important fine details of the standard model,
and when one starts to inquire in the spirit of some
theoretical speculations about the possible existence
of new interactions which are not contained in the
standard model.

The physics involved manifests itself at low and
intermediate energies in small corrections to the
observables of known processes, and in non-
vanishing, albeit very small, branching ratios for
reactions that would otherwise be forbidden. It is
because of this circumstance that intermediate-
energy physics has a unique opportunity to con-
tribute to the advancement of the physics of the fun-
damental interactions.

Modern meson factories provide beams of ir- and
^-mesons nearly three orders of magnitude more in-
tense than those previously available. With these
and other high-quality beams one can observe
decays with smaller branching ratios, detect small
symmetry-violating effects, and measure param-
eters to higher precision than was possible before.
These experiments will be able to determine or place
limits on coupling constants or the masses of bosons
associated with possible new interactions, in many

cases before the new particles are accessible to dire<\
observation.

For this reason the panel believes that ;i vigorous
experimental program at intermediate energies is nl
the greatest importance.

In this program it will be important that full use
be made of high-flux beams available at meson fac-
tories. This will require improved beam quality and
improved detection systems to reduce backgrounds
and it will require substantial commitments of time,
manpower, and resources towards single experi-
ments. The rewards, measured in terms of the con-
tribution these experiments will make to our
understanding of the properties of the fundamental
particles, amply justify, the investment required.

In this report we first of all summarize the impor-
tant open questions in the light of our present
theoretical ideas (Sec. II). Then we discuss possible
intermediate-energy experiments which bear on
these questions (Sees. III-X), concluding the report
with our recommendations.

It should be noted that other aspects of weak in-
teractions in intermediate-energy physics are dis-
cussed in the reports of panels P-3, P-4, and N-5. to
which we refer the reader.

II. THE OPEN QUESTIONS

When considering the physics of weak-interact ion
processes there seem to be two major areas of in-
quiry. The first one relates to the identification of
the gauge group SEW of the weak and
electromagnetic interactions [i.e., those with coup-
ling constants of the order of GF » (1.17 X
10-') GeV-» and e = (4ir/137)"a|, and elucidating



the detailed properties of the interactions and parti-
cles involved. The second is concerned with the pos-
sible existence of other, presumably weaker, non-
strong interactions and with their symmetry group,
the flavor group SF. which will in general contain
SEW as a subgroup.

A new and different class of interactions is
predicted by theories which unify the flavor and the
strong interactions. However, if the associated
bosons are as heavy as expected, the possibility of

to the number of generations.'" so if is important to
try to identify the possible existence of particles
beyond the third generation.

In general, the states ee'. »„'. i't' and d'. s', b' (the
gauge group eigenstates). which appear in the Sl'(2)
doublets, do not correspond to the physical particles
"e> "(i> " ' a n ( ^ d,s,b, which are eigenstates of the mass
matrix. In the six-quark case, using the Kobayashi-
Maskawa8 parameterization, one can express d'.s'.b'
in terms of d,s,b as follows:

- s2s,ei

s,s

- c2caeid

(2)

the proton being unstable would be the only
manifestation al present energies.

Turning to the first class of questions we note
that, of the many possible renormalizable gauge
theories of the weak and electromagnet it-
interactions.-the sequential SU<2),, X I'll) (Refs. I
ant1 :i) model has been especially successful in
accounting for the presently available data.-1--1*

In this model the left-handed leptons and quarks
are grouped into Sl'(2l doublets, viz..

CO,
and ( I I

lu) lc) I1)\*'L v ) , \ h ) .
while the right-handed particles are in Sl:(2)
singlets.

By stopping with three doublets, we have already
included more particles than are known to exist, as
the t quark has not been seen below 15 GeV.fi

However, there are no limits in SU(2)L X U(l I itself

where c, = cos 0,, s, = sin 6,, 0,, 02, and 03 are real
mixing angles, and 5 is a CP-violating phase
parameter. The Kobayashi-Maskawa angles are not
well determined by existing experiments, and an ef-
fort should be devoted to measuring them.

Another set of quantities, which at present also
have to be introduced as parameters, are the masses
of the fermions. It is of great importance to search
for processes that would enable one to determine the
experimental values of the quark masses, which can
then be compared with theoretical predictions. Here
it is important to note the more general need for
reliable methods to calculate the effects of the strong
interactions on weak reactions. Single processes,
such as ir — fivy, can be helpful as testing grounds of
our attempts at dynamical calculations.

For the masses of the neutral leptons there are
stringent upper limits, but the question "Do the
neutrinos have precisely zero mass?" is an open one.
Should the answer be no, the neutrinos will mix as
do the quarks, through a matrix analogous to Eq. (2)

"However, some hint of a limit may be found in Q('I). which is
not asymptotically free it there are more than 17 quark flavors.
There is also a result from cosmology that there can he nn more
than four massless neutrinos as long as all couple to the neutral
current (see the review by D. \ . Schramm. AIP (Onl. J'roc.
Particles and Fields, 1978).
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(Ref. 91. introducing four more parameters into the
model to be determined experimentally. In the pres-
ence of neutrino mixing, separate conservation of
electron, muon. and tau-number will be violated.

In the standard model the weak interactions are
carried by the charged vector bosons W1, which cou-
ple only to the Sl'(2)L doublets, and the neutral vec-
tor boson Z°, which couples to the left-handed
doublets and the right-handed singlets. The
elec'romagnetic interactions are of course mediated
by the photon. In addition, scalar bosons (the Higgs
particles) are required in any renormalizable gauge
theory to ensure renormalizability'" and to give
masses to the fermions and the bosons." In the
SU(2)L X U(l) model, just one complex Higgs
doublet suffices for this purpose, and this gives rise
to one physical neutral Higgs particle, which has not
yet been found experimentally. However, it is quite
possible that there are more Higgs doublets (the
successful relation Mw = Mz cos 0w holds for any
number), in which case charged physical Higgs par-
ticles must also exist. The important question tha.
emerges is whether we can find evidence for neutral
or charged Higgs particles and determine their coup-
lings to the leptons and quarks.

In the second class of questions outlined at the
beginning of this section we ask whether <;EW =
SU(2)i, X U(l) is embedded in a larger flavor group
c;F. For example, Sl'(2)L X Sl'(2>K X I 'd) has been
suggested as such a group.'- By judiciously select-
ing the masses of the right-handed vector bosons, it
is possible to ensure that the successes of the stan-
dard model are not disturbed. An observation of
right-handed charged-current effects would be
evidence for a nontrivial right-handed component of
t;F so that c;F # Sl'(2)L X U( 1), and some extension
is necessary.

Another type of extension of t;EW is to introduce a
symmetry group relating the various generations.1:l

Such a symmetry may be either discrete11 or
continuous, '•*' and has been considered as a means of
providing constraints on the mass matrix and the
mixing matrix, as well as a means of controlling the
number of generations. // the continuous symmetry
is realized as a gauge symmetry, it can give rise to
flavor-changing interactions.

Finally, it is appropriate to conclude our catalog of
open questions by emphasizing that the possibility
always exists that new phenomena may be dis-
covered which are totally unexpected on the basis of
our present ideas.

The answers to the questions outlined in this sec-
tion are of fundamenta' importance for the develop-
ment of physics.

As we shall discuss in this report, the experiments
in intermediate-energy physics offer some unique
opportunities for probing them because of the high-
flux beams available.

III. THE NEUTRINO MASSES

A nonvanishing mass for one or more of the
neutrinos has many indirect consequences because it
leads to the possibility of a Cabibbo-like mixing for
the neutrinos and to the possibility of neutrino
decays. These consequences are examined below and
in the discussion of neutrino oscillations in the F-li
report.

The present limits on the neutrino masses from
direct experiments are md'c) < 60 eV, mtc,,) <
f>70 keV, and m(i>r) < 250 MeV. There are also some
indirect limits or constraints on the neutrino mass-
es. However, the constraint from neutrino oscillation
experiments"' depends on the value of the mixing
angle, and the astrophysical limit17 depends on
assumptions about the neutrino decay mechanism
and mass.18

Studies of the vv mass are well suited to meson fac-
tories. Indeed, an experiment at SIX15"1" on IT VVV

at rest has produced the quoted limit, and another
SIN experiment using JT • /ui'M in (light is expected to
give a similar precision l;i(l)l In attempting to reduce
the limit significantly, reactions and decays which
produce the v^ and two other detectable particles
should be investigated. In the kinematic region
where j'M carries little momentum, this class of ex-
periments is sensitive to m(!'„). while two-body
decays are sensitive to mHi'u).

Of such processes, n - nvu-y (Ref. 20) and n + 6Li
- t + t + vu (Ref. 21) have been the subject of

feasibility studies. The first is very difficult because
of the low branching ratio to the relevant part of the
Dalitz plot, but the second seems to be a feasible ex-
periment.

The panel recommends that other processes with
three particles (including the neutrino) in the final
state should also be studied.

IV. MUON-NUMBER NONCONSERVATION

In discussing the possible open questions in
Sec. 2, we saw that in a gauge theory, conservation
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TABLE III-I

EXPERIMENTAL LIMITS ON MUON-NUMBER
VIOLATING PROCESSES

Process

i-y
eee

K,.

Limit (at 90% Confidence Level)

H M - e 7 ) / r < M -evF) < 1 . 9X K ) - 1 0

Yin - e e e ) / r ( / t i - e ^ ) < 1 . 9 X ]()-»
T(/u + Z - e + Z)/r\v + Z - c + ( Z - 1 ) | < 7 X 1 0 - "

r ( K , , - M e ) / r ( K L - a l l ) < 2 X 1()-9

• j r + / u e ) / r ( K + - a l l ) < 7 X 1 0 " 9

References

of muon number does not follow from general princi-
ples and would not be expected to hold except in
very special circumstances. Nevertheless there are
very stringent experimental limits on <u-number
vii/iating processes, summarized in Table III-I
(Ref. 22).

In the sequential standard model, with just three
families and just one physical Higgs particle, the \x-
number violating processes can only occur at a rate
several orders i'f magnitude below the present limits.
However, as will be discussed in more detail in
Sec. IV.A-E. with additional generations or ad-
ditional Higgs particles or new neutral gauge bosons
coupled directly both to (/ue) and the quarks, much
larger rates are possible, and the present experi-
ments provide the limits on the parameters of these
new particles and interactions. Improving the ac-
curacies of the experiments may lead to the dis-
coverv of their existence.

A. Lepton Mixing in the Sequential Standard
Model

With three lepton families the neutrino-mixing
matrix can be written, taking ve and v,, to be
degenerate, as'-28

It follows that all muon number-violating processes
will be proportional to the quantity (/?7)2. The ex-
perimental limit on the rate of the reaction *»,,-(- A —
e- + X (Ref. 28) gives (0y)2 S 2 X 10"3. The rates for
the various processes are29

ey) Tin - ey)/T(fi — evi>)

3«

(4)

- 3e) T(fi - 3e)/r(M -

3a2

16TT 2 (m,/mw)4 (5)

X lnJ(m>,/mw)2 ,

- 0 7

-y — _ /?a --v2,

(3)
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Bin'Z - e"Z)
e-Z)

(6)

hold.28 Thus if lepton mixing in the sequential
standard model is the source of/^-number violation,
fi~ — e" conversion will have the largest branching
ratio.

X ln(mw/m,,)2

In Kqs. (4)-(6), m,, is the r-neutrino mass, and
CV(A,Z) is a function of N and Z. given by
Shankar.:fl) For Z less than about 75, Cv increases
with A (for the light elements approximately as A2 or
(Z — N)2, depending on the isospin) because of the
coherent nature of the conversion process for the in-
teraction considered). For 32S (on which the experi-
ment listed in Table III-I was performed). Cv — lf>3.
Inserting the experimental limit on m,,. we find that
the branching ratios are B{fx - e-y) < 4.2 X HI1 7 ,
Bin - 3e) < 2.6 X 10"", and B(^ 'Z • e~Z) < fi.fi X
IO~14, which would be too small to be detectable.
However, if a fourth generation exists, and if the
neutr ino associated with tha t general ion is
sufficiently massive, then this situation changes
dramatically. For mL < 1.9 GeV and {0y)' = 2 X
10"3, one obtains

B ( M Z - e-Z) < 7 X 10-" , (7)

which is the present experimental limit, and

B(n - ey) < 1.4 X lO'13 (8)

and

B(/j. ~ 3e) S 3.6 X 10-" . (9)

For neutrino masses mL less than 100 GeV, the ine-
qualities

B. Muon-Number Violation through the Ex-
change of Higgs Bosons

As emphasized in Sec. II, in the presence of more
than one Higgs doublet, muon number is in general
not conserved by the interaction of leptons with the
Higgs bosons.31 To be explicit, consider a Higgs field
0H with the interaction Lagrangian

£ = 21'4 H.c.)

m0
Kee (11)

u uu + md dd)0H

where Ke(1, Kee, and Kqq are dimensionless con-
stants into which we have incorporated the Higgs
mixing angles. For order-of-magnitude estimates it
is usual to adopt the "natural" values Kee = KMe =
K,,,, = 1, but these constants are not restricted in any
way by o priori considerations.

Assuming the Lagrangian [Eq. (11) | and using the
calculations of Shankar,30 one finds that the
experimental limit on the
process imposes the bound

—* e" conversion

(12)

For M •-• 3e, one obtains then

3e) S (2 X 10-»)(KJK, (13)

- e-Z) > B(,u - ey)

which can attain accessible values if the Higgs cou-
ples more strongly to electrons than to quarks.
Furthermore, in general there may be several Higgs
mesons coupled to due), but some of them may not
be coupled to quarks. For such Higgs H', the bound
[Eq. (13)] is not applicable, and all one can say is

- 3e) (10)
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that the experimental limit on the
ratio requires

;MK;e> 1.6 (ieV .

3e branching

( 1 4 )

For the j r - e" conveision process, we find

K/, Kq* > (3 X 103)mw . (17)

and from 3e
The decay ju - - e7 can also be induced by Higgs ex-

change, with the two-loop diagrams dominating in
general." Many diagrams can contribute, the final
result depending on assumptions regarding Higgs-
Higgs and Higgs-W boson couplings. A detailed
analysis has not been made, but with the assump-
tion that all couplings have their "natuial" values.
the estimated branching ratio is:!1

I"))

In the absence ot small mixing angles, small coup-
ling constants, or cancellations between the various
diagrams which may reduce this estimate, this
would require

mH" > 230 GeV (K i )

for the mass of the Higgs boson H" involved.
Consequently, if H" couples to elections and 1 he
quarks, one would have I assuming Keil = Kn. = Kliq

= l)B(jz -3e) < 4 X 10 18and B(jrZ • e / . l < l . U
X 1()-13.

C. Muon-Number Violation through the Ex-
change of Neutral Gauge Bosons

A further possible source of muon-number viola-
tion could be a neutral gauge boson Xx (associated
with horizontal interactions or belonging to a larger
flavor group), coupled to (^e) and possibly also to
(ee) and the quarks. Writing the coupling constants
of Xx as K,le

X)e/sin 0W, etc. (i.e., as a factor K x times
the SU(2)L coupling constant e/sin 0W), we can
adapt our previous discussion to give limits on the
masses and couplings of X*.

(18)

Again, the constants K x ' are unknown, and XA may
be different from X>[. Consequently either of the
processes could have the largest signal. With this
mechanism one expects B(ji — e7> - otiHv -•• 3e).

D. eyy

We have not discussed the decay
In general one expects

• 677 above.

However, in more complicated gauge models, e.g..
where muon-number violation is due to the mixings
of new charged leptons, it may not be impossible for
B(M -e77) to exceed B(M—e7).2( '

E. K - u,e, K

Additional information on the possible
mechanisms of muon-number violation could be ob-
tained from studies of the strangeness-changing
processes K — ̂ e and K — n^e.

In the standard model with three generations the
branching ratios are negligibly small, but the ex-
istence of a fourth generation could lead to B(Kt, —
Me) as large as the present experimental limit, the
precise value depending on the quark masses in-
volved, in addition to the mass of the neutral lepton.
At the same time, B(K+ — 7r+/ue) < B(KL — fie). In
the case of a neutral Higgs boson or a neutral gauge
boson, coupled to both (^e) and (sd), the KL-KS
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mass difference imposes severe constraints on the
branching ratios of K — ̂ e and K — v^e (Ref. 32).

V. MUON CONVERSION INTO POSITRONS
IN NUCLEI

F. Proposed and Future Experiments

In any practical jt-decay experiment, the number
NM of stopped muons which could produce the decay
is limited by stopping rate X run time X detector
solid angle/47r. Reasonable values of these
parameters give

N,, * (10' s -') X (2 X 106sl X 0.1

* 2 X 1012 .

The practical statistical limit on the branching
ratio is thus 5 X 10"". Good resolution in the detec-
tion of the decay products is required to reduce the
backgrounds to this level.

For the a - ey case. LAMPF Exp. 444 (Ref. 33) is
designed to detect a branching ratio of less than
10"12, approaching the limit set by the beam flux.

Using the LAMPF crystal-box detector'9 it will be
possible to measure branching ratios of/u --• e7, ft •
e77, and u — eee with a sensitivity of 7 X l() la.This
sensitivity is imposed by the n stopping rate (5 X
10* s"1), and could be improved by running the ex-
periment with a higher duty factor beam. The pro-
posed Dubna-SIN experiment to search for n - • eee
should reach a sensitivity of the order 10"'2.

At present the sensitivity of the fi-e conversion ex-
periment is limited by the background, particularly
that arising from ir contamination of the beam, and
the decay of the muon in orbit. Better beam quality
and better detectors will enable us to search for B(n
— e) values less than 10"12. We would like to
emphasize that the experiment should be per-
formed in nuclei, both with N = Z and with N ̂  Z,
to investigate the isotopic dependence of the effec-
tive interaction.:i()

The panel strongly recommends that great ex-
perimental effort be expended to push all of the n-
number violating rates to the limits set by the beam
fluxes available.

Another process which could occur in nuclei with
muon-number violation, but where at the same time
lepton number is not const<-ved, is the reaction n Z
- eMZ - 2) [alternatively, M Z - e*(Z - 2) is
lepton number conserving with the Konopinski-
Mahmoud lepton number assignment |.

The ti'Z, - e*(Z — 2) could take place in second
order via appropriate intermediate neutral
leptons.:15 It could arise also via the exchange of a
doubly charged boson coupled directly to (n e+)
(Ref. 36). However, even in this latter case the
amplitude is second order in the weak coupling con-
stant, in view of flavor conservation by the strong in-
teractions, and the branching ratio of n' • e* to jr
- v capture is therefore expected to be less than
10"" - 10"" (Ref. 37), to be compared with the
present experimental limit 9 x 1010 (Ref. 381. To
improve the existing experimental limit is
nevertheless important in order to test the underly-
ing theoretical assumptions and the possible pres-
ence of unusual interactions.

VI. THE DECAY evv

The main decay mode of the muon is still the most
important potential source of information on the
nature of purely leptonic interactions.

The energy-angle distribution of positrons emitted
from fully longitudinally polarized muons decaying
at rest is given by39

6(1 - x )

. T4 1 m2 1
4, |_-x-l-TW-|

+ 6T, iSS. - - T « cos 0
J&O X

(19)
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where the upper and lower signs refer to ^ and /x'.
respectively. Eo is the maximum e* energy, x =
E/EOl /J = p/E, p and E are the momentum and the
energy of e"\ and 8 is the angle between the e"
momentum and the spin direction of the n*. The
constant A is related to the muon lifetime.

The present experimental situation regarding the
Michel parameters p, i?. £. and 5 are summarized in
Table III-I1. Further information on the coupling*
involved is obtained from measuring the compo-
nents of the eT polarization.'9 The present
experimental limit on the electron longitudinal
polarization P^ is P^ = 1.00 ± 0.13, to be compared
with 1, which is the value for a pure V-A coupling.
As seen, the dominant interaction responsible for
the decay is a V-A type weak interaction. Analysis of
the data shows, however,ISI that the strength of
possible contributions from some other type of coup-
lings could still be as large as f/3) V,f.

In the context of unified gauge theories, the need
to gain precise knowledge about the parameters
describing muon decay acquires new significance,
since, as discussed in the Introduction, certain
deviations from a pure V-A structure are quite con-
ceivable. In particular, a V + A type coupling may
appear at some level, which could be mediated by
gauge bosons belongii.,,' to a flavor group larger than
Sl'(2)L X Till, such as, for example. Sl;(2l,. X
SU(2)H X l-(l). In addition, S- and P-type coup-
lings may be introduced by charged Higgs mesons.
Further new contributions could come from neutral
Higgs bosons with flavor-changing couplings. Some
of the new interactions may also violate time-
reversal invariance. A test for T-violating couplings
is possible through a measurement ol the component
P2 of the electron polarization, parallel to <<!„> x
pe. (Note that if only a V-A coupling is present.

TABLE III-II

THE MICHEL PARAMETERS FOR n DECAY"

Parameter V-A Value Experimental Value

•Ref.

28

p

8
V

39.

0.75
1.0
0.75

0

0.752 ± 0.003
0.972 ± 0.013
0.755 ± 0.009

-0.12 ±0.21

time-reversal invariance is satisfied, and therefore
Pa = 0).

In view of these circumstances, the panel believes
that the properties of the decay n - evV should be ex-
plored as accurately as possible.

To see which of the parameters is sensitive to par-
ticular types of couplings, we shall consider two sim-
ple but important examples.

J. Consider the semiweak interaction in an
Sr<2) L XSl ' (2) R X I ' d ) model'^

(20)

H.c.

where the mass eigenstates W, 2 are related to W, H

W, = WL cos £ - WR sin

and (211

Wj = WL sin £ + WR cos

(£ is a real angle). Equation (20) leads to a low-
energy effective Lagrangian of the form

/"»

(22)

where

m?)/(tsm; + ml)

>7 A V

t

(23)

= (1 + tan {)/(! - tan



and

mf
(cos £ - sin

(cos £ + sin £)2

Onefindsi-'

P

&

V

and

3 [(1 +

s n + vL
= 3/4

2W1 + 1
fl +

(24)

= 0 .

2. As a second example, we shall consider an ad-
mixture of a scalar coupling to a pure V-A
interaction:40

£arr = —- [F,7x (1 - 7.W [e7x(l - 7.) "J

(25)

~ M l " 7M ted + 7.)».J .

where fg is a parameter. The Michel parameters are

P = 3/4 ,

* = ~ 2 (26)

and

= - 2 C V C A / ( C V
2 + CA

2) ,

= 3/4 ,

where Cv = 1 -es/\/2,CA = - 1 - e,A/2.
The result p = 6 = V4 in Eq. (26) turns out to hold

also for the most general linear combination of SS,
SP, PS, and PP couplings (in the charge-exchange
order) added to a V-A interaction.41 The relation
Pp* = ±£ holds only in special cases.

As follows from the above discussion, the
parameters sensitive to a V + A and a scalar in-
teraction are p, £, Pe± and TJ, £, Pe±, respectively. In
particular, a nonvanishing n signals the presence of a
non-V,A coupling (in the charge-exchange order). At
present the parameter r] is the least known one (1? =
- 0.12 ± 0.21). The reason is that being proportional
to me/E0, its determination requires an accurate
measurement of the low-energy end of the spectrum.
The parameters p, ij, £. and h will be determined
with an appreciably higher accuracy by a spectrum
experiment at LAMPF4- and an electron
polarization experiment at SJN,4:i improving the
limits on the coupling constants by an order of
magnitude. Further reduction of these limits from
the spectrum experiment would be possible if pions
could be stopped in a time projection chamber and
the resulting n tracked in Ihe chamber until its
decay. Systematic effects at present limit the possi-
ble improvement in the SIN experiment to a factor
of 5 to 8. Ft would be useful to be able to further
reduce the systematic effects to take full advantage
of the high flux available. If this is possible the
feasibility of using integral counting techniques to
reduce the statistical limit even more should be in-
vestigated.

An elegant experiment at SIN4:t is attempting to
measure the transverse electron polarization V2 ~-
<ie • ~htl X pe>. Preliminary results put a 10% limit
on the T-violating amplitudes. Since this experi-
ment is statistics limited, consideration should be
given to developing an experiment suited to integral
counting techniques.

VII. PION DECAYS

A. 1T »2 Decays and H-e Universality

The traditional test of ,u-e universality has been
the ratio
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R =
F(7T — (IP)

(27)

= (1.26 ± 0.02) X 10-*experimentally.-7

With the assumption of ^-e universality and V - A
charged currents. R is determined solely by masses

(28|
- m*)2

= 1.28:? x

To be able to compare with experiment at the 1%
level, radiative corrections are necessary. These de-
pend on assumptions about the TT form factor, but
the ratio

evy)
F(jr - fit> + IT

(29)

can be calculated to within 0.2%. to give the
calculated value41

If we define the charged
Lagrangian by

Higgs-Fermion

-H = uri- H + IKq(m,, + md)u76d

i^ed + yt)ve Ci2)

iM7T(l + 7B)iv] + H.c. .

so that Kq = Ke = K,, = 1 gives the canonical coup-
ling and the neutrino mixing as in Sec. IV.A. we find

rnJ
Ko(Ke -

To obtain this result, it is assumed that the massive
neutrino cannot be emitted in IT decay. These correc-
tions can easily reach the 1% level if. for example,
the lepton mixing angles and their differences are of
the order 0.1 (a typical quark-mixing angle
magnitude), or Ke = mr/me> Kw = mr/m^, Kq = 1,
and mH = 100 GeV. It is important that the ex-
perimental errors in R̂  be reduced below the 0.2%
level of the errors in the radiative correction calcula-
tions in order to test the equality of n and e coup-
lings.

= U.2.T7 ± 0.002) X 10

The most recent published experimental result4' is

= (1.274 ± 0.024) X !()-« . CU)

The experiments which measure R, are limited by
systematic effects. An experiment in progress at
TRIUMF46 hopes to reduce the errors to the 1%
level.

If R,, is not in agreement with the value calculated
from e-ju universality, the difference in the e and p
couplings can be ascribed to charged Higgs effects47

or to mixing in the lepton sector.48

B. ii - evy

The radiative IT decay 7r* — e+vy can proceed via
inner bremsstrahlung from the a* and e* and via
radiation from intermediate states generated
through the strong interactions. This latter process,
called the structure-dependent term, is dominant
for those decays in which the e* and y are nearly
back to back in the pion rest frame and share almost
all of the available energy. In practice one looks for
the structure-dependent term by restricting Ee and
&, to both exceed 50 MeV.

The interest in this decay arises from the fact that
the structure-dependent process tests our ability to
do dynamical calculations. The matrix element can
be expressed in terms of a vector form factor Fv and
an axial vector form factor FA. The Fv can be
calculated from CVC and the rate for ir° — 77
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(Ref. 49); 7 = FA/FV has been calculated using soft-
pion techniques,50 which gives \y\ = 0.6. and using
hard-pion techniques,51 which gives y * —0.5. It has
recently been pointed out that y depends strongly on
the up-down quark mass ratio mu/md (Ref. 52)
because of isospin symmetry breaking when mu ^
md.

Two existing measurements of the decay rater':!

were severely statistics limited, observing a total of
313 events because the branching ratio is of the order
10"*. They are consistent with y = 0.2 or y = —2,
with errors of ±0.1 in each case. Two new experi-
ments, one in progress at TRIUMF and the other
planned at SIN, will significantly improve the
statistics, and discriminate between the two values
of y consistent with the total rate by measuring the
electron spectrum over a wider range. The experi-
ment is also being redone at 25 (leV at Serpukov.

It has recently been suggested5-that a comparison
of results for ir* and ir~ would help in separating the
two form factors. This would require measurements
of the decay in flight.

C. Pion ^ Decay

At present the branching ratio for ** -• 7r°ei' is
(1.02 ±0.07) X 10-" (Ref. 54). The experiment, done
in the mid-1960's, was statistics limited. It should be
possible to measure the branching ratio to better
than 1% at a meson factory. This is the level of the
radiative corrections to the process.

The interest in an accurate measurement of the
branching ratio is two-fold:

1. It provides a test of CVC (which is fundamen-
tal to all gauge theories of the weak interac-
tions).

2. It provides a limit on the coupling and masses
of the charged Higgs particles.

These particles give rise to an S and P effective in-
teraction, and an analysis of the branching ratio
gives the limit55

where the couplings are defined in Sec. VILA. This
is the best available limit on the charged Higgs
coupling.

As it comes from a 7% experiment, it is clear that
it can be reduced significantly by a modern
measurement of the branching ratio.

D. The Decay n° - e*e

The decay JT° — e*e~ is of interest as a probe of the
ir°77 vertex, and also as a potential source of infor-
mation on possible nonelectromagnetic interactions
between electrons and hadrons.56

The most general form of the decay amplitude can
be written as

M<7 = au(p_)7,v(p J

+ i6u(p_)v(pj
C$5)

implying a rate

r<jr°
O7T

(36)

K q K, me (mu + md)
mH

s £ 0.14

The present experimental limit is

B(7T° - e+e~) • Tin" - e+e-)/r(ir° - all)

= (22ifJ) X 10-9 (Ref. 57) .

Thus

B(TT0 - e+e") < 7 X 10"7 (95% C.L.) . (37)

Since the effect of the CP-violating amplitude b on
the rate is presumably negligible,56 one obtains from
Eq. (37) the constraint

(38)
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In the presence of only the electromagnetic in- where f,,
teractions stant and

0.97 m, is the charged-pion decay con-

a = Rea'el + i Imalel (39)

Ima"" can be calculated in a model-independent
way using the unitarity relation, giving

g p p =
f'f" x/2

mi - mH
2

(45)

Assuming | Rea" | < 6 X 10"', the experimental limit
IEq. (37)| implies

Ima" = 2.6 X 10~7 . (40)
| g H

P P 1.4 <4fi>

Hence

B(7T° - e+e") > 4.7 X 10"8 . (411

Rea e is, on the other hand, model dependent. The
available calculations give values in the range

|Rea ie| = (0.2 - 2) Imae (42)

For "canonical" Higgs couplings t" = 21 4 v C"F me. I"
= 2"* \A*F (mu ~ md) o n e would obtain the value
g5p = 1.4for|m£- m^l = 2.4 MeV2.

From the present experimental value [Eq. (37) |. it
is clear that an improved experiment is needed. A
LAMPF experiment with much better statistics is
being analyzed, but this experiment suffers from
background problems and may nol give definitive
results. However, an improved experiment should be
able to determine the TT° • e~e~ branching ratio to
10% or better.

The experimental limit |Eq. (37I| would still allow
an Rea" of the order of 4lma ".

A nonelectromagnetic contribution comes from
the neutral current interaction in the Weinberg-
Salam model. However, being proportional to the
electron mass, its effect on the rate is completely
negligible. Another nonelectromagnetic contribution
could arise "•ora Higgs meson exchange. 40-ft8 Let us
consider a Higgs-fermion interaction of the form

& = fee 0H + f" — (TH U - di75d)0H . <4:U

The contribution aH of Eq. (43) to a is given by58

°H 2(mu + md)
(44)

E. it0 - 3y

The decay JT° - 3y is C-violating, so its observa-
tion would be indicative of a C-violating term in the
effective interaction. The predicted branching ratio
depends on phase space and angular momentum
barrier effects, and has been calculated to be 3 X
10-»|C.|s (Ref. 59) and 2 x 10"*|C_ [2 (Ref. 60).
where C_ is the ratio of C-violating to C-conserving
amplitudes. A LAMPF experiment using a lead-
glass detector has limited the branching ratio to less
than 5 X 10"7 at the 90% confidence level (C.L.)
(Ref. 61), which limits |C_| to be less than 0.2 or so.

It is suggested that use of the crystal-box detector
at LAMPF could measure a branching ratio of 10""8

to 10-9, or |C_| ~ lO"2.
The measurement of C. in TT° — 37 is a clean test

of C-violation, but because of strong interaction ef-
fects it is difficult to relate C. to other tests of C
violation, such as ?j-decav asymmetry and the
neutron electric dipole moment.
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VIII. THE QUARK-MIXING ANGLES B. Low Energies

The Kobayashi-Maskawa quark-mixing matrix
was introduced in Sec. II.

In principle, one can determine f), from nuclear 0
decay, 6, by combining this information with si/ange
particle decay data, and 82 by combining this infor-
mation with charmed-particle decay data. In prac-
tice, nuclear structure and Coulomb corrections
with radiative corrections limit the accuracy of the
determination of cos 0, to 2.5 parts per thousand.
This provides most of the uncertainty in (he deter-
mination of sin 0, = 0.28:S:fi (Kef. 62).

Improved tests of the quark mixing in strange par-
ticle decays will be an important part of a kaon fac-
tory program when experiments with 106 hyperon 0
decays will become possible. These experiments
may resolve discrepancies in the measurer! and
predicted values of gA/gv for A and 2~ 0 decay (in
the latter case the world average gA/gv does not even
have the predicted sign).-7

However, they will need to be combined with
improved measurements of the neutron decay
parameters. The neutron lifetime, for example, is
known only to 2%. And it will be necessary to
improve our calculations! reliability for radiative
corrections to 0 decay of composite particles — both
nuclei and hyperons.

IX. NONLEPTONIC WEAK INTERACTIONS

A. The Strangeness-Conserving Nonleptonic
Weak Interaction

Since a detailed understanding of the nonleptonic
weak interactions still eludes us, further information
on the structure of these interactions is a valuable
stimulus to theoretical advancement. For example,
an improved knowledge of the AS = 0 interaction, in
the weak interaction between nucleons, can help us
to understand the nature of octet enhancement.

At our present stage of knowledge it is best to try
to use experiments to define the structure of the
parity-violating nucleon-nucleon interaction. The
step to such an interaction from the underlying
weak-interaction Lagrangian is still a very large and
difficult one.

Here there exists a significant amount of data,6;i

but much of it has rather large errors. These errors,
with the uncertainties in the nuclear physics
analysis of the data, make it very difficult to obtain
information about the structure of the parity-
violating nucleon-nucleon potential.6'!-64 There is a
prime need for more experimental information on
few-nucleon systems — especially the two-nucleon
systems.

We encourage the proton-proton longitudinal
analyzing power experiments at 15 MeV (Ref. 65)
and 50 MeV (Ref. 66) currently in progress. These
experiments have at present reached a sensitivity
level of the order of 10"', which is the order of the
expected effects.6" Since these experiments will
obtain significant results, we strongly urge that they
be pushed to their ultimate sensitivity level, which
would be expected to be about 3 X 10~8.

In addition, longitudinal analyzing power in p-p
and n-p scattering should be measured up to 400
MeV in steps of about 50 MeV This would allow a
"phase-shift" type of fit to the parity-violating mix-
ing angles and would give some chance of fitting the
shape of the parity-violating potential to the data. It
appears to be feasible to reach a sensitivity of 10"'
for p-p scattering with the present flux. However,
the n-p experiinents require polarized proton beams
of 100 times the present intensity.

Parity violation inn + p<-»d + y should be further
examined since it offers a clean separation of AI =
0,2 and AI = 1 parts of the potential. In particular
we note that the existing measurement of the photon
circular polarization is difficult to accommodate in
the usual theoretical framework.63-64 Therefore we
welcome and encourage proposals to remeasure the
7 circular polarization, to pursue the y asymmetry
in polarized neutron capture, and to determine the
analyzing power of the breakup reaction for circular-
ly polarized photons.

We also encourage proposals to perform (e.e1)
reactions to low-lying excited states in light nuclei
using circularly polarized electrons. These reactions,
which are almost the inverse of the 7-decay in-
vestigations of parity mixing in light nuclei, are dis-
cussed in more detail in the N-5 report.
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C. Intermediate Energies (Above
Threshold)

Production

Above the ?r production threshold, there are two p-
p experiments at 800 MeV and f> (ieV currently be-
ing performed and analyzed. The interpretation of
these experiments will require further theoretical
work. The only existing calculation of parity-
violating effects at these energies*'8 is incomplete in
that parity violation in the inelastic channels and in
the hadronic states themselves were omitted. Such
an analysis will introduce parameters additional to
those used at low energies. Further theoretical work
is required to identify the most convenient
parameterization at intermediate energies.

It seems reasonable to expect a sensitivity of 10 7

in these experiments also. We encourage experi-
ments over a range of intermediate energies, as a
knowledge of the energy dependence of the analyz-
ing power may identify the important inelastic-
channels and thus assist in developing the
theoretical interpretation.

D. AS = 1 Nonleptonic Decays

Nonleptonic decays of kaons and hyperons are
perhaps beyond the realm of intermediate-energy
physics, at least until the kaon factory era. However,
the decays are observed to obey the Al = '/, rule to a
good approximation, and the interpretation of this
rule as octet dominance links the Ah = 1 nonlep-
tonic weak interactions to the AS = 0 nonleptonic
weak interactions of the previous section. It is
therefore appropriate to briefly consider kaon and
hyperon decays here. The Al = V2 rule is well es-
tablished experimentally, but theoretical interpreta-
tion of the rule is still somewhat tentative. Penguin
diagrams (see the paper of M. K. Gaillard in Ret. 5|
appear to provide a possible explanation of the
Al = V* rule for decays with at least one pion in the
final state. Penguin diagrams, and indeed any other
model of the Al = s/2 rule, predict a small parity-
violating amplitude for 2 + — P7 decay. The present
experimental value of the asymmetry parameter, «,
is a = -l.03tg.Sl (Ref. 69). This is consistent with
maximal parity violation (a = -1), but it is only
two standard deviations from exact parity conserva-
tion (a = 0).

A more precise measurement of « for this decay,
and the corresponding information for other
radiative hyperon decays, would either resolve or
sharpen this difficulty, and is to be encouraged.

X. CP AND T VIOLATION

Fifteen years after the discovery of CP violation in
the K° - K° system, this remains the only one in
which CP violation has been observed. However, it is
possible to incorporate CP violation into the gauge
theory of flavor dynamics in a natural way. In the
standard model this is done either through the phase
factor in the Kobayashi-Maskawa six-quark mixing
matrix of Sec. II. or by introducing a least two Higgs
doublets.70

A. The Neutron Electric Dipole Moment

Perhaps the best place to look for CP violation
outside the K° - K° system is to try to detect the
electric dipole moment of the neutron, which will
vanish unless P and T are both violated. Here the
two different gauge theory mechanisms give quite
different predictions: (1) the Kobayashi-Maskawa
six-quark model predicts

d - 10"28 - 10"31 e cm (Ref. 71) . (47)

and (2) the Higgs mechanism predicts

d - 2.8 X 10"25 e cm (Ref. 72). (48)

An experiment in which a neutron beam was
passed through a resonant cavity gave the 90% con-
fidence limit7;!

|d| £ 3 X 10-24 e cm , (49)

while an experiment with ultracold neutrons
trapped in a cavity gave the limit74
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| d | < 1.5 X 10"24 e cm (50) A(K£ - Tr
(52)

Future experimental progress will be made with
trapped neutrons. If one could keep the neutrons in
the cavity for 10' s. it may be possible to reach 10 M.
but at present there are practical limitations due to

•leakage of neutrons (the present storage time is
about 1 s),

•magnetic resonance conditions, which cannot be
maintained at present for more than 50 s, ami

•leakage currents in the presence of the strong
electric fields.

With an intense pulsed source of ultracold
neutrons it will be possible to increase the storage
time and break !he K)"25 barrier. The 10 2e level
would seem to be a reasonable goal with present
techniques, but it may be possible to do even better.

Notwithstanding the development of an ultracold
neutron source at the Rutherford Laboratory, and
the proposed development at Argonne. the panel
recommends the development of such a neutron
source at LAMPF and/or Troitsk.

The neutron electric dipole moment is an elusive
but important parameter in particle physics. Its
measurement would play a crucial role in improving
our understanding of CP violation. Even if the
pulsed ultracold neutron facility had no other use. it
would still be worthwhile to build it for the sole pur-
pose of measuring the neutron electric dipole mo-
ment.

B. The K°-K° System

This is the classic, and to date the only, system in
which CP violation has been observed. Since further
studies of CP-violating effects in the K° system may
help to distinguish the possible models, it is ap-
propriate to consider it here.

In the K°-K° system, CP violation is characterized
by two complex parameters, e and (' (Ref. 75); t
measures the CP-violating terms in the K°-K° mass
matrix, while e' measures CP odd terms in the decay
amplitudes. The experimental observables are

5 —
r(KL° - - F(KL° - w'e

T(K£

= 2Ree

At present the data1'7 are consistent with the
superweak theory, in which (' = 0. The
experimental data give

< 0.022 at 90% C.L. (541

It is important to refine the measurements of the
CP-violating parameters to attempt to detect values
of I f'/(\ of about 2% because such values are predict-
ed in the two attempts to put the CP-violating in-
teraction into the gauge theoretic context.

In the six-quark model it was originally thought
that «' would be negligible.71 It was subsequently
pointed out that penguin diagrams can induce a
nonnegligible contribution to (' (Ref. 76). The six-
quark prediction for | e'/e| is model dependent,77 but
| t'l(\ can be as large as 2%.

In the Higgs model one obtains | ?/e\ « 0.3 m&mi?
* 0.02 (Ref. 78).

Because these two gauge theories of CP violation
predict that | ('/(] is near its present limit we strong-
ly encourage attempts to measure this ratio. Perhaps
a factor of 6 improvement can be achieved with pres-
ent accelerators"9; after that we may have to wait (or
the kaon' factories.

C. K - njiv

The Higgs model of CP violation predicts CP
violation in the decay amplitudes for this process,
leading to a M polarization transverse to the decay
plane. We define

(51) Xp,)> at Imf
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where Im£ measures the proportion of CF violation
in the amplitude. The present experimental value is
Im£ = 0.012 ± 0.026 (Ref. 80), while the Higgs model
of CP violation predicts Im{ - :i X 10 3 (Ref. 81). A
new experiment has been proposed8- which should
be able to reach 2 X 10 3 in K£ decay. The
electromagnetic final-state interactions enter at this
level, suggesting that K*tfS decays should he in-
vestigated to push for still smaller values.

XI. DIRECT SEARCHES FCR HIGGS PARTI-
CLES

Throughout this report there have been many
references to the effects of Higgs particles, which at
present have only theoretical support for their ex-
istence. A universal property of such particles is
that they have Yukawa couplings to hadrons of
strength >v'G\ m, <Rel'. 83). whereas they couple to
leptons with strength ^ v ^ m j l m j s lepton mass).
I sing this property, atomic and nuclear physics
experiments have established the limit mM >
20 MeV on the Higgs particle mass. Higher
theoretical limits84 need not apply if there is more
than one such Higgs particle (this prospecl receives
support from the study of unified theories). It is
therefore important to search every mass range for
the existence of these particles.

Because of the stronger coupling to hadrons. it is
efficient to search for these particles in hadnmic ex-
periments. In view of the mass limit above, one must
look at K-decay experiments or in hadronic scatter-
ing above a few hundred MeV in order to be well
above thresholds. At very high energies, one needs to
remove multiparticle debris, and therefore one tends
to beam dump experiments. However, the increas-
ing decay rate as mH increases makes this imprac-
tical for mH "> KM) MeV; the Higgs particles never
make it to the detectors behind the dump.

This leaves direct production experiments, where
Higgs production and decay are observed in the ap-
paratus. Here experiments at modest energies
available at meson factories may have the advan-
tage of simple final states. For mM < 2 n v the main
decay mode would be H - e e . For mH not too
much greater than 2 m,. there is a significant
branching ratio to /J'/J (J. Ellis. Ref. 5), and the
lifetimes are short (less than or of the order of
10 10s). Thus an analog of the 7T° ̂ e*e experiment
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carried out at LAMFF might be able to put
stringent limits on the existence of Higgs particles.
The feasibility of such experiments at meson fac-
tories should be further investigated.

The entire discussion above also applies to t he ax-
ion, a special Higgs particle associated with conserv-
ing CP in Q(T). This p.irticle was originally thought
to be light (<1 MeVl.8"' but more recently it has
been realized that if there are many Higgs particles,
mixing phenomena allow an axion mass as large as
1 (leY (Kef. 86K Thus its properties and searches for
it in the meson factory mass range are very similar
to those for ordinary Higgs particles.

XII. RECOMMENDATIONS

A. A General Recommendation

In searching for the weak-inieraciion effects de-
scribed above, it is important that the limits of our
ability to detect small effects are the intrinsic limit?,
set by the high flux of I he intermediate-energy ac-
celerators. To reach these limits will require
improvements in beam quality and improvements in
detectors, which the panel recommends be made.

To realize this objective will require resources that
are substantial on the scale of intermediate-energy
physics. It should be pleasing, however, that at least
some questions of interest to particle physics can be
pursued at a cost which is relatively low.

B. Muon-Number Nonconserving Processes

Our first priority recommendation is that searches
for the muon number nonconserving processes u •
ey. n - eyy, n - eee, and p + A — e + A should be
pushed to reach the sensitivity of about 10 " set by
the particle fluxes and the beam time.

We have seen that many different mechanisms
can give rise to /^-number violation, and there is suf-
ficient freedom in the theory to make it impossible
to predict which process will have the largest rate. It
is therefore important to search for all of them.

In support of our recommendation, we note Velt-
man's remarks at the Photon-Lepton Conference
held at the same time as our workshop.8" He urged
the continued search for /u-number violation because
of the light it can shed on the large mass structure of
the theory.



C Precision Studies of Allowed Decays

The panel recommends higher precision measure-
ments of allowed JT and » decay parameters, in par-
ticular tor

•ti beta decay.
*TCI> and radiative ir^. decay.
• TC'- beta decay, and
• T ° • e"e .

These can all provide information about possible
breakdown of the standard model, through the ap-
pearance of V + A or S. P. and T couplings induced
by right-handed vector bosons or Higgs panicles.
and through possible breakdown of n-v universality.
It is also recommended that T-violation searches be
undertaken in the cast of n decay.

I). The Neutrino Masses

Beciuse of the possibility that there are ways out
of indirect limits on the neutrino masses, the panel
recommends that experiments be designed to at-
tempt to place limits better than 100 keV on the ru

mass.

E. Neutron Dipole Moment

The panel recommends the measurement of the
neutron electric dipole moment to the 10 "-cm level
or better. A pulsed ultracold neutron facility will he
necessary to break the 10"" barrier, and the panel
recommends the construction of such a facility at
LAMPF and/or Troitsk, at cost of the order of
$50 000.

This measurement is fundamental if we are to un-
derstand the origin of CP violation.

F. AS = 0 Nonleptonic Weak Interactions

The panel recommends that the study of parity-
violating effects in the nucleon-nucleon system at
low and intermediate energies be continued. This is
essential if we are to determine the isospin structure
of the AS = 0 nonleptonic weak interactions and

shed more light on the mechanism responsible for
octet enhancement.

G. Higgs Particles

The panel recommends the study of the feasibility
of direct searches for low-mass Higgs particles.

H. The K-Factory Era

The panel did not systematically study possible
experiments at a kaon factory. However, a number
of such experiments did arise in the course of our dis-
cussions, and we list them here:

•searches for ^-number violating K decays.
• improved determination of the CP-violation

parameters in K° decays.
•a search for T-violating triple correlations in KB3

decay.
• high-precision studies of hyperon beta decay to

verify the Cabibbo theory and to help determine
the Kohayashi-Maskawa angle fla, and

•studies of radiative hyperon decays which will
provide a crucial test of our understanding of
octet enhancement.
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I. INTRODUCTION

Neutrino research, which started with the detec-
tion by a Los Alamos group of low-energy reactor
neutrinos, has recently been principally the domain
of high-energy physics. What is the role of neutrino
physics at medium energies? It is the purpose of this
report to delineate this role and to explore those ex-
periments that appear uniquely suited to answer
fundamental questions at medium energies.

It is useful to briefly identify the principal areas of
neutrino research. Keeping in mind our present con-
cept of weak interactions, the following classifica-
tion may be a useful basis for discussion.

•Fundamental properties of neutrinos: rest-
mass; quantum mechanical structure and
capability to oscillate; numbers and types.

• Coupling to leptons: exploration of vector and
axial-vector coupling constants and comparison
to models of charged and especially neutral cur-
rents; universality.

• Coupling to hadrons: studies of form factors
and coupling constants to nucleons or to their
constituents in the framework of models with
charged and neutral currents. (At medium
energies, a new regime of relatively low-
momentum transfer can be explored.)

•Interaction of neutrinos with nuclei: explora-
tion of charged and neutral current couplings
and form factors, as well as studies of nuclear
structure.

What are the respective roles played by low-,
medium-, and high-energy neutrino physics in this
endeavor? Table IV-I may help to convey this over-
view. The entries in the column headed "Medium
Energies" summarize the experimental program pro-
posed in the following sections of this report.

II. MEDIUM-ENERGY FACILITIES AND
THEIR CURRENT ROLE IN NEUTRINO
PHYSICS

A. B r o o k h a v e n A l t e r n a t i n g
Synchrotron (AGS) at 800 MeV

G r a d i e n t

The downgraded pulsed proton beam of the A(1S
(M ntK, M pulse per second) is being used for a
search for »„ *- ve oscillations.' The i>e-induced events
are sought nt d = 150 m from the target. The an-
ticipated limit for the neutrino mass difference A2 is
about 0.3 (eV>2, assuming maximum mixing. Other
neutrino proposals at the full AGS energy include
ĉ e, i^e scattering,- as well as a study of the reaction
cud (Ref. '•)). Previous work, notably cwp and rBp scat-
tering, is documented in Neutrinos-78.

B. CERN Synchrocyclotron (SC) and TRIUMF

These machines have a high duty factor and thus
are less suited for neutrino work. At present there
are no neutrino proposals.

C. LAMPF

Neutrinos emerging from the beam dump (300- to
500-MA protons at 800 MeV) have been actively ex-
ploited during the past five years. Two experiments
(LAMPF Proposal 3D4 have been completed, and a
third experiment (LAMPF Proposal 225)5 is in pro-
gress. Below is a brief resume of this work.

•The reaction i>e + d — p + p + e" has been ob-
served and its cross section measured to 35% ac-
curacy.4
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TABLE IV-I

OVERVIEW OF NEl'TKINO PHYSICS

Low Energy Medium Energy

Neutrino properties 11177 < :io eV ra,, < 570 keV

High Energy

(A* = m ? - Vjr < 0 . 1 (eV) 2 " A,2 < 0.3 leV)2

< 0.1 (eV)2

V)2 °

Coupling to leptons ree
 d-e • rM < 6%

Neutral current coupling constants
gv, gA to ± 15% "

Coupling to hadrons reZ -e"(Z + 1)J

and nuclei

ive

ppe Inclusive and exclusive (e.g.. j^p)
processes establish neutral current
coupling constant to quarks
gul.. Sdl., guH, KdH tO ± 1 0 %

e'nn u d •

Note:
Boxed entries:
Underlined entries:

He . (-/He
coherent

experiments proposed in this report,
proposed elsewhere.

Not underlined entries: experiments completed.

•Refs. 14 and 15.

"Ref. 1.
cRefs. 1, 4, and 12.
"Ref. 24.
•Inconclusive regarding neutral current
couplings (see Ref. 18).
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'Ret. -t.

"Ret. 1.

"Kt'ts. 25 and Jti. Knr charged current
read ions, see \eutrinns-78, I'urdue
[ niversity.

'Kef. 27.

"Ref. 22.

'Ref. 23.

"Ref. 21.

"Ref. 20.



• Lepton number conservation has been tested by
searching for the reaction /i* -• e+ + F,, +• v»,
which is forbidden by the usual lepton conserva-
tion laws. An upper limit of 5% of the rate
expected by the multiplicative law was ob-
tained.-1

• From a study of the process vt + e - - ve + e. in-
formation on the contribution of charged and
neutral current couplings is sought (in pro-
gress).5

D. SIN

Despite the unfavorable duty cycle of this
machine, a study at the beam dump is being
conducted to establish the feasibility of neutrino ex-
periments utilizing the microstructure of the SIN
100-̂ iA, 600-MeV beam. A search for ('„ ~ ve + 7 is
being contemplated.6

E. MOSCOW

A 600-MeV, 0.5- to 1-raA linac is under construc-
tion. This facility will have a proton storage ring
capable of 100 pulses per second at an average cur-
rent of 500 fiA. A neutrino research program is being
planned.

III. THE FUTURE OF MEDIUM-ENERGY
NEUTRINO PHYSICS

In this section we discuss a neutrino facility and
present a detailed discussion of several significant
prospective experiments in particle and nuclear
physics.

A. The Facility

Among the facilities mentioned, LAMPF appears
best suited to contribute to the basic understanding
of neutrinos and their interactions. Some experi-
ments that are not possible at high-energy ma-
chines can be done at LAMPF.

1. Advantages of LAMPF as a Neutrino Source

1. High fluxes of all neutrinos
energies E, up to 200 MeV.

with

2. Availability of a strong ve source (not available
in present high-energy facilities). This allows,
for example, the study of interference effects in
i>,.e scattering.

3. Suitable energy range for studying inelastic
nuclear excitations, coherent scattering from
nucleons and nuclei, as well us lor the pursuit
of neutrino oscillation experiments. It allows
exploration of the low range of momentum
transfer in scattering experiments not easily
accessible with high-energy beams. In inelastic
nuclear scattering, it makes it possible to ex-
ploit a strong sensitivity to pseudoscalar coup-
ling at 100 to 200 MeV, which disappears at
high energies.

4. Short duty cycle time structure as discussed
below.

The items 1, 2, and 3 above can be realized only if
the present time structure from the accelerator (7%
duty factor) can be modified to give a short duty cy-
cle neutrino beam. This can be achieved in an at-
tractive way by taking advantage of the Proton
Storage Ring (PSR), where the duty factor will be 3
X 10"6. The PSR is now under design.

2. The PSR Neutrino Beam

The PSR facility has been funded and is
scheduled for completion in 1983. It will store up to 6
X 10" protons for 0.1 s and then dump them on a
production target in a spill time of 300 ns. The
repetition rate is about 10 per second, giving an
average current of 100 /uA at a duty factor of 3 X
10-".

To use this facility as a neutrino source, it will be
necessary to build a large-aperture (1 to 2 sr) pion
channel and decay section in the forward direction.
According to estimates by Burman,7 the neutrino
flux at a distance of 18 m from the target (12-m
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decay section, 6-m shielding) is N(^) = 3 X
10Vcm2s, and NO^) = 0.5 X 107cm2 s. Estimated
neutrino spectra for two different pion momenta are
presented in Fig. IV-1. Alternatively, a beam-dump
neutrino source can be considered.8

Owing to the short duty factor, cosmic-ray back-
ground can be suppressed significantly and an ac-
ceptable signal-to-noise ratio can be obtained. Also,
the time structure of the proton pulse allows tem-
poral separation of "prompt" pion-decay neutrinos
and "delayed" muon-decay neutrinos, the latter be-
ing produced by the decay of muons stopped in the
region of the production target, as illustrated in the
table below.

Prompt Neutrinos Delayed Neutrinos
Tune «300ns) (1-4 (is)

"a. <'e

The pion channel could be a large gap magnet, a
horn, or a magnetic bottle. The first possibility ap-
pears to be a practical and efficient device, only
slightly inferior in flux to the rather elaborate
"Lobashov bottle.'"'

All experiments described below require the short
duty factor time structure of the PSR. They also re-
quire large detectors with 100-300 tons of target
material.

B. Possible Neutrino Experiments

1. Neutrino Properties:
Neutrino Oscillations

The possibility that the physical neutrinos vt,vv

are not pure states in a quantum dynamical sense,
but rather superpositions of mass eigenstates vvv2

has been discussed in the last few years.'0 As a
consequence, the physical neutrino may oscillate be-
tween its initial and other states. Oscillations of the
type ve — »„ ("flavor oscillations") or cL — FL

("particle-antiparticle oscillations") are anticipated
in many recent theories. n

<
o
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Fig. IV-1.
Estimated neutrino spectra at LAMPF
PSR/Neutrino Facility (Ref. 7).

Oscillations may occur only if the mass difference
of the pure states A2 = m2 — mi and the oscillation
amplitude is nonvanishing.

Present limits on A2 for oscillations associated
with Vf, have been obtained from a search for re-
induced reactions from a »„ beam. From work at
CERN (Gargamelle),12 Brookhaven.' and Los
Alamos,4 this limit on A2 is about 1 (eV)2, ass-uming
maximum mixing. Oscillations involving Testates at
reactor energies have been studied by Reines'
group.13 Forthcoming results at low energies
(Grenoble14 and Savannah River15) will provide a
sensitivity of 0.1 (eV)2. These latter experiments, in
which the disappearance of the Fe state is sought, are
also sensitive to particle-antiparticle oscillations.

There are no stringent experimental limits for
particle-antiparticle oscillations out of the v^ and F̂
states, and the following estimates16 can be made



providing a basis for a possible experiment at the
LAMPF neutrino facility.

a. Disappearance of the vM State. Assume that
we have a7 , beam of 150 MeV from n~ decaying in
flight in a pion channel, with a flux of 0.5 X
lOVcm2 s. The detection reaction TM + p — JU* + n
has a cross section of about 1.5 X 1()-39 cm2. Then
the rate of neutrino-induced events in a 300-ton,
proton-rich, liquid-scintillation detector will be
about 2000/day at about 12 m from the midpoint of
the decay section and 10/day at 170 m, assuming no
oscillations and assuming a 1/r2 dependence of the
neutrino flux. If the rat'o. R = events 170 m/events
at 12 m. can be measured to 3% (3 months running
time), then ine limit for the oscillation length (A) of
:i8()() m can be established, which corresponds to .A2

< 0.1 (eV)2.
In this experiment, the #* events are counted. The

signature is a 40-MeV pulse in the liquid scintillalor
measured during the 300-ns interval of the beam
spill followed by a delayed pulse from the n* decay.
There will be background signals from the reaction
Te + p - e* + n associated with the Fe produced in
the decay at' p- stopped in the region of the channel.
The cross section for this process at 40 IVleV can be
estimated to be about 1.8 X 10"° cm2.

The cosmic-ray background for a 300-ton detector
may be 3 X 10* s"1 times duty cycle (3 X 10") and
can be further suppressed by an active veto.

6. Disappearance of the vM State. Another way
to study these neutrino oscillations is by the reaction
«„ + 12C - ft~ + l2N(l!N*). Carbon-12 is chosen since
it is a constituent of a liquid-scintillation counter.
While the v^ flux is larger than the ?,, flux by a factor
of 6, the cross section of this reaction is estimated to
be an order of magnitude smaller than that of v^ + p
— n* + n. The event rate is therefore lower, and a
several-month running time should be contemplated
to furnish 3% accuracy on the ratio R of the event
rate at 170 m to that at 12 m. Various detection
schemes can be considered. The signature in the li-
quid scintillator is a prompt fi~ followed by a signal
from the ,u~ decay (2 ^s), or l2N decay (11 ms), or
both. Clearly, the cosmic-ray background problem
will be more difficult, since a larger time window will
have to be chosen.

2. Neutrino Interactions with Leptons:
Neutrino-Electron Scattering

An experiment to measure the reaction ve + e • ve

+ e is presently in progress at LAMPF.'> This
experiment, and a contemplated second-generation
experiment'" at the PSR will provide information on
the interference of weak charged and neutral current
amplitudes and help establish the identity of the i'e's
that couple to the charged and neutral currents.'H

Such information helps to identify further the
properties of neutral weak bosons (one or several
Z°'s).

A further experiment that can be considered is the
reaction vv + e • • v^ + e, which occurs only via
neutral currents. It is a fundamental process and its
study provides a stringent test of weak-interaction
models. The reaction is presently under study at
high-energy beams. Studies at medium energies will
shed light on the energy dependence of the cross sec-
tion. The feasibility and scale of such an experiment
at the PSR beam has been considered.19 Rates of
about 2 events/day per 100-ton detector are es-
timated. Cosmic-ray background appears
manageable provided that an active anticoincidence
is used along with the low duty factor timing. Ac-
celerator neutron backgrounds can be reduced with
adequate shielding. The experiment appears feasi-
ble.

3. Neutrino Coupling to Hadrons: Elastic
Neutrino-Proton Scattering

The neutral current reactions, v^ + p — cM + p and
~>V + P — <V + P. have played a significant role in
determining the space-time properties of the weak
neutral current (see Neutrinos-78). The BNL experi-
ment is not sensitive to q2 below 0.4 (GeV/c)2;
improving on this may require new detector
technology. However, at the lower energies at
LAMPF it might be possible to measure mass-
dependent effects in the cross section. This is of in-
terest in resolving the "confusion theorem,"18stating
that V and A can be confused with a combination of
S, T, and P in high-energy cross sections. At present
no detailed analysis of detection and background
problems is available at LAMPF energies.
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4. Neutrino Coupling to Nuclei

Elastic scattering takes place via the neutral weak
interaction, and in general involves vector and axial-
vector contributions of both isoscalar and isovector
nature. However, one part is dominant in scattering
from nuclei, the coherent contribution,'-" which
involves only the vector isoscalar part of the weak
neutral current. In fact, for J = T = 0 nuclei this is
all that contributes. This part of the current causes
the cross sections to increase with increasing mass
number as A2. Thus for heavy nuclei one obtains
very sizable cross sections. In contrast, the only
signal for an elastic event is the recoil of the nucleus
whose energy varies as I/A. Since there is a practical
lower limit to measure recoil energies, the A2 gain is
limited and there will be an optimum value of A. For
the present purpose, the following discussion of 4He
will serve as an illustration.

b. Excitation of Specific Nuclear States by
Neutrinos. The transitions discussed here are
dominated by single-particle excitations; collective
excitations (giant resonances) have not yet been
considered. By selecting a specific initial and final
nuclear state (with well-defined spin and isospin). it
is possible to focus on different pieces of the weak
neutral current. For example, /'„ + l2C(0"0) • /'„ +
12C( 1+1, 15.1 MeV) isolates the axial-vector-
isovector contribution to the neutral current. The
cross section for this reaction is strongly model-
dependent, as illustrated in Fig. IV-2. (The models
1-5 are identified in Kef. 20.1

Since these reactions correspond (approximately)
to single-nucleon excitations, the counting rates are
relatively low. For the 12C reaction mentioned above,
the event rate at the PSR (E,, - 200 MeV) is expect-
ed to be around 0.5 events/day per ton. Another ex-
ample of an interesting reaction is

a. Coherent Scattering on *He. The coherent
scattering reaction !>M + 4He — v,, + *He is due to the
isoscalar part of the neutral vector current that has
amplitude a0. In the Weinberg-Salam model a0 =
sin2 8W; a0 varies widely for different models, thus
providing a test of the model description.

To obtain an estimate,-1 we assume E,, =
200 MeV and sin2 <9W = 0.2. The resulting cross sec-
tion is 0.5 X 10~4° cm2, and the nuclear recoil kinetic
energy is in the range of 4 to 12 MeV. With a (lux of 3
X lO'/cm2 s this leads to a rate of 2 events/day per
ton of <He.

Background estimates, based upon data taken at
LAMPF from a 0.4-ton plastic scintillator surround-
ed by appropriate shielding and and active anticoin-
cidence, indicate that cosmic-ray and natural
radioactive backgrounds are under control if the
PSR duty factor is 3.6 X 10"e. Accelerator-
associated neutron backgrounds are assumed to be
controllable since these neutrons can be attenuated
by a factor of 102 per meter of iron.

This estimate suggests that it is possible to study
coherent effects of the weak neutral current at the
LAMPF PSR-neutrino facility. A demonstration of
the feasibility depends primarily on the develop-
ment of a large 4He counter.

7Li JL±\
2 2/

7Li 4 - . 0.48 MeV

100 200 300
WMeV)

400 500

*For coherent scattering, see Ref. 20(b).

Fig. IV-2.
Illustrates the great sensitivity of the cross sec-
tion to the models 1 to 5 (see Ref. 20).
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which focuses on the axial-vector isoscalar and
isovector contributions of the neutral current. Event
rates of 2/day per ton are expected. Similarly, the
event rate for i<B + 9Li(l*0) • iV + 6Li(()'l.
3.56 MeVl is about 1.5/day per ton.

A reaction that is forbidden in the Weinberg-
Salam model is the isoscalar-axial-vector transition.
«„ + " \< 1 -0) • «„ + "N<2*0. 7.03 MeV). Testing for
this reaction is clearlv of interest.-"

c. Neutral Current Disintegration of the
Deuteron. The reaction ;•„ + d • i',, + p + n is of in-
terest since it can proceed only via the axial-vector-
isovector component of the weak neutral current.
Studies with low-energy neutrinos'--' have dem-
onstrated that the reaction <~e + d i\, + p + 11
proceeds as predicted by the VVeinberg-Salam model
for the axial neutral vector current.

The j ' u + d experiment can be realized with a D2O
target interspersed with 3He neutron counters.
Estimates of the event rate at the PSR based on the
results of Re). 22. and taking into account the
relatively long neutron capture time of 300 ^s.
predict about 2 events/day per ton.-1 In spite of the
longer effective duty factor (3 X 10"a). the signal-to-
noise ratio is estimated to be 1:1. provided that ade-
quate shielding is available.

IV. SUMMARY AND RECOMMENDATIONS

1. LAMPF is a unique facility for studying neutrino
interactions. For example, '.he LAMPF i>e source
has no counterpart at other facilities.

'2. As a way of decreasing backgrounds and sep-
arating neutrino types, we strongly endorse a
LAMPF neutrino facility at the PSR, where a
duty factor of 3 X 10~6 should be available. To ob-
tain sufficient count rates, the neutrino flux
should be >3 X 10" iV/cm2 s.

.'). Several currently significant experiments have
been discussed and appear feasible. Among them
are measurements of neutrino oscillations, <•„
scattering, and coherent and inelastic scattering
on nuclei. In the medium-energy range, these ex-
periments possess a unique sensitivity to weak-
interaction parameters.

4. Attention should be given to timely and ade-
quately supported development of detector
systems. We note that a detector dedicated to one
experiment might serve a purpose in another ex-
periment.
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I. INTRODUCTION

Exotic atoms are formed when any slowed-down,
negatively charged particles, other than ordinary
electrons, are captured into hydrogen-like orbits in
the Coulomb field of the nucleus. The exotic atoms
which have been observed and are under vigorous
study are ju~, ir~, K~, P, and 2~ atoms. Still waiting
to be observed are Z~, Q~, and D~ atoms. When a
positive muon or positron and an electron form a
hydrogen-like atom, it is called muonium or
positronium, respectively. Muonium is an ideal
system to study the electromagnetic interaction of
two different leptons and thereby test muon
electrodynamics, and to search for weak, strong, or
unknown interactions in the electron-muon bound
state.

Exotic atoms provide an excellent tool for in-
vestigating a great variety of problems. They can be
used to determine the fundamental properties of the
particles,1 such as masses and magnetic moments.
They are ideal probes to test fundamental theories-
such as the quantum electrodynamics, to observe
the effect of weak interactions in the muon (g-2),:)

and also possibly parity-violating effects4 due to the
existence of the neutral weak currents.

The muonic atom is particularly very sensitive to
the charge distribution of the nucleus and nuclear
structure. Because its interaction energies are com-
parable to the nuclear excitation energies in certain
nuclei, the muon is capable of inducing nuclear ex-
citations, resonances, and fissions in deformed and
transitional nuclei. The accuracy of strong interac-
tion shifts measured in pionic x rays has been
improved to better than 1 part in 10"s. There is no
fundamental reason why pion-nucleus scattering
and pionic x-ray data cannot be used to obtain com-

plementary information concerning matter distribu-
tion much as muonic atoms and elastic electron
scattering provided detailed information concerning
the charge distribution.

Hadronic atoms (K~, P, and 2") have always
been looked upon as sensitive probes for the nuclear
matter distribution1"1 in the nuclear periphery. But
the presence of the Y^ resonance at 1405 MeV, quite
close to the K~-N threshold, complicated the
interpretation.6 More accurate measurements in the
low-Z region, where pD and pn are quite well known,
are needed to clarify the situation. This is of special
interest in the case of P-atoms, where it is unclear
whether or not resonances near threshold exist. In
the last few years, a few narrow bound pp (Ref. 7)
states have been reported. They are ceiled
baryonium states NN. However, the experimental
situation is not sufficiently clear at present, and
great additional efforts are needed. Should these
narrow, bound NN states exist, it will open up an
important field for study of the fundamental
nucleon-antinucleon interactions.

The two-electron H- ion and its parent atom are
being studied using the relativistic H" beam8 from
LAMPF to open up a unique and novel field of
atomic physics (see Appendix). These investigations
are very productive and educational. The pane) felt
such studies require only a few juA beam, and their
modest needs should be considered and their efforts
encouraged.

The field of application of the muon spin
resonance (nSR) to the study of chemical and solid-
state effects was also raised and discussed* briefly.
It was decided that due to its broadness and

We wish to express our deep appreciation to Dr. zu Putlitz and
Or. H. Heflner for their efforts on behalf of the /<SR research in-
terests.



maturity, its limited coverage in our panel would not
do it justice. The / JSH deserves a separate workshop
together with chemistry and solid st Me physics to
chart its new directions.

The purposes of the workshop were to critically
review the present status of each siibt'ield and to
chart new direct ions tor future research in
intermediate-energy physics lor the next ">-l(i years.
(Questions posed were: What are the new advances in
our theoretical understanding and new develop
ments in experiments'.' What are the important
theories to be tested, open questions lo be answered,
new directions and new frontiers to he explored, con-
troversial experimental evidences to he clarified.
and precision measurements to be carried out. etc.1

The world's leading meson factories (LAMI'F. SIN.
and TRIl 'MFl have succeeded in providing us with
intense n and -r beams, but to t a rn out the
demanding second-generation ^ and T experiments.
beam quality and versatility, as well as intensity,
should be equally stressed We proposed a number of
modest recommendations on improving the p and -r
beams: although they were specifically directed
towards LAMPF. this was only because ol our
familiarity with it. Tin continued improvement ot
the secondary beams In and T beams) should be
kept in mind for all meson factories in general.

II. FUNDAMENTAL PROPERTIES OF PAR-
TICLES

Exotic atoms have played an important role in
precision determinations of fundamental elemen-
tary particle properties such as Mu . M, . MK . MT.
Mv , juM, /Up. and (iv (see Table V-li. The principle
an1! methods involved in these determinations ap
pear deceptively simple. The high resolution of the
curved crystal spectrometer, together with the
Marushenko9 target arrangement, have recently
been utilized to determine the mass ol pion to
5 ppm."1 This arrangement has been optimistically
estimated to be applicable to the determination of
MK- on A(JS at Brookhaven National Laboratory
(HNL). Another improved method11 of immersing
thin lead plates in a liquid-hydrogen target has also
been proposed and approved to redetermine the
value of ^ v _, hopefully to improve over the old
results by a factor of 10 (see Sec. XI).

III. TEST OF FUNDAMENTAL THEORIES

A. QED Vacuum Polarization

The dominance of the vacuum polarization con

tr ibut ion in muonic a toms make.- these atom* ideal

ly suited for tests of QKI) in complement '«> other

QEI) tests , such as (he Lamb -hil t , electron and

muon anomalous magneti t moment s , and the

hyperfine s t ruc ture (hf'si ol the ground .-late o|

muon ium. The excellent agreement between t hcor\

and experiment lor vacuum polarization over a wide

range of 7. isee Table \ Hi i-oti-t n i n e - one ol the

major successes of modern atomic them's and IJ 1*11 >

Cases 1 to 111 in 'Table V I I are exper iment - which

have already been carried out Cases 1\ and V are

still in the p lanning s tage. In Case I. C.eil.n delec

tt.rs were used to mea.-ure the high /.. muonii atom

\ rays1- ' (e.g. . lead, bar ium, en .). Experiment II 'Aa-

the well-known iy ' H e r mea.-uremem .' • using the

tunab l e laser method on 1 he liS _'!' t ransi t ion

Because of large uncer ta in t ies introduced hv l l v rm-

charge radius ol hel ium, the relative ;ici urac\ ol the

vacuum-polar iza t ion test in the "JS-'Jl1 exper iments

was limited to 2.." X III 3. Case 111 was the V.I', tesi

that used a curved-crystal spect rometer on light and

medium nuclei at SIN. done by Lei si .- g roup . ' ' The

accuracy is comparab le to that ol Case II The

proposed improved test in the 'U l - i l ' t rans i t ions in

muonic helium ( C a s e l V i 1 ' i- to avoid the

uncer ta in t ies in the rms charge radius ol hel ium.

'The level separa t ions of the two HD-U' t rans i t ions in

\\x *Ilel* are given almost entirely by the vacuum
polarization terms. By locating the center of a SD-.iP
line to one-tenth of its .'Mid-A width, one would be
able to check QED to at least 4 parts in ID*. 'The last
case, planned at SIN. employs the laser resonance
method to induce the 2S-L'P tnmshion in an ex-
tremely low-pressure • j p gas target in a magnetic
bottle.

B. Weak Interaction and the Muon g-2

'The lowest order predictions of the Weinberg-
Salam theory are in good agreement with nearlv ail
experiments. However, these experiments do not
test effects involving loop diagrams which are
crucial in establishing the gauge theoretical aspect
of theorv. The most accessible and cleanest test of

50



K

TABI.KV-I

FUNDAMENTAL PROPERTIES OK PARTICLES"

Mass(MeV) Magnetic Moment Remarks

« ± O.(KM> 24 nu/(tv = :U8H ;)40H ± 0.000 (1044 Vale-Heidelberg

i:w.
1.-19.

49:1.
49H.

9H8.

197.

rp(>8(i
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585H
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fiftT

179

24

±
±
±

±
±

±

±

0.002
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0.0(Kt8

o.CMO
(1.020

0.058

0.1")

-2.791
-2.819

-1.40!
0.65!

±
±

0.41
0.29
0.38
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0.021 (N
0.046 (N

(N.M.I
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.M.I

.M.I

-1.48 ±0.37 (N.M.I

SHKL. (led.il
(•atchina. crystal spectrometer
Yale-Columbia, crystal spectrometer

CERN.Ged.h
Columbia-Yale. (led.il

Columbia-Yale. (ie(I.i)
BNI-.Ced.il

Columbia-Yale, (led.il

BNUded.i l

" > I - I K r i - I . m i l i j i

such effects, until practical calculational tech- according to the VVeinberg-Salain model (assuming
niques of QCU are developed, is provided by the sin2 #» = <>-2). The best experimental value is a "̂" =
veak-interaction contribution to the muon g-2. 1 16") 922 (9) X K)"8. Thus, measurement of a,, must
which is be improved by at least an order of magnitude in

order to detect the presence of the weak interaction
in aj*p. The intense muon beam available at

a»eak ^ 2 X 10-» ,

TABLE V-ll

TESTS OF VACUUM POLARIZATION

Precision Relative
Atoms to Vacuum Polarization Method of Determination

del Li I (Ref. 2)

Tunable laser (Kef. i:t)

Curved crystal spectrometer
(Ref. 141

Tunable laser (Kef. in)

Tunable laser (Ref. (551

I.

II.

III.

IV.

V.

High Z, Pb, Ba, etc.

(//-'Her 2S - 2P

ju'2*Mg, 28Si, 3 1P

0L/3/2 —' 2 i | / 2

(/T4He)+ 3P-3D

(fi-P) 2S-2P

4

2.5

2.5

4

5

X

X

X

X

X

10-3

10 3

10"3

10"*

10-4

51



LAMPF encourages examination of feasibility of
such a measurement in the near future.

The latest theoretical prediction tor au is

= 1 1(55 921 11(11 x 10

which includes the contribution ot QKI) up to the
order of o* (with a theoretical uncertainty <>t ±'1 x
1()-"|, the T-meson contribution, thp hadronic con-
tribution (uncertainty of ±!M X ]() B). and the
weak-interaction effect.

It is clear that a^n must also be improved to detect
the weak-interaction effect. The largest source of
theoretical error is in the hadronic contribution
which reflects error in the measurement of
K = tT(e*e • hadrons)/<T(e*e • n'v >• The latest
values of K reported since au

lh was evaluated will
enable us to reduce the hadronic contribution error
by a factor of '1. Some further work is needed to bring
this error down to the level of 1 X 1(1 °. Another
source of theoretical error is the «3 and n* terms ot
the QKI) contribution. However, these errors are not
difficult to eliminate. Such ii calculation is in
progress by T. Kinoshita and co-workers.

The latest experiment"' is still (provided one
works hard enough! I statistics limited; the total
number of events recorded was only I X 1(1". Work is
presently in progress at CKKN and at I.AMPK to
consider ways to extend this measurement in the
future, and it seems obvious that the new generation
of meson factories will play a crucial role in the next
generation of g-2 experiments. It is also clear that
such experiments will demand the utmost in beam
qualify from the new machines.

C. Parity-Violating Effects in Muonic Atoms

In the unified gauge theories of Weinberg and
Salam1" there is a neutral current interaction be-
tween the nucleons and leptons via the Z° in-
termediate boson. Muonic atoms may thus yield im-
portant information, complementary to the
neutrino-induced reactions at high energies, from
the interference between the weak neutral Hamilto-
nian and the electromagnetic interaction that leads
to observable parity-violating effects. The parity-
violating effects18 may be observable in three
possible measurements: (1) the y angular asym-

metry with respect to muon polarization. (21 the
photon circular polarization from unpolarized
muons, and (3) the angular asymmetry of Auger
electrons.

Several exploration experiments' ISI for neutral
current effects in muonic atoms have been carried
out; however, the effects are small 1^10 6) and
hence the experiments rather difficult. Experiments
should be further improved and closely followed. It
should be recalled here that although parity non-
conservation was observed in the high-energy scat-
tering of longitudinally polarized electrons by
nucleons-" in 1978. the evidence of parity violation
in atomic physics is still not dear.-1

IV. MUONIUM, MUON MAGNETIC MO-
MENT, MUON MASS

Recently completed muonium experiments-'- at
LAMPF using the "surface" muon beam will im-
prove the accuracy of the muonium hfs interval Ac
to the level of ^H0 ppb, and simultaneously deter-
mine the muon magnetic moment. /uM, to about
0.4 ppm. Meanwhile, a measurement at SIN"-:! of
the v* precession frequency in Rr2 by the
"stroboscopic" technique has determined ^ to
(1.9 ppm. Both quantities, ^ and Si>, are of fun-
damental physical interest. The measurement of/uM

determines the muon-electron mass ratio to the
same accuracy — and this is certainly one of the
most interesting, and puzzling, pure numbers in
modern physics. Also, the theoretical value for the
muonium hyperfine interval is now presently
limited by theoretical uncertainties of about 1 ppm
in the QED corrections. Muonium provides a
challenge to theorists to improve our understanding
of the physics of the simple leptonic system.1'1

Future Plans

The "stroboscopic" muon moment is at present
limited by systematic effects in the line shape and
by chemical shielding effects; future progress along
this line would require intensive studies of these ef-
fects. The muonium method has so far been free of

Experiments on parity violation induced by weak neutral cur-
rents in muonic atoms look (or (he moment outside experimen-
tal feasibility (see Ref. 19).
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systematic line-shape effects. Since future improve-
ment would require a determination of the line
center to 10~4 of the natural line width, it is clear
that techniques to narrow the observed line shape
are essential. Line-narrowing techniques, however,
require a pulsed beam structure so that long-lived
muonium atoms can be selected.

V. MUONIUM-EXCITED STATES (MH-
ONIUM-ANTIMUONIUM CONVERSION,
MUONIUM LAMB SHIFTS

In the past year, experiments at LAMPF'-'' and at
SIN25 have searched for production of muonium in
the vacuum regions between thin metal foils in
which n* are stopped. Both experiments have con-
cluded that the fraction of stopping ^-forming
muonium is well below 5% — in contrast with earlier
results from SREL2f> which claimed 30% formation.
Meanwhile, experiments at TRIUMF-" have
concentrated on understanding muonium-formation
processes in fine metal -oxid<_ powders.

Future Plans

Muonium in a vacuum would open the door to a
whole generation of interesting new experiments.
The method of obtaining thermal muonium by foils
doesn't appear feasible, so future experiments along
these lines will concentrate on the "fast" muonium
emerging from thin targets in a n* beam —
analogous to beam-foil spectroscopy. Experiments
with powders will probably concentrate on extreme-
ly thin powder densities.

In both cases, extremely good beam quality
(small-range widths, small spots) is essential. For
the beam-foil experiments, extremely narrow (^100-
ns) pulsed muon beams would be advantageous.

VI. NEUTRAL MUONIC HELIUM (on e )

Recent experiments28 at SIN and LAMPF have
observed the hfs transitions due to the n'e spin in-
teraction in the ground state of the neutral muonic-
helium atom (an~e~). The present experiments will
determine the hfs interval ±v and the negative-
muon magnetic moment to the level of about 10
ppm. The theoretical problem of accurately
calculating the three-body interaction involved in
this system is currently the limiting factor in testing

QED theory of /u~e interaction physics in this
system. Work is now in progress on the theory,29and
a continuation of the experiment should reduce the
errors to a few ppm within the next year.

VII. |i-ATOMS

A. Determination of Nuclear Charge Distribu-
tion ••- Combined Analysis of Muonic X-Ray
Data and Electron-Scattering Results

Since the negative muon spends a large fraction of
its time inside of the nucleus, it has always been
looked upon as a sensitive probe for the charge dis-
tribution of the nucleus. However, only in the last
few years has a very successful model-independent
analysis,1*11 which combines the information from
both the muonic x-ray data and the elastic electron-
scattering results, been developed to yield the infor-
mation on the charge distribution of the ground
state of the nucleus. In a highly deformed nucleus,
the electronic quadrupole interaction energy be-
tween the muon and the nucleus is comparable to
the energies of the low-lying rotational splittings and
the fine structure splitting of the muor.ic 2P
doublets. Therefore the E2 interaction mixes the
nuclear ground state Io with various excited-state

I,,Ij, and also mixes the various muon states.
This dynamic E2 hfs spectrum has been observed
and closely studied in most of the deformed nuclei.

Many of the hyperfine components in a dynamic
E2 hfs come directly from energy levels which repre-
sent mixed muonic and nuclear states. These lines
contain information about certain excited states of
the nucleus as well. Recently, an effort to develop a
combined analysis31 of inelastic electron scattering
data and muonic x-ray data from deformed nuclei
for the transition charge densities and from the
properties of the excited states has been seriously
under way at LAMPF. There are plans to investigate
selected deformed nuclei both by making muonic x-
ray measurements at LAMPF and by inelastic
electron-scattering experiments at a high-energy
electron facility such as Bates.

B. Isomer Shifts (Ref. 32)

In the dynamic excitations of muonic atoms, if the
subsequent deexcitation of the nuclear state has a
lifetime of about 10"' s, then it takes place in the
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presence of the IS muon, as the muon-capture
lifetime from the IS state is about 10~7 s in the rare-
earth region. If the charge distribution of the excited
state is different from that of the ground state, then
an energy shift of the nuclear 7 ray, known as the
isomer effect, is expected; this is the effect of charge
distribution on the transition energy. The isomer ef-
fects observed by muonic atoms and by the Moss-
bauer technique are in rather good agreement.•'•'
However, the agreement between the experimental
and theoretical values in the transitional region114 is
not in good accord, and needs to be further studied.

C. The Resonance Processes (Ref. 35)

The intensity anomaly'1' in 209Bi that occurred be-
tween the muonic 2F3/2-lS1,2 and 2P12-1S12 x rays
was eventually interpreted as an effect due to a
resonance process. The energy of an excited state of
the nucleus is (accidentally) very close to the energy
difference of two muonic levels; consequently, a
significant amount of the nuclear excited-state wave
function is mixed into the eigenstates of the muon-
nucleus system. The intensity ratios are thus strong-
ly affected. This picture of a resonance is actually
verified by the observation of the nuclear deexcita-
tion 7 rays for such nuclei as 209Bi, 2O5T1, and 127I.
Recently a simple statistical analysis^" of the
density of nuclear levels at about 2 MeV (by the
LAMPF ju-group) indicates that a muonic-nuclear
resonance with observable intensity might occur in 1
nucleus in 10. If the resonances would occur with
sufficient intensity, both the quadrupole moments
and the nuclear transition matrix elements could be
derived from the observed spectra. Coincidence
techniques may prove to be useful in these studies.

D. Muon-Induced Fission

The nuclear fission process involves a delicate
balance between nuclear binding and Coulomb
forces. The presence of a IS muon is expected to
have a large effect on the fission process, so we are
dealing with a potentially very sensitive
electromagnetic probe.

The prompt fission yield measurements in-
vestigate the effect of a IS muon on the fission
process. There is a factor of 2 disagreement between
the TRIUMF^8 and DUBNA39 measurements in

MflU, with the TRIUMF values in better agreement
with previous work.

A discrepancy in the capture lifetimes measured
by the fission and electron decay branches was sug-
gested as evidence for shape isomer excitation in
238U (Ref. 40). There is now excellent agreement
among the various fission lifetime measurements,
and also among the ^-capture 7 measurements, but
large discrepancies remain in the electron measure-
ments. The best fission and ^-capture 7 lifetimes
still disagree by about two standard deviations in
238^ ;

In b.--th the TRIUMF and CERN41 measurements
a decay component of ==lo-ns lifetime was observed
in the 238U fission data. This component was not seen
in the TRIUMF 238U data. A similar half-life was
observed in the Dubna4-238U measurements. Taken
together, these results suggest that the evidence for
shape isomer excitation with high yield is growing.

The possible observation of back-decay 7 s from
the 2S8U shape isomer with a lifetime of 12 ns would
constitute the clearest signature for isomer produc-
tion. This measurement, which suffered from
limited statistics and high backgrounds, is
scheduled to be repeated soon at TRIUMF under
better beam conditions. It is quite clear that pure-
and high-intensity muon-beams are required in
these muon-induced fission studies. Our under-
standing of these phenomena will shed light on the
theory of fission and the shape isomers.

E. Muon-Nucleus Polarization Phenomena

The subject of muon-spin rotation (/uSR) was left
out because of time limitations. An interesting dis-
cussion on the possible exploration into a new and
exciting field dealing with the muon-nucleus
polarization phenomenon was held during our panel
meeting. Since this subject had just been presented
as an invited talk at the Eighth International
Conference on High-Energy Physics and Nuclear
Structure (ICOHEPANS),^ we will refer to only a
few highlights of the discussion:

1. precise determination of bound #~-g factors,
2. the connections between the circular polariza-

tion of n x rays, the longitudinal polarization of
H~, and thus thel^ helicity,

3. use of a polarized target to provide non-
statistical distribution of F substates, for
precise determination of magnetic hfs,
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4. a polarized nuclear target to repolarize the cap-
tured n to a substantial value. This
repolarization oi'the tx will help in the study of
neutron and •> asymmetries in v' capture, and

5. the fi spin-rotation method, which is also
unique in probing internal fields just outside
the nuclear sphere.

VIII. MUON-CAPTURE IN HYDROGEN AND
HELIUM

Muon capture has long been regarded as a probe
of the induced pseudoscalar term in the weak
hadronic current: however, a precise determination
of this term has not been made, up to the present.
The determination of this quantity is made difficult
by experimental problems in the simplest system
[fi' pi. and by uncertainties related to nuclear struc-
ture in complex nuclei.

Nevertheless, in view of the fundamental impor-
tance of the measurements, new approaches are cur-
rently being developed. The Saclay-CKRN
collaboration44 has measured the capture rate Irom
the orthnmolecular (pjip) system in liquid hydrogen,
by a unique method which is free from the
systematic error associated with the determination
of the absolute neutron detection efficiency. This
technique utilizes the pulsed-beam time structure of
the Shday Linac to full advantage. There are plans
at TRIl'MF4"' to measure the lifetime of the (jup>
triplet state in 0.5 atm by a spin-precession experi-
ment, as a preliminary to a possible measurement of
the neutron asymmetry in muon capture in gaseous
hydrogen.

Additionally, experiments"' are being planned at
LAMPF to study muon capture in 3He, again as a
probe of the induced pseudoscalar form factor. In
8He, many of the experimental problems present in
the hydrogen case are simplified; moreover, the
nuclear structure of 3He is well understood, so that
uncertainties in the interpretation due to nuclear
structure are minimal. A spin-precession experi-
ment to measure the angular correlation between
the muon polarization and the nuclear recoil, as well
as a coincidence experiment to study radiative muon
capture, are both under consideration.

In general, these experiments in hydrogen and
helium gases at low pressures require p~ beams with
very high stopping densities (implying the use of

low-momentum "cloud" beams), narrow momentum
spread, and relatively good beam quality. At pres-
ent, the LAMPF low-momentum cloud n beams
hove sufficient intensity for these kinds of experi-
ments, but the quality (in terms ofe contamination
and momentum bite controli could be substantially
improved. Additionally, the spin-precession experi-
ments require high polarization, aiid could benefit
from pulsed beams and improved duty cycle.

IX. Tt -ATOMS

A. A Joint Program of the Low-Energy n-
Nuclear Scattering and the Pionic Atomic
X Rays

In the past, pionic atoms have played an impor-
tant role as the primary source of information on the
low-energy ir-nuclear interaction. The analysis of
the experiments can be made nearly model indepen-
dent in terms of generalized scattering lengths.
Theoretically, the interaction is linked by a velocity-
dependent optical potential to elementary interac-
tions in the microscopic theory.

It has long been recognized that pionic atoms are
in principle closely related to low-energy 7r-nuclear
scattering. It is therefore natural to analyze low-
energy scattering data jointly with those of pionic
atoms. Such a program has not yet been carried out.
although recently the empirical interactions have
been successfully applied to low energy scattering
data, resolving earlier difficulties. A joint program is
highly desirable in the next few years.

Such a study takes on a particular importance for
the following reason. While the microscopic theories
may differ, they agree phenomenologieally in the
statement that the pion-effective kinetic energy in
nuclei is very close to changing sign from repulsive to
attractive. This phenomenon would lead to (broad)
pion nuclear bound states as well as to ir-nuclear size
resonances.4".48 The attraction associated with this
phenomenon may be one of the precursory effects
signaling that nuclei are close to pion condensation.

It is therefore of great interest to quantitatively es-
tablish throughout the periodic system how close
nuclei are to the critical region. Present analysis47-48

suggests that various nuclei are extremely close to
critical effects. This indicates that in pionic atoms
priority should be given to a better determination of
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strong-interaction effects by using the curved-
crystal spectrometer method.

B. Neutron Distributions in Nuclei from Pionie
Atoms

Considerable progress has been made recently
toward the goal of probing neutron distributions in
nuclei through pionic atom and pion clastic-
scattering measurements. Pionic-atom strong-
interaction shifts are presently determined with a
typical precision of 1%. To extract nuclear struct Lire
information, one must introduce a model for the
pion-nueleus interaction. The model uncertainties,
rather than the experimental errors, limit our ability
to probe the nuclear structure. However, these
model differences cancel to a large extent when one
considers neutron-proton distribution differences in
isotopic pairs.

Powers et al.4'1 have recently analyzed their
pionic-atom data in calcium and titanium isotopes
using a phenomenological optical model potential.
Neutron-proton distribution differences deduced
from this analysis are in reasonable agreement with
high-energy proton and alpha scattering measure-
ments, as well as with HF BCS calculations. In their
phenomenological analysis they (bund that the fit-
ted p-wave parameters were strongly correlated with
the Lorentz-Lorenz parameter. The quality of their
fit is much improved by the inclusion of the new
7r"O data."'" Batty et a/.51 have performed a similar
analysis of their SD-2P measurements. Their optical
model parameters differ from Powers' mainly in the
isovector terms; Batty's s-wave isovector term is
larger than the microscopic predictions, while
Power's p-wave isovector is smaller than expected.
This disagreement reflects the small data base of
T / 0 nuclei for which the nuclear structure is well
enough known.

Olin et a/.5- have extracted neutron-proton radius
differences from 10-"B and 12>13C measurements using
pion-nucleon scattering lengths corrected for nuclear
medium effects. The results are in reasonable agree-
ment with projected Hartree-Foek calculations and
low-energy pion-scattering results. In this case, the
results depend mainly on the s-wave parameters.

The present accuracy of the neutron radius dis-
tribution is comparable to that obtained from other

hadronic probes,r>:) and is better for light nuclei.
However, the neutron radius differences are at most
a factor of 3 larger than the errors, so we are not yet
talking about a precision test of the nuclear struc-
ture calculation. Further progress will come from
better understanding of the isovector and absorption
terms, combined analysis together with low-energy
scattering and absorption data, and precision
measurements of the strong-interaction effects in
pionic atoms of the hydrogen isotopes by high-
resolution curved-crystal spectrometers.

C. E2 Dynamic Mixing in Exotic Atoms Due to
Nuclear Resonance Effect

It was theoretically proposed by M. Leon"'-1 and
observed in pionic "2('d <Ref. 55) at LASL and in
kaonic "Mo (Ref. 56) at Lawrence Berkeley
Laboratory (LBL) that when the energy of a nuclear
excited state nearly equals a hadronic-atom deex-
citation energy, then the hadronic atom deexcites by-
exciting the nucleus. The strong absorption <>f the
hadrons from the atomic states due to this dynamic
Kli resonance mixing should be easy to observe as it
weakens one or two hadronic x-ray line intensities
relative to the intensities from other isotopes of the
same element. The significance of the observation of
this resonance effect in pionic 1I0Pd atom was that it
verified the prediction by Ericson et al. "'"that the p-
wave pion-nucleus interaction changes from attrac-
tive to repulsive as Z increases beyond about H6.

D. Hyperfine Structure of Pionic X-Ray Lines
(Ref. 58)

Although the overlap of the hadrons with the
nucleus is negligible in the outer region, the effect of
the electromagnetic properties of the nucleus may be
detectable in the hyperfine structure of the x-ray
spectrum. For example, the spectroscopic
quadrupole moment of deformed nuclei such as
"»Ho, l76Lu, "«Lu, "»Hf, and 181Ta have been directly
determined in this manner at Nevis, CERN, and
SIN. These values of the spectroscopic quadrupole
moments ate more precise than those determined
from any other methods if the strong interaction ef-
fects are taken into account. More such studies
should be carried out in LAMPF intense 7r-beams.
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X. KAONIC ATOMS

Due to the lack of K" beams comparable in inten-
sity to that of the TT~ beams from meson factories,
the experimental situation is much inferior to that in
7r-atoms. The level of accuracy is in the 100-eV
region; no crystal spectrometer data could be taken
so far. On the other hand, the K~-nucleus interac-
tion is simpler than the ir-nucleus interaction in
pionic atoms (s-wave dominance, dominant one-
nucleon absorption). The fit to the strong-
interaction data necessitated taking into account
the Y; (1405) resonance,1' some 25 MeV below the
K~p threshold. One motivation for requiring con-
siderably improved data on strong-interaction ef-
fects in kaonic atoms is the study of the VJlMOf))
resonance in nuclei. At present, only one effective
complex parameter of the optical potential can be
derived, and the separation in K~p and K~n effec-
tive interaction parameters contains considerable
ambiguities. Here precise measurements on selected
isotope pairs may help to improve the situation.
Measurements on the most basic systems such as K-
H and K-D should be envisaged. However, they are
particularly difficult to perform due to the suppres-
sion of the 2P -» IS transition by Stark mixing.*
Preferably, the formation of the atoms should
proceed in a gas target, but here a considerable effort
in improving the K~ facilities is required.

XI. Z-ATOMS

The data on 2~ atoms must be taken from kaonic
spectra where they appear on an intensity level of
=5% with respect to kaonic spectra. Everything said
on the inferiority of the results of K" atoms is,
therefore, even worse for 2~ atoms. However, at the
present moment an ingenious way to prepare a 2~-
Pb target was proposed by exposing a system of thin
multiple and closely spaced lead plates in a con-
tainer of liquid hydrogen in the K~ beam. By
carefully adjusting the thickness and spacing of the
plates, it is expecced to obtain a maximum gain in
the 2 "-stops by a factor of 5 to 10. Such an

*Keeent first indications of |)H K-lines have hcen repnrlfcf*-""
which are, however, in disagreement wilh current Ihcnri'lic.il
predictions.

arrangement12 has been prepared to repeat the
measurements of the magnetic moment of 2 ~ on the
K" beam of AGS (at BNL). If the result is as good as
estimated, it will be very useful for future 2" heavy-
atom studies. However, real progress in 2" atoms
can be made only by a rather substantial improve-
ment of the stopping K~ beams.

XII. p-ATOMIC AND p-HYDROGEN RE-
SULTS

The data obtained so far onp atoms are limited to
relatively few elements6' and to intensity
determinations only. The recent measurements of
the CERN group have determined two absorption
widths and one shift for each of four nuclei. For the
first time, an isotope effect in "p I<-1»0 atoms was
measured by the CERN group. It shows that the two
additional neutrons in " 0 enhance the absorption,
and consequently the line is weaker and broader in
the case of "O than in leO.

The measurement of the K-series x rays of the"pp
atom would provide a direct determination of the
real and imaginary part of the s-wave "pp scattering
lengths. However, if liquid hydrogen were used as
the target, then the difficulties induced by Stark
mixing mentioned for K~-p atoms would also be
present here. Recently the CERN group has report-
ed indications for K-lines of the pH atom*5- in a
liquid-H, target. J. Bailey et al. ,(i'i using propor-
tional counters and gaseous hydrogen, reported the
observation of the L-series transitions in "p-
hydrogen. All these measurements must, however,
be improved a great deal.

XIII. BARYONIUM STATES

Although this subject may not belong to the "p
atom proper, a few remarks on the"pp states will be
made here since such bound states below the p"p
threshold have been theoretically predicted for the
p"p system. Experimental indications for narrow
baryonium states above and below the p"p threshold
exist from various experiments, but the experimen-
tal situation is not sufficiently clear at present and
needs great additional efforts. The interest in
baryonium states stems from the fact that they are
interpreted either in the quark picture as connected
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to qqqq states or in a potential model as pp states
bound in a strongly attractive potential related by
the G-parity transformation to the pp potential. In
both approaches it is difficult to account for the nar-
row widths of the states, which implies a strong sup-
pression of the decay into meson channels and the
incomplete knowledge of the p~p annihilation chan-
nels. Experimental progress will be strongly con-
nected to substantially improved J) beams of
energies between 2 GeV and stopping p's. as
provided by "p cooling techniques.

XIV. EXPERIMENTAL INSTRUMENTS AND
METHODS

With the successful completion of the meson fac-
tories, existing instruments and techniques need
substantial improvements in order to take on the
problems involved with the high counting rates and
precision measurements. The following programs
should be given special consideration and priorities.

1. A curved-crystal spectrometer61 together uith
a 'Gatchina'-type target.10 Such a combina-
tion installed near the LAMPF beam slop
would make it the most effective of its kind, h
can be used for (a) measuring energy shifts and
line broadening of 7r X rays, ib) more precise
tests of Klein-Gordon equation to (nZ)6. (el MC
curate studies of electron screening in IT and /u
x rays, (d) pionic polarizability. (e) test of
vacuum polarization in M atoms, and (fi ac-
curate particle mass determination, etc.

2. Magnetic bottle.6'1 A facility that provides
opportunities for the use of very thin targets (=
a few /ug/cm2), allowing experiments in low-
pressure ( = 1 torr) gases, will open possibilities
for a whole range of novel experiments. Such a
"muon trap" device could be a superconducting
magnetic bottle, utilizing n~ muons from the
decay of 40-MeV/c w~ or surface n+ muons
from stopped pions. The generality of such a
device, in terms of providing an environment
in which many different kinds of experiments
could be perfornu ^ in a relatively background-
free situation, suggests that substantial in-
strumentation effort be made to develop it.

3. Coincidence measurements of x rays with (a)
other x rays of the cascade, (b) nuclear y rays
following the ft' or rr~ absorption, and (c) andl-
or particles from the final state.
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4. ('sing pulse-shaping circuitries to determine
•) rays from neutrons al all energies and at all
counting rates.

5. Studying the residual circular polarization of
x rays under different conditions far detection
nf the parity violation in n atoms.

6. Developing techniques to observe Auger elec-
trons from M atoms, since no Auger electrons
have ever been studied.

7. Investigating the angular distribution of x rays
relative to muon spin

S. Developing the multiwirc proportional cham-
ber, the drift chamber, or the time-projection
chamber in order to measure simultaneously
the energx of the particle and the location and
direction of its motion.

XV. PANEL P-4 RECOMMENDATIONS

The meson factories at LAMPF. SIN. and
TRIl'MF have recently all attained their original
goals of high intensity with reliable operation. It is of
primary importance now to capitalize fully on the
presently available potential of these laboratories for
pion and muon physics. This means improving the
quality, intensity, versatility, and availability of
secondary beams.

Our immediate recommendation lor all meson
facilities is:

/. Beam Quality, Septums, and Separators.
Strong efforts should be made to improve the quality
of the present secondary beams. Phase-space tailor-
ing, improved computer modeling, and diagnostics
for development of flexible beam tunes are essential
for the next generation of experiments. More ex-
perimental stations on the present beam lines (e.g.,
a septum for SMC) would increase beam
availability at a very modest investment. Incorpora-
tion of electrostatic particle separators in the pres-
ent muon channels would reduce the electron con-
tamination of the surface and cloud muon beams
without the losses in rate and beam quality as-
sociated with the current method of inserting
degraders in the beam.

Our recommendations for the near future,
primarily directed towards LAMPF, are:

2. Crystal Spectrometers. For high-precision
muonic and pionic x-ray studies, a crystal



spectrometer with a "Gatchina"-type target installed
near the LAMPF beam stop would be highly
desirable. Such an installation would involve a very
modest effort and cost and not interfere with exist-
ing beam lines; it would also provide a uniquely
powerful facility for these basic physical measure-
ments. It deserves high priority.

3. New Channels. Development of new low-
energy muon/pion channels should be emphasized.
Present plans to run the F3 channel as a sur-
face/cloud muon beam and to develop a short pion/-
muon channel at the A-5 target appear quite fruitful
and would do much to improve the versatility of the
LAMPF secondary beams.

4. Proton Pulsing. Pulsing the primary proton
beam at LAMPF, with a pulse width of ==1 ;us. would
be useful for certain muon physics experiments in-
cluding searches for rare-decay modes and precision
muonium experiments. It appears technically feasi-
ble to pulse the proton beam at a peak current of
1 raA, compared to the present level of 7 mA. Of
course this mode of operation would not be suitable
for many other LAMPF experiments, but it would
be valuable to examine the usefulness of such a
pulsed beam with a small fraction of the
macropulses. For a sufficiently important experi-
ment, this should be considered as a mode of
LAMPF operation.

5. Secondary Beam Pulsing. An alternative
mode of pulsed beam operation is to include an rf
pulser in the present muon channel. This method is
not as clean as pulsing the main beam but it should
be sufficient for most experiments that require
pulsed beam. Present studies of beam-pulsing tech-
niques in the SMC should be encouraged.

6. H- Atomic Physics Facility. The present
facility for laser-atomic physics experiments
provides a unique opportunity for atomic physicists
and should be maintained and possibly enlarged.

Our long-term recommendations are:

7. Proton Storage Ring. The planned Proton
Storage Ring at LAMPF will provide a unique low-
duty-factor, high-current proton beam. It is essen-
tial that design studies be started to include a low-
energy n-n channel as an integral part of this
facility. It is important that LASL ensure a role for
pion. rnuon, and neutrino physics at this exciting
new machine. This may not be simple since three
different LASL divisions. MP. AT, and P, are in-
volved in this facility, and since the major funding is
through materials science and weapons segments of
the DOE.

8. High-Duty-Factor Storage Ring. Many ex-
periments are presently limited by the low (7%)
duty factor at LAMPF. The possibility of building a
storage ring to lengthen the duty factor to 100%
should be investigated.

9. Kaon Facility. We feel that the kaon facility
plans should concentrate more on the problems as-
sociated with secondary beam lines. In particular,
the limitations and plans for future improvements of
current K beams (e.g., AGS), particularly in terms
of beam purity, should be studied in depth. A work-
shop on the study of the K~ beams on the AGS
should be called at BNL as soon as possible.

10. p Facility. The development of the LEAR66

facility at CERN promises an improvement in low-
energy antiprotons by a factor of 108-10* or a stop-
ping rate = 106/s, so that we are on the threshold of a
new era in"p physics, in particular the investigation
of baryonium and "p atoms. Our understanding is
that a low-energy "p facility is also feasible for Fer-
milab and that the choice of electron cooling will
provide extremely good beams at energies as low as
200 MeV. Initiative (and manpower and money) for
such a facility, however, will have to come from the
medium-energy physics community since Fermilab
is concerned exclusively with the high-energy ap-
plications. We recommend immediate study of the
desirability of such a facility.

59



APPENDIX

THKONK- ANDTWO-ELECTRON ATOM AT INTERMEDIATE ENERGIES*

Since 197fi the 800-MeV H beam at I.AMl'K has
been used to study, by a unique colliding-beams
method, a fundamental quantum system, the H
ion. Despite exact knowledge of the Hamiltonian,
the ion's properties are a challenge to calculate, par-
ticularly in the presence ol' external perturbation.
H is known to possess a single bound slate
(-0.7-12 eV); calculations predict an extensive array
of iiutodelaching resonances, a lew of which have
been observed. The electron-volt range atomic scat-
tering and vacuum uv experiments ordinarily used
to study this system are notoriously difficult.

In the LAMPK experiments, H structure is
studied via the photodetachment process •> + H
H" + e . Light from a near uv laser is directed by a
precision rotating mirror mechanism to collide with
the H beam at a precisely determined angle. Varia-
tion of the angle tunes the I Appier-shifted photon
energy seen by the moving ion {(1 = 0.H-I2) over a
wide range with millielectron-volt (meVl resolution.
Kor example, 4.(i59-cV photons can be tuned from
).'M> lo If).!) eV. The detached electrons all continue
forward with the same energy (4H5keYl and are
detected downstream with a small spectrometer.

I'sing this method, previously unseen "Keshhach"
resonances have been found just below ihe n = 2. 'A.
and I states of the residual H" atom, and the width
(2H meV) of the known n = 2 shape resonance was

measured for the first time. The ion's relalivistic
velocity ulso transforms a modest laboratory
magnetic: field (2.5 k(I) into a strong electric field
(1.2 MV/cm). This enables one to study the Stark
quenching of these resonances. Some of them, those
with " + " symmetry of the composite wave function,
are remarkably resistant to perturbation. In con-
trast, the n = 2 Keshbach resonance splits into three
lines whose separation varies linearly with field. The
m-values of the degenerate components were deter-
mined by controlling the polarization of the incident
photons.

The scheduled measurement of the ejection of
both electrons by a single photon attacks "one of the
most important unsolved problems in atomic
physics." Plans to measure lifetimes (which
translate into convenient distances), multiple
photon processes, and the perturbation of certain H"
states are under way.

This work has aroused a satisfying flurry of
theoretical activity; relevant Stark-effect calcula-
tions had not been attempted before. The unex-
pected introduction of atomic physics into the
medium-energy world should continue to be
fascinating.

' I I . f . U r y i i n t e t al., 1 ' h v s . I . H I . :W. J 2 S I l i lVTi m u l I ' . A . M . ( I r a n i
W n / . . 10 . 1 0 7 (1SI7HI.
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I. INTRODUCTION

The objective of accurately mapping out nuclear
matter densities and currents is best met with a
selection of electromagnetic and hadronic probes.
For charge densities, the primary probes are
electromagnetic (electron scattering and muonic-
atom x-ray measurements), and in principle their
precision is limited only by meson exchange cur-
rents, relativistic effects, and dispersion corrections.
An example of recent high-quality measurements of
electron scattering by m P b is shown in Fig. VI-1
along with an empirical fit to the data. The charge
distribution extracted from this experiment is com-
pared with Hartree-Fock predictions in Fig. VI-2.

Hadronic probes such as protons and pions com-
plement the electromagnetic probes in three impor-
tant ways: (1) larger cross sections permit rapid,
systematic surveys; (2) neutron densities and cur-
rents can be probed more directly and completely;
and (3) spin-dependent NN interactions strongly ex-
cite spin-flip states at small angles.

Very beautiful and precise proton- and pion-
scattering data have been obtained in the past two
years; however, the theoretical interpretations of the
measurements are alarmingly inconclusive com-
pared to the precision of the data. The chief dif-
ficulties are that (1) the proton remains un-
calibrated as a nuclear probe, and (2) the pion reac-
tion mechanism remains ambiguous. Nevertheless,
many analyses of proton elastic-scattering data have
established that it is, in principle, possible to extract
very precise neutron density distribution if the NN
amplitude uncertainties are small and if the
multiple-scattering interpretations in terms of free
NN amplitudes are accurate.

The focus of this report is on short-term (1-4

eliminating the present shortcomings of hadronic
probes for nuclear structure research. Section II dis-
cusses programs of experiments that address (1) the
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(a) Cross sections for elastic scattering on ™"Pb
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NN amplitude uncertainty problem, iii) systematic
lesis of the multiple-scattering interpretation for
proton-light nucleus interactions. Cil systematic
tests of the extraction of neutron density informa-
tion from hadron-nucleus elastic-scattering experi-
ments. (4t tests of the reactive content of hadron-
nucleus interaction, and (5) the use of closure to in-
ter density and correlation information from in-
clusive experiments. Section III focuses on two
nuclear structure aspects: (1) lhe need for high-
precision density information and the relative
benefits of l-2-(leV pion beams for this purpose, and
VI) high-resolution nuclear spectroscopy prospects
using hadronic probes at intermediate energies. Sec-
tion IV summarizes the recommendations.

II. TESTS OF THE REACTION MECH-
ANISMS FOR HADRON PROBES AND IN-
PUT INFORMATION

A. Nucleon-Nucleon Measurements

A major uncertainty in analyses of proton-nucleus
elastic- and inelastic-scattering data is due to our
present lack of knowledge of the nucleon-nucleon
elastic amplitudes. The imprecise input data have
become the principal obstructions to the analysis of
the new LAMPF and Saclay data. In our opinion,
the continued absence of reliable p-p and p-n
amplitudes even brings into question the ad-
66

visability at the present time of accumulating much
more data on elastic proton-nucleus scattering. A
more reasonable alternative is to begin a systematic
program for measuring the necessary NN dai.'..

figure VI-3 illustrates the present situation tor p-
laO scattering. Calculations ol AniAV. and 1'lfl).
based on N. \ amplitudes that lit the available NN
data and selected p-nucleus elastic data, do not fit
the oxygen data. Very large differences, especially in
the case of P(fll, arise due to the ambiguity as-
sociated with both pp and pn amplitudes. Some
progress in NN scattering has ol Course been made in
the last 10 years, but we now know irom the Argonne
Z(!S experiments that even the p-p double spin-flip
effects at small angles are large and vary significant-
ly with energy in the range in which we are working.
The situation is therefore complicated, and it is not
likely that we could deduce the relevant nucleon-
nucleon amplitudes sell-consistently li.im the
proton-nucleus data.

1 GeV p-"O

x - Alkhazov et at.
data

NN Amplitudes

HOSH-SJW
ALKHAZOV
CLS
McNeil
RAY

30

Fig. VI-3.
Cross section and polarization predictions and
data for p + "0 at 1.0 GeV using a variety of
NN amplitudes.



In a crude first approximation, our requirements
for the analysis of heavy nuclei are simply the
isoscalar and isovector spin-independent and spin-
orbit amplitudes in the forward-angle cone (say nlRb

< '15°I at the same energies as the experiments on
elastic p-A. In order to determine the scalar and
spin-orbit amplitudes, however, it is in fact neces-
sary to determine all the Wolfenstein amplitudes
because those amplitudes cannot be isolated and
measured directly. Klastic scattering by the tight
nuclei in any case demands the whole set of
amplitudes. Everything needed for elastic scattering
is also needed for inelastic scattering, which always
takes place against a background of elastic scatter-
ing. In addition, inelastic scattering will itself often
require the whole set ol spin-flip amplitudes.

We have no doubt that someday, after the comple-
tion of a full set ol XN experiments, there will be a
complete set of phase shifts available in the energy
range from 500 to KMM) MeY. It is worth pointing out.
however, that no such elaborate analysis is required
for the nuclear-scattering program. In fact, since the
amplitude data are only needed over the rather

limited angular range in which the nuclear angular
distributions are measured, our requirement is a
much more modest one than that which is imposed
by the global nucleon-nucleon program.

The urgency of our needs has led t his panel to give
top priority to the following experiments lor W,ab <
:W at 800 MeV for the analysis of the LAMl'K-HKS
data. The panel recommends thai the experiments
listed in Table Vl-I should be pursued by the ex-
perimentalists who are currently studying p-nucleus
scattering.

Forward-angle elastic p-p scattering with a
polarized beam and target should be studied at
I.AMPF HRS. as the conventional XN program
would not normally investigate the small scattering
angles necessary here. Background problems can be
overcome by using the high-resolution capability of
the HRS.

The same technique can be used to measure
elastic proton-deuteron scattering with a polarized
deuterium target. This is theoretically very valuablt
in that near the forward direction it provides direct-
ly a measure of the T = 0 combination of the pp and

Type »t collision

TABLK VI-I

EXPERIMENTS TO DETERMINE THE NN AMPLITUDES FOR
INTERPRETATION OF p-NlCLEUS SCATTERING OUT TO r>° «

Inpolarized Beam: Beam: Beam:
Polarized protons Polarized protons Vector, tensor

polarized ck'ult'Pins

Beam:
Vector, tensor
polarized deuternns

Target: unpolarized Target: Target: Target:
Vector polarized I 'npolarized protons Polarized protons
pniiiins ideiiieronsi

p p (elastic)

p-d (elastic)

p-d (quasi-elastic)

1.

I.

I.

<a,> triple-scat-
tering parameter

<<r,>, triple-scat-
tering parameter

Correlation
Parameter

Vector correlation
parameters

<p»>, components
ofthetensor
(Saturnellonly)

<<Ty>. triple-scat-
tering parameters
(Saturne II only)

Vector and tensor-
correlation parameter
(Saturnellonly)

Correlation parameters
( S a t u r n e l l o n l y )

"These exper iment s art' to be done nl (1.8 and 1.0 ( leV with highest priority, lint also al ll.li nnd 1.1 ( l eV with lower

priority; p-d elast ic and quas i -e last ic are to he done ill 0.1 t ieV. Snnic nt these exper iments (with polarized deuternn

beams) can he done at Snturne II only. These are noted.

The coordinate sys t em used throughout this report: y-axis minimi to the scattering plane; z-axis along I he beam

direct ion. T h e unpolarized ditlerential cross section is I,,, the individual polarization is <ay> (protons) and < P y >

Ideuterons l .
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np amplitudes that is most directly encountered in
p-A scattering. Although there would be sonic model
dependence in the analysis, it is also possible to ex-
tract some ol the important neutron parameters
from such measurements. Uncertainties in such an
extraction may not be too important for the pro) on-
nucleus application lor which the results are desired.

These measurements should be regarded ;is com-
plementary to the full NN scattering program: tin-
data they represent would provide additional input
for the extract ion of the NN phase shifts.

The foregoing experiments could be performed at
LA.VIPF. and in our view the pp and pd elastic ex-
periments should be pushed to completion before
the end of IfW2. On the other hand, Sacl.tv is plan-
ning in the very near future to accelerate polarized
deuterons in Saturne II. Then through the use ol
polarized proton targets, the p-d elastic correlation
parameters can be measured A concerted program
of triple scattering and correlation measurements
should be pressed to measure the 12 parts of tin-
elastic p-d amplitudes. The individual pieces ol t hi-
amplitude display considerable sensitivily lo the
components of the NN amplitudes. Hy deuieron
stripping, Saclay will obtain strong beams ol
polarized neutrons with which to do ri +p scattering
as well. Target contamination js also less ol ,1
problem in that case than for p + d. It would
therefore seem that, in principle. Saclay could do a
more elegant measurement of the n-pscaltering. but
it is essential (hat we have these dala before long,
whatever their source. 1'ltimalely, measurements
carried out on deuterium targets will be essential in
any case as a check on our understanding of the un-
derlying theory.

We are uncertain how well or how soon the
small-angle region will be studied in such experi-
ments. We noted with great interest (he explanation
by Dr. Thirion of the Saclay proposal to inject
(polarized) gas jets of protons and deuterons into 1 he
Satume machine and, through the detection of the
recoils, to measure very small-angle elastic pp. pd
(and perhaps dd) scattering as a function of energy.
It should be noted, however, that these measure-
ments are not likely to provide accurately nor-
malized absolute cross sections.

We turn finally to the proposal of measuring
proton-deuteron quasi-elastic scattering with the
motivation of obtaining information about the
neutron parameters at larger angles. Such experi-

ments are straightforward for a pure deuterium
target, but there are clearly complications caused by
quasi-elastic scattering from other nuclei in a
polarized target. These constituents, of course, may
not be polarized but they would increase the
background.

The theoretical analysis of breakup reactions
must be done very carefully, especially at smaller
angles where the final-state interaction in the 'So

state is strong. The amplitudes extracted from the
quasi-elastic p-n data may not be definitive, but
they would provide a great improvement over our
present knowledge.

The panel hopes that cooperation between
LAMPF and Saclay can be enhanced for the purpose
of providing at least the minimal nucleon-nucleon
amplitudes needed to analyze both the HRS and
SPES I spectrometer data.

Another source of uncertainty, which has at least
some bearing on our understanding of nuclear scat-
tering, is contributed by the effect of pion produc-
tion through N + A - A + A' - N + A. It would be
desirable in the future to obtain production
amplitude data on NN — NA with corresponding
polarization measurements, but this cannot be con-
sidered a first priority.

The panel discussions repeatedly emphasized that
only after the NN amplitudes are known does the
game begin. At that point a number of fine-structure
effects should begin to show up: (1) neutron-proton
density differences, (2) correlation effects. (.'<) in-
termediate deltas, (4) exchange currents, etc.

B. A = 2-4 Targets

The primary aim of proton scattering from nuclei
is the extraction of nuclear parameters. Many of our
theoretical techniques for handling such data can be
best tested through the small- to medium-angle
scattering on the very light nuclei: the deuteron and
the helium isotopes. Figures VI-4 and -f> illustrate
the sensitivity of d<r/dft with unpolarized deuterons,
with vector and tensor polarized beams to the
various sets of NN parameters which are available.
The latter parameters are obtained from nucleon-
nucleon measurements (dcr/dfl in n-p and p-p scat-
tering, and polarization in pp scattering). The
remaining parameters (n-p spin-orbit amplitude)
are obtained from fits to various sets of p-nucleus
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Fig. VI-4.
Dependence of 1.0-GeV p-d cross section and
polarization to several NN amplitude sets.

elastic scattering obtained at Saclay, Gatchina, and
HRS. A recent set of amplitudes incorporating the
Argonne measurements and dispersion relation
calculations is no more successful in fitting these
data. Figure VI-6 illustrates the sensitivity, par-
ticularly in P and Q (see Note a in Table VI-II for a
definition of Q), to the presence of intermediate
isobar states. Nuclear wave functions are com-
paratively well known for these light nuclei, and
with so few nucleons the multiple-scattering series is
tractable without severe truncation. On the other
hand, the results are strongly dependent upon the
nucleon-nucleon amplitudes. Furthermore, because
of the strong NN correlations in the light nuclei, all
10 NN amplitudes may contribute significantly,
even to elastic scattering. In addition, intermediate
A isobar states and exchange cui .ents may be rele-
vant. Thus it seems that if ve can understand
proton scattering from *H, 'He, and 4He, our
theoretical tools should be good enough to analyze
the heavier nuclei (though the converse is not neces-
sarily true).
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TABLE VI-II

PROTON-LIGHT ION MKASl'RKMKNTS

1.
2.
3.
4.
5.

4ab

5ab

Target

P +

ri+ |

'He
3He
3He
3H
3H
3He
3He

Observables

I o Q a

C Py. Q
Spin-spin correlations
Io, Py, Q
Spin-spin correlations

Soin-SDin corrections

"(} refers to the quantity Q = 'Jlm(F*(!)/i|K|2 + |(!|*l. where V and <; are the sralar
and single spin-flip amplitudes, respectively. I'"or reference, polarization I'
measures the real part of the same amplitude comhinalion.

"Kxperiments-la and na are listed asal lernnles to the Irilon tarjjel Kxps. t and 5.

We remarked previously that elastic scattering
from such light systems is sensitive to exchange cur-
rents and it must be stressed that these enter in a
way different for proton (or pion) scattering from
that of electron scattering. A combined study with
electron and hadron probes may help in isolating
this important feature of intermediaie-energv
nuclear physics. For an isoscalar target, the pion ex-
change term makes no contribution for electron scat-
tering, whereas for proton scattering it is probably
the largest single contribution to the alignment
dependence of the proton-deuteron total cross sec-
tion. As another example, the electromagnetic form
factors of 3He and *He show a strong subsidiary max-
imum at momentum trai lers of about 4 fm~'. and
in that region exchange currents are thought to be
very important. The behavior of the form factors in
this region is quite influential, through the single-
scattering term, in proton-helium scattering. In
principle, one should evaluate the proton-nucleus
amplitude by first removing the exchange current
contributions from the electron data to find the form
factor, then summing the multiple-scattering
series, and finally adding the hadronic-
exchange current terms. Such a procedure has never
been implemented in the proton-helium case
because of the uncertainties in the nucleon-nucleon
amplitudes. For the case of pion scattering, on the
other hand, the theory of the basic scattering process

in the resonance region is not sufficiently reliable to
look for such small corrections.

Table VI-II lists the recommended light ion
measurements, and the entries in the table are brief-
ly discussed in the following paragraphs.

Although much effort has already been expended
on p-*He, further measurements are needed. The ab-
solute differential cross section at 1 GeY remains in
doubt due to conflicting data. Absolute differential
cross sections have not been determined at 800 MeV.
Finally, the Q-polarization measurements are ab-
sent at both energies, although P-polarization data
are available.

Polarized proton-3He elastic-scattering measure-
ments provide information for a spin 1/2 target
nucleus. The intermediate isobar effects are less
suppressed than tor *He and hence the experiment
provides constraints on the role of intermediate
isobars.

Systematic investigation of p-3He spin-dependent
interactions can only be accomplished at LAMPF
with a polarized "He target; however, Sac-lay could
accelerate a polarized 3He beam but there are no
current plans for a polarized 3He source. A full set of
spin-spin correlation measurements is necessary in
either case to investigate spin structures of the same
character as those observed in free pp scattering at
Argonne National Laboratory. The extent to which
the double spin-flip amplitudes are modified in the
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nuclear environment is most clearly addressed by p-
3He measurements. In this regard it is impnriant to
study the energy dependence in some detail.

A logically complete light ion program must in-
vestigate the isospin dependence by measurements
of the proton-triton scattering including charge ex-
change (Rxps. 4 and 5) to complement the p-aHi>
measurements. Saclay in principle could accelerate
a 3H beam which could study p + 3H and ji + 3H in-
teractions in a very elegant fashion. Alternatively,
neuti'in + 3He measurements |EIxps. 4(a) and ">(al|
could be used to gain isospin information at
LAMPF. A polarized neutron beam would be neces-
sary for Rxp. ")(al. and again this is likely to be best
done at Saclay.

A systematic proton light ion program requires
careful coordination of LAMPF and Saclay
programs. With regard to LAMPF. we recommend
that Kxps. 1. 2, 3, and 4(a) of Table YI-II be pushed
forward. In addition, careful consideration of a
tritium target is recommended.

When the Saclay polarized light ion beams
become available, they are expected to provide an
elegant means of carrying out lull sp ;n measure-
ments for light ion-proton scattering (all experi-

ments in Table VI-II). This program needs to be
pushed forward at Saclay.

In summary, proton scattering from light-nuclei is
primarily a test of ourcalculational methods and our
input parameters, but it does contain interesting
physics.

C. Heavy Nuclei

A vital part of the hadron-nucleus scattering
program over the next five years should be addressed
to testing the accuracy of the Glauber or optical
potential approaches. Although no completely
unambiguous test is possible, a number of infor-
mative energy-dependent tests are suggested.
Klastic proton scattering will be emphasized initial-
ly since a proper understanding of this process is
fundamental to an understanding of more com-
plicated proton-induced reactions. Figures VI-7 and
-8 show the differential cross sections and analyzing
powers obtained at 800 MeV. The solid and dashed
lines are first-order KMT fits and Hartree-Kock
predictions, respectively. Table VI-III illustrates
that the error in the rms neutron radius obtained in

TABLE VI-III

SOURCES OF ERROR IN THE rms RADII OF NEUTRON DISTRIBUTIONS
FOR SEVERAL HEAVY NUCLEI AS DEDUCED FROM PROTON-NUCLEUS

SCATTERED AT 800 MeV. ALL ERRORS ARE ± VALUES.

Error Nucleus

Source

Normalization

A0c.m.
App(r)
AT l ab

Atfpp

A(Tpn

ABPP

ABpn

AaPP

Aapn

A(0P, aap, Bap)
Statistical and model
Correlation (Pauli)

Magnitude

±10.%
± 0.03°

= ± 0.01 fm
± 2. MeV
± 0.5 mb
± 0.22 mb
± 0.005 fm2

± 0.022 fm2

±10.%
±10.%

dependence

5aNi

0.019
0.019
0.010
0.017
0.005
0.002
0.007
0.023
0.001
0.002
0.019
0.016
0.025

8°Zr

0.017
0.021
0.018
0.019
0.005
0.002
0.005
0.020
0.001
0.002
0.022
0.015
0.021

U6Sn

0.017
0.025
0.005
0.020
0.005
0.002
0.004
0.018
0.001
0.002
0.024
0.015
0.019

124Sn

0.017
0.024
0.005
0.019
0.005
0.002
0.004
0.018
0.001
0.002
0.025
0.012
0.019

208pb

0.018
0.028
0.007
0.022
0.005
0.003
0.003
0.015
0.001
0.002
0.029
0.022
0.018

TOTAL 0.074 0.072 0.069 0.068 0.075
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Fig. VI-8.
Proton-nucleus elastic analyzing powers at
800 MeV.

these experiments is typically about ±0.07 I'm.
Those tests, which of course rely on accurate
knowledge of the NN amplitudes, would be most
usefully applied to closed-shell nuclei, 16O, <M8Ca,
90Zr, and a08Pb, over an energy range from about 100
MeV to 1 GeV. Figure VI-9(a) illustrates this
point. The current analyses of existing NN cross sec-
tion and polarization data yield three ambiguous
solutions in a two-parameter space of the NN
parameters (these solutions neglect double spin-flip
amplitudes and assume that the spin-independent
NN amplitudes are known at q2 = 0). This three-
fold ambiguity in the NN amplitudes results in
deduced neutron rms radii which vary by 0.2 fm, or
by the typical neutron-proton radius difference one

is attempting to measure. The solution that gives
general agreement with Hartree-Fock is selected for
use in proton-nucleus analyses. Clearly this is not a
satisfactory state of affairs.

Several proton-scattering tests are proposed.
Neutron densities extracted from elastic-scattering
data over a wide range of energies should display no
energy dependence. A comparison of predicted and
experimental total and reaction cross sections readi-
ly tests the gross reactive content of the theoretical
model. Explicit reactive content measurements and
predictions further test the sufficiency of the non-
elastic channels which are summed in the imaginary
part of the optical potential for elastic scattering
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CONTOUR MAR p*p AT 0.8 G*V

10 14 18 22

Fig. VI-9(a).
(a) Two-parameter \ x \2 contour map for p + p
at 800 MeV, demonstrating a three-fold am-
biguity in amplitude determinations based on
present da/dQ and P(d) data.

(see Sec. II.C). Energy-dependent predictions of the
polarization and the spin-rotation parameter. Q.
readily test the theoretical spin dependence. The
Q parameter in elastic scattering |see Fig. VI-9(b)|
has been proposed by Osland and Glauber as a very
sensitive measure of the spin-orbit interaction in
nuclei complementary to the polarization P(0).
Knowledge of the proton-nucleus spin-dependent
amplitude is important for accurate determination
of neutron densities, particularly in medium-weight
nuclei (A ~ 12-28). Finally, tests of the predicted
depths of the diffractive minima are vital in assess-
ing the importance of several higher order correc-
tions, in particular that of the intermediate A. The
new experimental data needed to carry out this
program are (1) differential cross section and
polarization data for closed-shell nuclei, with ac-
curacy comparable to that presently attained at the
HRS, momentum transfers <3 fm~' and at energies
between 100 and 1000 MeV in roughly 100-MeV
steps; (2) measurements of the spin-rotation
parameter Q for a few nuclei (l6O, 40Ca, 208Pb) at
several energies; (3) some o-tot and <rr(,ac data to fill in
gaps in energy between 100 and 1000 MeV for ex-
isting data for light nuclei ("O) and for a few heavy

Fig. VI-9(b).
(b) Sensitivity of Qin p + "C elastic scattering
to the real-imaginary ratio of the NN/spin-
orbit amplitude.

nuclei (40Ca, 208Pb); and (4) reactive content studies
on a few targets (16O and 209Pb) at several energies.
The combined efforts of the IUCF. TRIUMF.
LAMPF, and Saclay are thus called for.

A similar series of tests and consistency checks are
suggested for pions. This complete study, however,
requires 1-2-GeV high-resolution pion beams. The
specific motivation for performing experiments at
energies considerably above the (3,3) resonance is
the short wavelength, reduced absorption, slow
variation with energy of irN amplitudes, reduced
binding energy and Fermi motion corrections, and
the simplicity of TTN amplitudes relative to NN.
Figures VI-10 and -11 illustrate the quality of the
current data for ir± elastic scattering on "Be, Si, 68Ni,
and a0BPb. The solid lines are an optical model fit to
the data.

The final and most demanding test of reaction
theories of hadron-nucleus scattering is that consis-
tent nuclear densities be obtained independent of
probe or incident energy. Indeed, the combination of
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Figs. VI-10 and -11.
Angular distributions for the elastic scattering of 162-MeV^ by 9Be, Si. seNi. and 20SPb. The
curves result from optical-potential calculations discussed in the text, and are displayed with
no adjustment of magnitude.

these projectiles and energies are likely to reveal dif-
ferences that will reflect both the theoretical limita-
tions and correlation effects present in nuclear struc-
ture. The elucidation of these phenomena is one of
the major tasks to be undertaken in the next decade.

O. Reactive Content

It is only possible to treat the hadron-nucleus in-
teraction under simplifying assumptions in the
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theoretical interpretation of experiments. Thus,
hadronic probes must be subjected to tests which
discriminate between overly simple interpretations
and well-founded ones. Some basic tests are the in-
clusive experiments such as (e,e'), (e,e'p), (p,p'),
(jr,7r'), (T.TTN), and (p.pV), since they provide infor-
mation about the breakdown of the total reaction
cross-section mechanism. Ultimately, this inclusive
information validates or corrects the assumptions
that have been used to interpret elastic-scattering
data in terms of neutron radii differences or free NN



t-matrix parameters. However, (he same experi-
ments give much more information concerning the
hadron-nucleon interaction in the nuclear medium
and the hadron-nucleus reaction mechanism, topics
which are addressed more directly by panel N-(i.
Thus the N-l panel recommendation does not
specifically address the inclusive experiments, but
we stress that the experiments mentioned bear
directly on the accuracy with which matter densities
and currents can be determined by hadronic probes.

An example of the value that reactive content
studies have on one's understanding of the reaction
mechanism is the following. In 1-GeV inclusive
charge exchange in deuterium, pd • nX. there is a
high-energy neutron peak corresponding to quasi-
elastic scattering pd - npp but a much larger one
due to quasi-free pion production pd • nAp. When
the final states are looked at in kinematically com-
plete experiments, it is found that a fraction of the
quasi-free peak is not associated with pion produc-
tion. It seems that about 20% of the charge-
exchange reaction involving only nucleons.
pd • npp. is due to virtual A production with the
decay pion from the isobar being absorbed on the
spectator nucleon. Though the pion absorption
probability is low in a diffuse system such as the
deuteron, the pion production cross section is about
an order of magnitude greater than the nucleon
charge exchange.

On a heavy nucleus, the pion absorption
probability may approach one-half so that the reac-
tion is dominated by virtual pion production.

It is characteristic of medium-energy physics that
we can find large cross sections, involving only
nucleons which cannot be considered as purely
nucleonic processes. Reactive content measure-
ments can do much to elucidate such reaction
mechanisms.

E. Closure Cross-Section Measurements

The program of using hadronic probes to deter-
mine nuclear density distributions can be addressed
by means of inelastic as well as elastic scattering.
Inelastic scattering of high-energy hadrons can be
exploited to determine nuclear densities by sum-
ming together the cross sections for all transitions in
which no particle production occurs. This angular
distribution, which we shall call the closure cross
section, can easily be analyzed in terms of the

nuclear ground-state densities. The calculations,
which are carried out by taking careful account of
the attenuation of the incident particle beam in
crossing the nucleus, show that at the large momen-
tum transfers most of the closure cross section is
contributed to by particles scattered near the outer
edge of the nucleus. Closure measurements, in other
words, furnish a sensitive approach to the deter-
mination of the nuclear surface density parameters.

One set of survey experiments of inelastic proton
scattering at 800 MeV has already been performed
at the HRS by Palevsky and collaborators. Their
analysis has centered, however, on verifying the dis-
torted wave impulse approximation predictions of
the spectral shape rather than integrating to find the
closure cross sections. The analysis of these experi-
ments should be extended to evaluate closure cross
sections and investigate their sensitivity to the
nuclear surface parameters. It seems likely that a
more extensive set of closure experiments analyzed
at smaller angles would also furnish data, perhaps
the best that can be found from nucleon-scattering
experiments, on nucleon density correlations within
the nucleus.

III. NUCLEAR INFORMATION

A. pn(r) (Ground State)

The study of nuclear properties begins with a
description of nuclear sizes and densities. Since in
lowest order the nucleus consists of protons and
neutrons, even the most elementary models of nuclei
are required to reproduce both proton and neutron
density distributions reasonably well. As a
benchmark, efforts to provide density distributions
have been and continue to be a significant part of
the experimental intermediate-energy program.

Electron scattering has provided the most precise
measurements of proton and charge density dis-
tributions. The high precision of the measurements
and a precise knowledge of the interaction result in
quite reliable density determinations. However, a
complete description of nuclear densities requires
knowledge of the neutron distributions, and electron
scattering is unable to do this. We must therefore
rely on hadronic probes to complete the picture.

High resolution, high-intensity proton beams are
currently available at energies up to several GeV.
The proton interaction with nucleons is both spin
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and isospin dependent as well as energy dependent.
At lower energies the protons can probe farther into
complex nuclei, but as the energy increases toward
1 GeV, increasing inelasticity restricts the region of
sensitivity to the surface.

At low energies, <50 MeV, nuclei are relatively
transparent to pions which can be used to probe the
nuclear interior. However, in that case the
wavelength of the pion is so long that only rms radii
can be measured. Indeed, recent measurements at
TRIUMF indicate that such measurements may be
expected to provide precise data in the near future.
Near resonance, the strong 7r-nucleon interaction
results in such a short mean-free path for the pion
that the scattering is sensitive to only the region of
<25% of the central nuclear density. At much higher
energies, 1-2 GeV, the nucleus is much more trans-
parent to pions, so that use of high-energy pions
might be able to provide precise information over
the entire nucleus. Pion-nucleon interactions are
relatively simple since the pion has spin zero, and
the isospin dependence of the interaction is par-
ticularly useful in providing differential selectivity
in the reaction. The major deterrent to the extrac-
tion of reliable absolute density distributions by
pion scattering is the theoretical difficulty in
treating the complex correlation-dependent effects
which are very strong in pion scattering.

The density-dependent Hartree-Fock (DDHF)
calculations are at present the best theoretical
descriptions of nuclear densities. These calculations
have successfully reproduced the densities deter-
mined in electron scattering and result in
qualitatively good agreement with neutron density
distributions deduced from proton scattering. There
are, however, serious questions about the precise
predictions of DDHF for neutron distributions. At
present, it appears as if the rms neutron radius in
«"Ca is 0.1 fm smaller than predicted by DDHF.
Inasmuch as DDHF is really expected to be highly
reliable only near closed shells, there is a distinct
need for high-precision nuclear density determina-
tions.

Future studies of nuclear density distributions
should investigate isotopic and isotonic density
dependence. Nuclei such as the nickel and tin
isotopes and the N = 28 and N = 82 isotones would
be ideal testing grounds. Since each additional
nucleon adds not only its single-particle density to
the core, but also interacts with the other nucleons,

the overall density distribution reflects not only the
single-nucleon density distribution, but also correla-
tion effects.

B. Spectroscopy

Nuclear dynamical properties can be obtained by
measurements of transition matrix elements, or even
more quantitatively by measurements of transition
densities. In general, one can measure both neutron
and proton (or isoscalar and isovectorl quantities:

<f || 2 || i> neutrons (protons)

and

<f || 2 Yx || i> neutrons (protons)

where X is the multipolarity of the transition. Mp is
measured by Coulomb excitation or lifetime
measurements and is the electromagnetic matrix
element in the long wavelength limit; (e.e'l experi-
ments can measure the Fourier transform of Pp'(r).

It would be of considerable interest to obtain Mn

and Pa(r) from hadron-scattering experiments, and
this of course requires an accurate understanding of
the reaction mechanism. To date, our ability to ex-
tract Mn and Mp has been tested only in a limited
number of cases. However, several tests suggest
themselves: for example, for a T = 0 (N = Z)
nucleus, observing a A T = 0 transition which
should have Mp = Mn. For T = 1/2 and T = 1
nuclei, one can use the data on the lifetimes of the
analog state and isospin symmetry to determine Mn.
In these cases our ability to either predict, or extract
the correct value of Mn from, inelastic hadron scat-
tering can be tested. Tests of this type for each
hadron should be undertaken to demonstrate the
feasibility of extracting information.

It would be very interesting to obtain p"(r) infor-
mation from hadronic probes. This can be done best
in the surface region, but can be extended into the
interior by more penetrating probes such as the low-
energy pion or kaon. Again, this can be tested
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against (e,e') results for AT = 0 transitions in T = 0
nuclei for which P"(T) = pp'(r).

At the present time there hac been only a limited
study of Mn values. Figure VI-12 shows the present
status for single closed-shell nuclei. The agreement
between the different probes is reasonable and a
trend is indicated, but further information is
needed.

It is important to single out some of the salient
features of the different hadronic probes. Medium-
energy proton scattering (100 MeV to 1 GeV) has the
advantage that accurate calculations of the scatter-
ing can be performed once the input amplitudes are
known. For 100- to 200-MeV protons the mean-free
path for protons is greatest, and this energy region
should, in principle, give the most information
about the nuclear interior. On the other hand,
calculations seem more accurate at the higher
energies.

Pions have the advantage that one has both JTT

and TT~ to scatter, and under certain conditions one
can obtain more accurate information from the ratio

of the Tr+/rr~ cross sections since the systematic er-
rors can cancel out. In particular, at the A resonance
the ratio of the ir~n/;r~p and jr*p/jr+n amplitudes is
3. This has been exploited to measure Mn/Mp for "O
and the result is in agreement with the
electromagnetic values so that an important check
has been performed. For both pion and proton
probes one can excite spin-flip states with both
AT = 0 and AT = 1.

Alpha particles can also be useful probes. Because
of the J = 0 and T = 0 nature of the a particle, only
states with AT = 0 are excited. Because of its com-
posite nature, the a particle is strongly absorbed,
which gives rise to diffractive scattering. This
enables one to make accurate .J* assignments for
inelastic scattering. The alpha particle and pion at
the A region interact at 10 <<> 20% of central density
but do not penetrate any deeper. This feature should
enable us to extract relative density information
from a comparison of the various hadronic probes.

There are many ways in which inelastic hadron
scattering can make a valuable contribution lo
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Fig. VI-12.
MJMP ratios for many nuclei obtained from («,«'), (p.p') at 1 GeV, n + p, and (p,p') at
20 MeV.
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nuclear spectroscopy. It furnishes a way to locate
specific states (both discrete and in the continuum)
and to infer the J"quantum numbers from the shape
of the differential cross section. A systematic com-
parison of alpha particle, proton, and pion inelastic
scattering should enable us to identify nonnatural
parity states and the isospin of the excited level.
Spin-Hip measurements in Ip.p'l should clearly
identify this type of state. These methods can
provide a relatively easy way to track states over a
region of nuclei (e.g., away from dosed shells) and
observe such features as energy shifis. fiactioni/a-
tion of strengths, approximate sum rules, etc. More
precise dynamical information about specific states
can be obtained from inelastic electron scattering,
but both protons and pions show promise of
providing nuclear structure information that is com-

plementary to electron scattering in the area of
isovector spin-Hip excitations. Additionally, both
probes excite isoscalar spin-flip excitations which
are not appreciably excited with electrons.
Figure VI-1U is inelastic electron scattering of the
T = 1.1* state in 12C. Figure VI-14 shows DWBA
calculations for inelastic scattering of protons. At
80(1 MeV. the cross section at forward angles is large
due to essentially zero momentum transfer at that
angle. Figure VI-ln shows the excitation of known
T = 1 states. Figure Vl-lfi shows the angular dis-
tribution for protons.

Strong and selective excitations of ()- • r transi-
tions have been observed at forward angles in the
(p.n) reaction at 120 MeV and in the Ip.p') reaction
at 800 MeV. Additionally, high-spin unnatural
parity excitations have been observed in the ip.p')
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Fig. VI-13.
Inelastic transition form factors obtained from
inelastic scattering to excite the T = 1,1* state
in "C.
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Fig. VI-16.
The observed differential cross section for
llC(p,p')uC (T= 1, r, 15.11 MeV) measured
at 800 MeV. Theoretical calculations are
labeled.

reaction at 140 MeV. In future studies of spin-flip
states, polarization transfer studies will undoubted-
ly play an important role. Selective excitations of
high-spin "stretched" configurations in {ir±,ir±') reac-
tions in the resonance region demonstrate the large
future potential of pions in this area of nuclear struc-
ture studies. Medium-energy protons (E >
150 MeV) have extremely long ranges in matter and
it is therefore feasible to construct a double-
scattering polarimeter with conversion efficiencies
in the range of 0.1 to 10%. When combined with
magnetic spectrometers, such polarimeters offer ex-
citing new possibilities for the measurement of
polarization observables in inelastic scattering. The
Wolfenstein D parameter in inelastic scattering has
been suggested as a sensitive indicator of the action
of spin-dependent NN forces. The other Wolfenstein
parameter, R,A,R', and A' should be also measured.
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Stringent tests of reaction theories will be quasi-elastic scattering. It should be emphasized
provided by measurement of the triple-scattering that high-intensity polarized neutron beams ob-
parameters in addition to the more conventional tained from stripping vector polarized deuterons will
cross section and analyzing power, (liven complete be available at Saclay early in 1980. At LAMFF.
knowledge of the \ \ amplitudes and a successful there is need lor a polarized deuterium (d) target.
reaction theory, the complexity of the NN interne- The panel recommends an accelerated eltort on the
tion may be seen as an advantage in nuclear siruc- part of the users and urges the support on the pan of
ture studies. As an example, spin-flip transitions. l.AMPF to complete the Saclay target and to build
both isovector and isoscalar. may be excited by a copy at the CERN target. Another recommenda-
operators which have structures which are very (lit- tion includes a complete set of elastic measurements
ferent from that which enters in magnetic electron of Is-shell nuclei as a test of the multiple-scattering
scattering. interpretation. Measurements of Q are strongly

urged for closed-shell nuclei, as well as a complete
study of the energy dependence of cross sections and

IV. SUMMARY polarizations.
Completion of the spectrometer af TKH'MF is

The recommendations of panel \ - l , which have urged to extend new measurements to lower
been discussed in the previous sections, are sum- energies. Spin-flip excitation studies including
marized in Table VI-IV. The top priority is to obtain da/diUfl) at zero degrees. !'(#). and triple-scattering
nudeon-nucleon amplitudes at HKS and at Saclay parameters will add new dimensions,
from studies of p'p and p'd elastic scattering and fui

TABLK VI-IV

NN Immediate Needs (1-4 years)

p + p at 800 MeV. 0,ab < :if)°, complete determination of Wollenstein amplitudes.

p + d elastic and quasielastic at 800 MeV. f)lab < :!5°, to further constrain n + p amplitudes:
develop a polarized deuterium target at LAMPF. refurbish old Saclay target, build copy of
the CERN target.

ri + p at Saclay. full set of amplitudes.

Eventual Needs (1-10 years)

The full n-p and p-p amplitudes between ">()() and 1000 MeV, energy step size contingent
upon possible NN energy-dependent structures.

Light Nuclei (1-4 years)

p* + 8H, 'He, 'He, dc/dfl, P. Q, spin-spin correlations to test reaction theories, and to in-
vestigate correlation, spin effects, and intermediate isobar states.

(Continued on next page)
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TABLE VI-IV (continued from previous page)

Heavy Nuclei

p + 16O, «°-"Ca, "°Zr. 2°8Pb. da/dP.. P. Q. from KM) to 1000 MeV in steps of 100 MeV. Test oi
the energy dependence of the reaction iheory and approximations.

Reactive Content

Proton and pion inclusive scattering from a lew nuclei from 100 to 1000 MeY to lest reaction
theory and reactive content of optical model and multiple-scattering theory.

Closure Cross Section

Proton inclusive scatiering from a few targets at 800 MeV.

lsotopic and Isotonic Density Studies in Heavy Nuclei

In par t icu lar , the nickel and tin isotopes and the N = 28.82 isotones.

Transition Densities

Test cases for T = 0 nuclei. AT = 0 transitions.

Spin-Flip Transitions

do/dlMO"), P(0). triple-scattering measurements, spin-flip probabilities.

Completion of a High-Resolution Proton Spectrometer at TRIUMF

Variable Beam Energy at LAMP!

Pion Probes (1-10 years)

a. Theoretical advances needed.
b. 1-2-GeV pion beam with magnetic spectrometer;

Resolution 100 KeV
Solid angle 15 msr
Angular resolution 1 msr

c. Magnetic spectrometer for the AGS.
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VII. PANEL N-2

ELEMENTARY EXCITATIONS

Chairman:
Co-Chairman:

G. T. Garvey
Helmut Baer

P a r t i c i p a n t s : A . A r i m i i . A . I ) . B u r l i e r . V K t i n a k i n . A . C a l . <: < I U I I I I K I I U T . .1 . ( i i i m m h i . . . S . S .
M . T i M n m i ' r . I I . A . T h i e v t - n . ; m d V M n i » u * ) i i t i i .

i t n n i i . \ M . H i m / , ( i

1. INTRODUCTION

We define an "elementary excitation" to be a sim-
ple operation on a nuclear ground state - lor exam-
ple, flipping the spin of one of the nucleons. remov-
ing a neutron, rotating the entire nucleus, etc. The
observation of the consequences of such operations
depends crucially on the response of the nucleus.
When the operation produces a nearly quasi-
stationary state of the system, the elementary ex-
citation can be readily observed. This is often the
case. For example, changing a neutron into a proton
produces an isobaric analog state, and rotation of a
deformed nucleus produces the well-known ground-
state rotational bands. In these cases, the only
problem facing the experimentalist is finding the ap-
propriate probe to implement the desired operation.
However, in other cases with high excitation energy
involved, the large decay and/or spreading width of
the elementary excitation renders it difficult if not
impossible to observe. Theorists conceive elemen-
tary excitations — God makes nuclei!

Several elementary excitations are already known
in nuclear physics and they play a significant role in
our understanding of nuclear s tructure.
Intermediate-energy physics presents an oppor-
tunity to produce new elementary excitations and
provide additional critical information on ones
already known. The reasons tor this conclusion arc:

1. Higher bombarding energy allows excitation
of high-lying states.

2. Higher incident momentum allows large
angular momentum transfer to nucleons. i.e.,
A.J > 10 h.

'.\. Electron beams with energy 100 MeV and
greater allow details of the transition density

to be determined and directly compared to
theory.

•4. The impulse approximation appears to work
satisfactorily for proton scattering with E,, >
100 MeV; more fundamental approaches work
well at E > 300 MeV.

5. The TT* scattering allows the neutron and
proton character of a transition to be deter-
mined.

6. K reactions allow the injection of strangeness
into the nucleus by converting a nuclcou into
a A or 2 hvperon.

The contribution to our knowledge in each of these
areas has greatly expanded over the past year. In
fact, a program to be followed for the next five years
can be seen rather directly in recent developments
offering significant promise.

The report is divided into discussion of the follow-
ing topics:

I. Low-Spin Giant Resonances
II. High-Spin Giant Excitations

III. Further Investigation of Known Low-
Lying Excitations

IV. Strangeness Exchange — Hypernudear
Spectroscopy

II. LOW-SPIN GIANT RESONANCES

The experimentalist wishes to determine the posi-
tion (E), width (D, and transition density as a func-
tion of momentum transfer (q) of the various mul-
tipole excitations of the nucleus, including the spin
and isospin degrees of freedom. In referring to a
giant resonance we usually refer not to a single state
but rather to an observable concentration of transi-
tion strength which exhausts a significant (20%)
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fraction of the appropriate sum rule. The systematic
characteristics of the low q properties of the (J7r.T)
= (1",1), (2+,0), and (0+,0) transitions are known
and for the most part understood. The (l + .l) giant
resonance is known in light nuclei, but above A = 60
little is known. Much less is known of (l",0), (2~.l).
etc.

A. Important Topics to be Investigated

1. Search for New Giant Resonances

One should identify important missing multipoles
or determine the level at which they do not exist as
compact resonances, and why. We consider the
systematic location of Ml strength in heavy nuclei
and in 208Pb, in particular, to be a problem of great
importance. A similar statement also applies (o the
systematic location of M2 strength and to the higher
magnetic multipoles if they exist as concentrated
resonances. Inelastic scattering with protons at very
forward angles may be very important for picking
out 1+ excitations as shown in Fig. VII-1. It is
becoming well established in this kinematic region
that this "spin-flip," isospin-flip interaction results
from single pion exchange. This might lead one to
conclude that (p,p') is the ideal reaction to search
for precursors to pion condensation discussed in
panel N-4. Signature of the precursor phenomena is
an enhancement of the yield to "pinn-like" states at
momentum transfers of -3 f"1, where unfortunately
the (p,p') reaction is more complicated than simple
one-pion exchange. We do, however, believe it is im-
portant to test if pion-like transitions -VJ-i'r, AT =
AJ'")-iJ+1,l are systematically enhanced at these
momentum transfers relative to the yield for other
transitions.

Isoscalar spin flip would likely be enhanced if
deuterons were used rather than protons. We would
therefore believe that these modes could be iden-
tified using the highest available deuteron energies
at forward angles.

The establishment of the isovector electric
monopole and quadrupole resonances are of prime
importance. The use of (n,p) or {ir~,JT°) reactions of-
fer the best hope for seeing these T> states free from
the complexity of the T< background. The 1-ha part
of the electric octupole strength appears to be well
established, but it is vital to determine the 3-hw
strength. A similar statement can be made for the
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Fig. VII-1.
Spectra of very forward angle inelastically
scattered 800-MeV protons.
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E4 strength. We expect the important probes in
locating these resonances to be those currently
employed: (e,e'), (p,p'), and {a,a'), but other probes
could prove important. For example, pions may
prove effective because there can be no knockout
contribution to the continuum background. Charge-
exchange reactions will contribute to this program in
providing complementary evidence. Because of the
general boundary conditions of this workshop, we
will not discuss excitation by heavy ions. The push
to higher energies will be vital in the research on the
higher multipoles.

Key to a research program on low-spin giant
resonances is the determination of probes, kinematic
conditions, or specific signatures that enhance the
resonance yield relative to the background in which
the resonance is embedded. Figure VII-2 .shows a
(p,p') spectrum at 800 MeV. The broad bump
centered at I8-MeV excitation is the giant 2+.T = 0
resonance. It is important to understand the un-
derlying background to select the optimum condi-
tions. To this end we recommend using several
probes at different energies on the same nucleus to
quantify this point and to provide guidance to fu( ure
research in searches for new giant resonances.

We believe (in the medium-energy range) the In-
diana Cyclotron, LAMPF (perhaps running at lower
energy), and TRIUMF can provide the necessary
capabilities for the hadronic research and the pres-
ent electron accelerators at Bates and abroad, and
the new 100% duty factor electron accelerators at

250

o

«

C
o
u
n
l

200

ISO;

100

50;

I

U
u 0 2 4 6 0 10 12 14 16 18 20 22 24 26 26

Excitation Energy (MeV)

Fig. VII-2.
Spectrum of inelastically scattered 800-MeV
protons from *°Ca. The bump above the dashed
line is the giant E2 resonance.

Stanford and Illinois will provide the appropriate
facilities for the electron work.

2. Coincidence Measurements

An important new tool in this study of jjiant
resonances (OR) may be the measurement <>l the
angular correlations of decay products which would
provide a ui.ique and independent signature of the
multipolarity. This use of angular correlations has
already been demonstrated by coincidence measure-
ments on the El resonance wilh the high-duty-l;utor
accelerator at Stanford.

While the claim is often made that valuable infor-
mation can be obtained by studying the decay, this
point should be examined carefully. In all save the
lightest nuclei, the giant resonances are at energies
where the level density is very high. It is therefore
possible that the GR will mix almost completely
with the background states and the decay will
therefore be nearly statistical. Hence the observed
particle decay widths would carry little or no nuclear
structure information pertinent to the resonance.

In the light nuclei, the El resonances are known to
decay largely by a semidirect process, i.e., the decay
goes directly through the giant resonance doorways
and the decay channels reflect the properties of the
giant resonance itself. At 90Zr the semidirect decay
of the T o El resonance may have dropped to ~30%,
the rest being statistical, reflecting the random
nature of all the underlying 1" states. But a signifi-
cant point is that a large percentage of the p0 and n0

channels, and presumably transitions co other low-
lying hole states, is semidirect and hence these chan-
nels reflect the properties of the giant resonance.1 At
209Pb the semidirect decay is 15-20%, but again
decay through p0 and n0 channels is largely
semidirect.2 In both 80Zr and 208Pb the evidence
strongly suggests that the T> analogs also follow this
general pattern.1 Thus, it is of the greatest
importance that the decay properties of these giant
resonances be determined by coincidence experi-
ments, with both electrons and hadronic probes.

The evidence on the E2 resonances is incomplete
and contradictory. The (a,a') measurements on "O,
which detect decays of the E2 resonances in coin-
cidence, do not agree with the capture experiments
(a,7) or (p>7) (Ref. 3). In 58Ni the (a,a')
experiments4 indicate predominantly statistical p
decay while the (e,a) experiments5 show nearly
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100% a decay. Around U the («,«') experiments6'
indicate little fission ^ ay while the (e,f)
experiments" show dominant fission. In the face of
these experimental contradictions, we can conclude
little at this time about the nature of the decay.
Further coincidence experiments with electrons and
hadronic probes are needed to clear up the ex-
perimental situation and provide the ground work
for establishing the scope of a useful program in
studying giant resonance decays.

In order to effectively carry out this program of
research, a large solid-angle (30-50 msr) magnetic
spectrometer of moderate resolution (Jip/p = 10~3) is
needed. This spectrometer must be able to rotate to
different electron-scattering angles. Its cost is es-
timated at $1.5M.

:i. Polarization

We feel that an important tool in the search for
characterization of GRs will be polarization studies
that are just beginning to be carried out. Asymmetry
measurements are not yet understood but should, in
principle, be of significant help. Spin-Hip measure-
ments will likely be more useful establishing the
spin-flip character of transitions.

1. Special Topics

We give one example of a special topic not covered
in the scope of the above program. Giant resonances
built upon excited states have been recent 1 v suggest -
ed by means of (p.7) measurements. Recently at the
Indiana Cyclotron, strong capture strength has been
observed to a level or group of levels at about li)
MeV. It is not yet known whether ihis process can be
described in terms of a giant resonance built upon
these levels or if it is a direct capture process. To car-
ry out research in this area, large-volume Nal-
detectors (25 cm X 25 cm), capable of count ing at
high rates ('<) X l()6/s), are required.

spins correspond to the maximum angular momen-
tum that can be made from low-lying, one-particle,
one-hole excitations that are 1 ha; removed from the
Fermi surface. Examples include J77 = 6~ states (T
= 0 and 1) in MSi (d6/2-'f7/2), and in 208Pb, 12*(i,,,2-
-lii1/2), 12-(h11/2-'i18,2) and U-du^-'j,,^) states.

Figures VII-3-5 show the spectrum of the 4" states
in 12C, the 6" states in s-d shell nuclei, and the high-
spin states observed in Z08Pb.

These states, at least in medium and heavy
nuclei, appear near the unperturbed lp-lh energy9

and are found to contain an appreciable fraction
(0.3-0.85) of the strength expected for the pure lp-lh
configuration.

A study of these relatively pure high-spin Ip-lh
states is nearly the only way to obtain information
on the high-momentum components of the p-h in-
teraction. In the case of Ip.p'l or {TT.TT') excitation,
the states can provide a relatively clean test of reac-
tion theories and the relevant projectile-nucleon in-
teraction. The high-spin magnetic states (unnatural
parity) are expected to be sensitive to effects of
meson-exchange currents.

B. Unresolved Problems

The high-spin p-h states have been observed in
only a few nuclei near doubly closed shells and in the
middle of the lp and the 2s-ld shell. For example,
Fig. VII-4 shows the 6" state readily observable in
"Mg and 28Si but not present in S2S and 40Ca. The
full lp-lh strength is generally not found in a single
state. The shifts in excitation energy from the unper-
turbed lp-lh energy, the spectroscopic strengths,
fragmentations, and A-dependence have not been
explained theoretically. The natural parity states
appear to contain a larger fraction of the lp-lh tran-
sition strength than do the unnatural parity states.
The mixing of the lp-lh degree of freedom with
other high angular momentum modes is at present
unknown.

VII. HIGH-SPIN GIANT EXCITATIONS

A. Present Status

Recent (e,e'), (p.p1), and (ir,*1) experiments at
high-momentum transfer8 have located states whose

C. Future Experiments and Recommendations

1. High Resolution

The most serious experimental problem at present
is that even with the best energy resolution currently
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available at electron and proton intermediate-
energy facilities (30-50 keV), the strongest of the
high-spin states are not fully resolved and (he search
for weaker components is nearly hopeless. What is
urgently needed for the study of these states and for
many of the low-spin magnetic giant resonances
(mostly bound), as well as the known low-lying
vibrational and rotational excitations in nuclei, is a
facility (electron and/or proton) in the energy range
of 300-500 MeV with better than 10-keV overall
energy resolution. For protons, it should be possible
to establish the optimum energy range for exciting
these transitions using the known energy
dependence of the NN interaction.I0

2. Need for Various Probes

Experiments with both electrons and protons have
been shown to be necessary to make unique con-
figuration assignments, as in the case of the i()+ and
12" states in 20BPb, where several nearly degenerate
lp-lh excitations can mix.

Valuable information on the isospin structure of
these states in light nuclei has already been obtained
from (5r,7r') experiments of moderate (150-MeV)
energy resolution. It is expected that pions will be of
increasing importance in sorting out the separate
neutron and proton excitations of these states in
heavier nuclei as experimental resolution is
improved.

3. Use of Polarized Beams

Experiments should be performed with polarized
beams to obtain information on the spin structure of
the high-spin p-h modes. Measurements of both the
analyzing power and the spin-flip probability can be
very sensitive to the configurations involved and
can, in the case of protons, reveal which components
of the NN force are responsible for exciting these
modes.

Calculations indicate that the detection of spin
flip can aid in the identification of relatively weak
magnetic giant excitations in the presence of the
more strongly excited electric modes.

D. Conclusions

1. The high-spin p-h states provide a new class of
simple elementary excitations of fundamental
importance.

2. The complementary information available
from electron, proton, and pion probes will be
of importance in understanding these excita-
tions.

3. Experiments with both electrons and protons
should be done away from the narrow regions of
A studied so far in order to map the systematic^
of the energies and strengths of these modes.

4. High-resolution measurements at several
proton energies between 135 and 800 MeV will
be useful because of the energy variation of the
spin-dependent parts of the NN interaction.

5. To effectively carry out the above program, a
500-MeV, 10-keV resolution facility is needed.

IV. FURTHER INVESTIGATION OF KNOWN
LOW-LYING EXCITATIONS

There are many low-lying vibrations and rotations
about which a great deal is already known. In certain
select cases a detailed study of a few of these transi-
tion densities is very important. For example, the
transition density of the collective octupole vibra-
tion in 20SPb at 2.6 MeV has recently11 been
measured to 1% at Saclay via electron scattering.
The agreement between this experiment and a new
self-consistent random-phase-approximation
calculation by Gogny12 is extremely good and does
not agree with simpler calculations performed
earlier (see Fig. VII-6). This is an important case for
two reasons. First, this 3" transition is a prototype
for octupole vibrations, and it is gratifying to see
that its transition density can be calculated from a
fundamental point of view. Secondly, this vibration
amongst others gets mixed into the ground state in
second order and plays a significant role in reducing
the uncorrelated Hartree-Fock (HF) ground-state
central density by slightly reducing the occupancy of
the 3s proton orbit. Thus it appears, in cases when
one wishes to calculate the ground-state charge den-
sity at the 1% level, it is necessary to know the
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energies and structure of the low-lying collective ex-
citations. It is clear that to make progress in this
particular area extensive interaction between ex-
perimentalists and dedicated theorists is required.

t(ch)
0.010 —

0.005

2°8Pb 3', 2.6-MeV
1*79 Gogny et at.

350 p-h
configurations

0.005

0.000

The 1% measurements do not make sense unless
there is a theory working to obtain that level of ac-
curacy.

One of the striking aspects of nuclear structure at
present is the fact that, nuclear properties and
spectra change dramatically for small changes in
mass number. These dramatic changes occur both in
medium-weight nuclei (see Fig. VII-7 for the ger-
manium isotopes) and heavier nuclei (see Fig. VII-8
for the samarium isotopes). In these cases, the posi-
tions of the low-lying levels shift quite markedly.
Generally the excited states will drop in energy and
then rise again as neutrons are added. The exact
pattern will vary from level to level. In 72Ge the "two-
phonon" 0+ state drops in excitation energy below
the first excited "one-phonon" 2+ state, and becomes
the first excited state of the nucleus!

There are a variety of nuclear models which at-
tempt to explain this behavior. The models include
HF,1;! the dynamic deformation model (DDM), 14the
boson expansion method (BEM),1S the interacting
boson model (IBM),1*5 and the variable moment-of-
inertia model (VMI).17 Each of these models has its
own success. Also, the models differ in the extent to
which they are presently derived from more
microscopic theories.

Ptf<e fm-J)

10~s
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Fig. VII-6.
(a) Transition densities for collective states in
ao>Pb; (b) results of earlier calculations of the
3', 2.61 -MeV transition density.

Fig. VII-7.
Spectra of lowest lying levels of germanium
isotopes as a function of atomic mass A.
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The HF theory has the best microscopic underpin-
nings to date. Unfortunately it does have the limita-
tions that it produces a deformed density which may
only be applicable to a couple ot the excited states in
a deformed nucleus. In Fig. VII-9a HF calculation"*
is compared to the differential cross section for
electron scattering to the lowest Yrast levels in
luSm. We see that agreement with HF deteriorates
rapidly for states above the first 2+ state. The situa-
tion is expected to be worse in the lighter samarium
isotopes, which are not well-developed rotational
nuclei. A set of experimentally determined transi-
tion densities for 14*Sm-IB2Sm is shown in Fig. VII-10
(Ref. 19). To theoretically reproduce these transi-
tion densities, large-amplitude RPA as a next cor-
rection to HF will be required. The models which
have so far attempted the most microscopic ap-
proach for the transitional nuclei (DDM and BEM).
however, use a series of approximations which leave
their connections to a microscopic foundation ob-
scure. Up to the present time the IBM has been to a
large extent a phenomenological theory. However,
recent research has begun to explore the microscopic

152Sm(e,e1)
Eo = 251.5 MeV

DEFORMED 2p-FERM

H.F. THEORY

20 40 60 80 100 120

6 IN DEGREES

Fig. VII-9.
Comparison of HF calculations of different
cross sections to measurements for 1B2Sm.

structure of the IBM.-11-1 For nuclei as light as
germanium, shell-model calculations are feasible. In
fact, "Ge has been calculated in the shell model.22

and although 7!Ge is more difficult it is also trac-
table.

Medium-energy probes elucidate this nuclear
structure by measuring the transition densities to
the excited states in a series of isotopes. Such
measurements will push these models to buttress
their microscopic foundations in an attempt to ex-
plain these transition densities.

Not only are the spin levels of the ground-state
band of interest in this regard, but also members of
side bands as well. In particular, the first excited 0+

state shows very interesting behavior in many
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nuclei, and its position may be a signature of "7-soft"
nuclei.

Electrons are the best probe for the task of study-
ing these transition densities because the nuclear
structure can be extracted in the most reliable
fashion. However, it yields only one linear combina-
tion of neutron and proton transition densities. In
this respect, the JT* inelastic scattering in the (3,3)
resonance region is the most selective. However, at
present, medium-energy protons seem to be a better
probe than pions because of the high-momentum
transfer available, higher energy resolution, and a
more reliable means of extracting nuclear structure.

If a neutron beam of similar characteristics were
available, the two probes together would provide a
powerful tool.

Though the positive and negative pions in the 100-
to 200-MeV range may not be most reliable for ex-
tracting transition densities, they could play a
unique role in identifying isovector excitation modes
as well as isoscalar modes. In large measure the
models mentioned consider only isoscalar collective
modes. However, the lowest-lying isovector mode
has the same isospin as the ground state and may
very well occur at fairly low energy. For example, in
the palladium isotopes there is an excited 2+ state
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just above the two-phonon energy region, which
might be an isovector mode.

From the preceding three sections (Sees. II-IV) of
this panel's report it is clear that pion scattering is
now playing a large role in many aspects of the
study of elementary excitations. We expect this role,
if anything, to increase. To present this case in a
coherent fashion, as the use of pions is not as well
known as electrons or protons, we include an appen-
dix to this report dealing with the role of pions in the
3-3 resonance region in studying elementary excita-
tions. Included in this appendix is a recommenda-
tion for greatly improving the effectiveness of pion
scattering.

V. STRANGENESS EXCHANGE - HYPER-
NUCLEAR SPECTROSCOPY

The main interest in using negatively charged
kaons as projectiles stems from their ability to
transfer strangeness to the nucleus, thus creating a
new type of spectroscopy2' and new elementary
excitations.-•* The ultimate goal of'studying these A,
w, i . or A A hypernuclei is to derive quantitatively
as much as possible the YN interaction.

The "work horse" of A-hypernuclear spectroscopy
— presentIv at its infancy at CERN and
Brookhaven — is the (K",jr~) reaction, which is par-
ticularly useful because of the low-momentum
transfer it imparts to the nucleus. Examples of pre-
sent observations are shown in Figs. VJI-2 2 and -12.
Figure VII-11 shows the energy spectrum of 7r~ ob-
served at 0° on 12C. 32S, and 2MBi. The largest peak
represents the conversion of valence nucleons into a
A hyperon in a similar orbit. The smaller peak to the
left corresponds to forming the ground state of the
respective hypernucleus. Figure VII-12 shows a
similar spectrum except that some 80 MeV above
the large peak there is observable yield associated
with the production of a 1" hyperon in the nucleus.
It is interesting that such sharp peaks are observed
in "Be. Figure V1I-13 shows the angular distributions
associated with the "valence" transition and the
"ground-state" peak. Each shows the expected
.AL = 0 and AL = 1 shapes expected for these tran-
sitions.

Each of the bumps seen in the spectrum likely
consists of several peaks which cannot be resolved
with the 2-MeV resolution available with the ex-

160 180 200 220 240 260 280

1AC (720 MeV/c)

(a)

20 0 -20 -40 -60 -80 -100

20 6 -20 -40 -60 -80 -100

Fi#. VII-11.
Spectrum of TT " at 0° from (K~,ir~) reaction
(see Ref. 25).

isting facilities at CERN and Brookhaven. To im-
prove our understanding of the reaction mechanism
and the resulting hypernucleus spectroscopy the
following improvements need to be made in the
coming years:

1. lower momentum of the incoming K" beam, so
that the existence of A " analog states in heavy
elements could be established or disproved.
Similarly, in the ~~ excitation region, the
question of existence of relatively narrow (I" :$
10 MeV) 2-hypernuclear states should be
further explored.

2. improve the resolution to a level better than 0.5
MeV in order to resolve states belonging to the
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same configuration, be it the analog configura-
tion or the ground-state configuration. This is
necessary in order to derive the IN effective in-
teraction, in particular the spin-dependenc; of
this interaction, more reliably than is currently
clone. In this respect the low-lying hyper-
nuclear states (particle-stable) may be in-
vestigated by means of 1 7 coincidence
measurements following the (K" ,rr) reaction.

'\. increase the intensity to make the spec-
troscopic content of the (K",;r~) reaction com-
parable to that of (p,d) and (d,p) in conven-
tional nuclear spectroscopy. Of course, one
may mention the (;r+,K + ) reaction as an exam-
ple where pion machines could be used with a
ID3 improvement in incident flux relative to
kaons. However, this same factor will roughly
he lost because of the high-momentum trans-
fer involved in this reaction.

4. to make most effective use of this new and im-
portant scientific opportunity, increase the
level of effort in this area in the United States
by a factor of 2.

A reaction mentioned for the study of A A hyper-
nuclei (or H hypernuclei, in case these exhibit some
narrow states) is the (K ,K + ). Dover and Gal'-' es-
timate the forward nuclear cross section (for PK_ <
1 GeV/c) to be of the order of several tens of ju/sr.
However, in view of the large-momentum transfer
(<400 MeV/c), excitation of particular elementary
excitations (including the ground state) may be sup-
pressed by 1O3-1O4 from the above estimate.

The panel did not discuss electromagnetic
processes such as (K",7) (7,K + ), and (e,e'K + ).
More theoretical work is required to sort out these
reactions.

Side benefits of kaon-nucleus interactions consist
of (1) deriving the optical properties ol K" by
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measuring elastic and inelastic angular distribu-
tions |this is essential tor input into the (K .it )
reaction evaluation!, and (2) using K* weakly ab-
sorbed probes at PK. < 800 MeV/c. to excite
AS = 0. AT = 0 states and to obtain complemen-
tary information on neutron distributions.

The entire committee would like to thank those
experimentalists who generously contributed the
new (and often as-yet-unpublished) data that have
been used to illustrate the current status in this
area

VI. SUMMARY

The panel was most enthusiastic over the signifi-
cant role that intermediate-energy physics has
assumed in the study of simple modes of excitation
in nuclei. Each of the probes employed (e, p. v, and

K) has a unique role to play in revealing particular
elementary transitions. Existing or planned beams
of electrons and protons seem quite adequate. The
biggest need is for ancillary equipment providing
higher resolution or larger coincidence data-
acquisition capability. The facilities providing both
K's and IT'S need to be improved. It appears that if
further progress is to be made in exploiting the
(K .IT i reaction, final-stale resolution of ;'>()() keV
or better will have to be obtained. This is required to
resolve specific final states. In the absence of this
resolution much of the detail of the A-nucleus in-
teraction will simply remain undetermined. The
panel believes it makes a great deal of sense to
capitalize on this unique opportunity to examine a
different set of baryonic interactions.

Pious are revealing a great deal about the neutron
and proton components of simple excitations. I'n-
fortunately. the existing systems have limited flux
~-108 ir/s, and moderate resolution (AE ~ 150 keV).
Improvement in both of these parameters seems
possible, and further study should be devoted to
producing a cost-effective upgrade of the EPICS
facility aiming for at least a 10-fold increase in flux
{so that a differential cross section at a single energy
could be measured in two to three days) and •esolu-
tion on the order of :H)-f>0 keV. This development
would allow one to employ pions in investigating the
structure of the low-lying elementary excitations in
the region A > 90. which includes the "transition"
regions and regions of strong deformation.

To make best use of the 10(1% duty I'actor electron
accelerators that are now becoming available, large
solid-angle (-50-msr). moderate-resolution (Ap/p
- 10 s) magnetic spectrometers are necessary to
study the decays from the "giant-resonance" region.
If these studies are successful they will provide a
unique and essential characteristic of giant
resonances in nuclei. A few preliminary experiments
should be able to show the information content of
the decay in. say. A ~- 60 nuclei. If these investiga-
tions show that the decay is direct, the design and
construction of such a coincidence-type magnetic
spectrometer should be undertaken.

Improved resolution has continually yielded
significant advancement in our ability to study the
nucleus. Prespnt-day magnetic spectrometers work
at the Ap/p - 10 ' range. It appears possible that
10 5 is achievable. We recommend that a workshop



or study group of experts examine this problem, and
if 10 5 can be obtained, that a proton or electron

facility be selected and such a spectrometer be
designed and constructed.

APPENDIX

THE PION AS A PROBE OF ELEMENTARY EXCITATIONS

Near the P-wave T = 3/2, •) = 3/2 resonance at 180
MeV. the pion-nucleon interaction is well un-
derstood. The interaction may be written in the
Conn

(A.2I

f ( k . k ' ) = <.(k)
(2 - t • r)

(A.I)

X (2 cos '/ + iff • n sin II) .

where k is the pion-nucleon relative momentum, t
and T are the isospin of the pion and nucleon.
respectively, " is the pion-nucleon scattering angle.
" is the luii'li'on spin, n is the normal to the scatter-
ing plane, and n(k) is a function of the magnitude of
the pion-nucleon momentum. To obtain this simple
form, all phase shifts other than the Fs3 are ignored.

The high intensity and good resolution of EPICS
at LAMPF have made possible pion inelastic-
scattering experiments which demonstrate that the
form <>l pion-nucleon interaction is evident in pion-
nucleus scattering.'-'' In particular, it has been
shown that the yield of a natural parity transition at
fixed q increases with pion energy while a spin-flip
transition decreases with energy, and that pure
isoscahir or isovector transitions are approximately
equally excited by positive and negative pions.

As written in Eq. VII-(A.l), ir'(K~) has a cross
section on protons (neutrons) which is nine times
larger than that of neutrons (protons). One can
define an asymmetry in observed vields

in analogy with the usual spin asymmetry for
polarized beams. For the case of pure neutron
(proton) transitions, A = 0.8 (-0.8). A spectrum for
T1 inelastic scattering on 13C is shown in Fig. VII-
(A.l). The most striking effect is the absence of
yield for the state at 9.5 MeV in the JT* spectrum.
This is an example of an essentially pure neutron
transition. The isospin asymmetry for the low-lying
states of 13C is shown in Fig. VII-(A.2). These data
show the relative neutron/proton strengths of
several transitions, including a "pure" neutron tran-
sition at 9.5 MeV, which is seen with TT~ only.

In T = 0 nuclei, neutron and proton states can ex-
ist if there is significant isospin mixing among two
or more levels. The "C data | Fig. V11-(A.3)| show an
example of such a pair of levels at 19.25 and 19.65
MeV, which show up as a structure in the \ , - YK

data.
A theorem relating the various isospin channels

for (he scattering of pions on a nucleus with isospin
T = I is

= { ( ( I D -

- 2 f 1 A S

(A.3)

'An ii|>-!n.<lntc review of pion inelnslic snittcrinK can lie found in
II A. Thiessens inviii'd talk m tin- Kialilli ICOHKI'ANS. Vim
cmncr. Canada. August !!)"!•.

where t' (0) is the elastic n~ scattering amplitude,
f*(") is the elastic 7r* scattering amplitude, fIAS(fl) is
the (T + ,JT°) charge-exchange amplitude to the
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isobaric analog state, and d<r/dS>oiAs is the cross sec-
tion for the double isobaric analog state. The proof
of this relation assumes that the target. IAS. and
DIAS are related simply by rotations in isospin
space. Tests of this relationship have not yet been
made since the necessary precision data on elastic
and single-charge-exchange data were not available.

Just recently the isobaric analog state has been
observed in (rrr,rr°) scattering on nuclei from
throughout the periodic table. Representative data
taken at T, = 100 MeV are shown in Fig. VI1-(A.4).
One sees that the IAS stands out above the
background. Similar data were measured at 70 and
180 MeV. When these data are analyzed together
with elastic data the above theorem can be put to
test. For future experiments it would be desirable to
coordinate the measurements of elastic, charge ex-
change, and double charge exchange to the same
targets and energies so that such tests will be as
sharp as possible.

The pion double-charge-exchange reaction
(Tr*,*1) has been studied at KP1OS. The data ob-
tained indicate the dominance of n two-step,
double-analog transition at energies above the
resonance. These data have already been used to
measure the masses of several nuclei not previously
measured with any other technique, and may be
used to understand the weaker two-step portion of
the pion-nucleus reaction mechanism.

Pion-scattering experiments are presently limited
both by counting rate and resolution. The 180°
electron-scattering counting rates at Bates are one
order of magnitude larger. An improved version of
KPK'S that increases the resolving power by a factor
of 2 or mire and increases (he counting rate 5>y an
order of magnitude would be the most useful addi-
tion to the arsenal of probes available for elemen-
tary excitation studies at intermediate energy.
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Neutral pion spectra measured for the (II *, V)
reaction at Tr = 100 MeV on targets of
hydrogen (a), 'Li (b), 13C (c). "Al (d), B8M (e),
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VIII. PANEL N-3

CORRELATIONS IN NUCLEI AND HIGH MOMENTUM COMPONENTS
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Participants: T . A n t a y a . K. B u r m a n . K. M . C r i m e . 1>. T . I lc-ln-\i-f. S . l - ' rankr l . H. K. C i h s n n . K. .1. M u n i / . I ' . C . Huns . \V.

T u i r h i n e t z , a n d A. H. W a p s l r a .

I. INTRODUCTION

The long-range aspects of nuclear wave functions
are reproduced quite accurately by the shell model,
i.e., a model where nucleons move freely in an
average potential well determined by the interaction
with the remaining (A-l) nucleons. The most ad-
vanced types of such models — Hartree-Fock
calculations based on density-dependent effective
nucleon-nucleon interactions — are very successful.
They properly reproduce masses, densities, and
transition densities. Shell-model correlations are
quite successful in predicting excited states,
spectroscopic factors, long-range correlations, and
collective excitations.

These mean-field theories "hide" in the effective
interaction one important piece of physics: the
strong repulsive core of the NN interaction for NN
distances of rNN < 0.6 fm. For such small NN dis-
tances the relative two-nucleon wave function has to
become very small, a feature not accounted for by
independent-particle models. The repulsive core of
the NN interactions is expected to lead to strong
short-range correlations between nucleons. The
rapid vanishing of î NN at small rNN should lead to
important high-momentum components in ihe
nucleon wave function.

One of the important tasks of intermediate-energy
physics is to isolate experimentally and understand
theoretically these correlations and high-momentum
components. Only this can lead to a microscopic
understanding of nuclear wave functions. This is
needed in order to decide where mean-field theories
can be expected to work.

Discussing the theme of the N-3 panel in terms of
simple ideas is not straightforward. High-
momentum components and correlations are in-

tricately linked to other short-range phenomena
such as isobar components and off'-sheil effects. In
addition, the independent-particle aspects
dominate nuclear wave functions to a large extent:
the volume for short-r. nge correlations is a few per-
cent of the nuclear volume, and the high-momentum
components amount to perhaps a percent of the
total momentum space density and are spread over ;i
large momentum region.

In the past, attempts to isolate the effects of the
short-range structure have produced disappointing
results. Many apparently convincing proposals to
measure them with first-order processes have been
investigated. Detailed analysis in general has shown
that more complicated processes dominate. Multi-
step processes depending on large (shell-model-
related) amplitudes often overshadow the one-step
process depending on small (short-range-related)
amplitudes.

Consequently the approach taken in the present
report is a rather cautious one. The past attempts
and failures will be discussed in detail. The
emphasis lies in understanding why past attempts
failed, in the isolation of those processes that are
most likely to be interpreted quantitatively with a
finite theoretical effort, and in the identification of
those areas where additional theoretical or ex-
perimental effort would be most likely to succeed.
Proposals for new processes (not analyzed in detail)
are given, but not strongly advocated.

II. CAVEATS

In discussing the accessibility of the short-range
wave function to experimental "measurement," it is
important to realize that there are strong theoretical
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expectations about its general characteristics (e.g.,
the range of the "hole" in the relative wave function,
or the healing distance). These expectations are
borne out indirectly by theoretical calculations of
processes in which correlations play a comparatively-
minor role. An example of this is ibe increase in the
effective projectile-nucleus cross section seen in
high-energy coherent nuclear reactions |such as
elastic hadron scattering or (y.p)\. This increase is
due to the larger effective area presented to the pro-
jectile by nucleons that are repulsively correlated.

We stress that the information extracted from
such experiments is necessarily model dependent.
This is true even for a world consisting of static
nucleons interacting only through static potentials.
Basically, the short-range wave function is inside
the NN interaction volume. It is impossible to probe
this region while escaping short-range final-state ef-
fects generated by the same force originally respon-
sible for the wave function.' This does not mean that
the task is impossible; however, to interpret the data
a model and a sufficiently powerful calculational
technique are needed. In particular one might ex-
pect the model dependence to be minimized when
the energy of the detected nucleon is very large,
since the final-state interaction in this circumstance
is expected to be small.

Unfortunately, the real world is not so simple,
since the nucleon itself has internal degrees of
freedom (e.g., w). In t iis regard it is no accident that
experiments run irio these ambiguities precisely in
the kinema'.cdl region where a sensitivity to the
short-distance wave function is expected. The
energy/momentum scale associated with the
repulsive core in the NN interaction is M0.5 fm)"1

=* 400 MeV; this is comparable to the pion mass and
the A-excitation energy. Consequently an
understanding of the short-distance wave function
must extend to a consideration of these additional
degrees of freedom and, again, lead to considerable
model dependence. For example, the length scale as-
sociated with a AN wave function component is
~(MNAM)-"2 =* 0.4 fm, where AM = M ^ - MN.
This is small compared even to the NN — NA transi-
tion potential range, so that again model
dependence cannot be avoided.

This model dependence does not preclude success.
It means that an approach must be used that is

somewhat more sophisticated than the one used in
the past. It implies that perhaps no single experi-
ment will provide "the answer." In particular, over-
simplified reaction models (e.g., scattering omitting
the finite n-N interaction range) for isolating short-
range properties (e.g., NN correlation) should be
avoided. A systematic program to measure the most
promising large-energy/large-momentum transfer
reactions and the auxiliary information needed for
their interpretation (e.g., pion and nucleon distort-
ed waves) is called for. Emphasis should be on light
targets where there is some hope of constructing
more detailed nuclear models.

III. TOPICS DISCUSSED

The topics discussed can be separated into several
distinct classes:

1. inclusive scattering of weakly interacting pro-
jectiles (e,e'). The inclusive nature of the reac-
tion makes (e,e') very insensitive to the interac-
tion of (nondetected) final-state hadrons and
their multistep reactions.

2. exclusive reactions involving detection of
hadrons. These reactions are, in principle, able
to obtain more detailed information on the
short-range structure. However, they are sub-
ject to difficulties due to the strong interaction
of the hadron(s) and to multistep reactions.

These reactions are subdivided into
• processes involving "normal" kinematics

like (p,2p), (ir,7r'p), (e,e'p), (T,T), and (p,p);
•processes exploiting a large-momentum

mismatch like (p,7r), (d,p), <7,p), and (X,p);
and

• processes explicitly involving two nucleons
like T absorption and the (7r+,x~) reaction.

In the following, these processes will be discussed
one by one.

IV. INCLUSIVE (e,e) AND SUM RULES

The inclusive spectra of electrons scattered from
nuclei offers, in principle, the cleanest known means
to determine NN correlations.2 The use of a probe
with known (and weak) interaction, and using sum
rules to eliminate all the detailed nuclear properties,
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offers the only possibility to extract the static cor-
relation function. Only for this type of data are dif-
ficulties due to hadron final-state interactions ab-
sent.

In practice, for existing experiments the integra-
tion of experimental data over the electron energy
loss w has not been possible. The strength due to
short-range correlations appears mainly at large w:
the effects of the tail of the N*-excitation peak and
meson-exchange current contributions are not
negligible. Given the fact that the effects of correla-
tions are <10% of the sum-rule value, the applica-
tion of sum rules to existing data has not been fruit-
ful.

In order to suppress A excitation and meson-
exchange current contributions — both of which are
magnetic (transverse) excitations — the (e,e') re-
sponse function needs to be separated into
longitudinal and transverse components. The
longitudinal component then could allow a promis-
ing application of sum rules.

The N-3 panel recommends that the determina-
tion of the longitudinal response function be most
actively pursued.

measures the probability of finding a nucleon with a
given momentum component k,,. The scaling
property of (e,e') could give us the information on
high-k components.

Figure VIII-1 shows the (e,e'):i data tor 3Hc
measured recently at energies between JiOO MeV and
10.8 GeV, plotted as a function of the scaling
variable k (in MeV/c). Clearly, as q increases the dif-
ferent data sets do merge into a unique curve, which
asymptotically becomes the momentum distribution
(in MeV/c). This demonstrates the potential such
inclusive scattering experiments at large q/loiv a-
would have for measuring the momentum distribu-
tion atlarg? k.

The N-3 panel recommends that such inclusive
(e,ef) data f>>r more than the one nucleus (3H-I pres-
ently in- estigated should be measured. (This re-
quires electron energies >1 (JeV.) Also, the
theoretical analysis of both initial- and final-state
correlations together should be undertaken; all in-
terpretations of data relevant to large k suffer from
the lack of such an analysis, and (e.e') is perhaps the
simplest case in which one might overcome such <i
difficulty.

V. (e,e) AT LARGE q, "SMALL" fc>

In the impulse approximation, (e,e') at large
momentum transfer q (q > 5 fm"1) and an electron
energy loss to « q2/2M leads to a direct measurement
of large-k components.3 The cross section a(w) at
small u can be shown to depend mainly on high-k
components with k =* q(A-l)/A. If w > 100 MeV, the
final-state interaction of the nuclear debris (mainly
knocked-out nucleons) is sufficiently small to be
accounted for quantitatively, or even neglected.
Modifications to the impulse approximation,
meson-exchange current contributions, have been
calculated4 to be small for the "low" &> regime. The
main ingredient neglected in the interpretation of
(e,er) data as well as all other data discussed in this
report is the final-state correlation mentioned in

Sec. II.
Such inclusive experiments often yield informa-

tion that is hard to visualize. For the case discussed
here, however, the situation is very favorable. At
large q, the quasi-elastic cross section should scale;
i.e., spectra at different w, q, and incident energies
should define a unique scaling function. Taking as
the scaling variable k,,, the initial nucleon momen-
tum component parallel to q, this function directly

-800

Fig. VIII-1.
The 'He(e,e') data for incident energies of
500 MeV to 10.8 GeV as a function of the scal-
ing variable k.
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VI. KNOCKOUT REACTIONS (p,2p), (e.e'p),

Knockout reactions are the best available tool to
investigate the spectral function, i.e.. the sep-
aration energy and momentum distribution of
nucleons. Complications in (he interpretation arise
mainly from the strong interaction of initial- and
final-state hadrons. For small momenta and sep-
aration energies, distorted wave impulse approxima-
tion (DWIA) calculations can properly account for
this distortion; in this region the shell-model aspects
of nuclear wave functions are mainly tested.

At large momentum, k, and for nuclei A > 10.
multistep processes of the hadron(s) limit
the usefulness of (p,2p) to k < 200 Me We and sep-
aration energies (SE) < 40 MeV. For (e.e'p). the
limit in SE appears to be SE < 100 MeV: a limit
has not yet been reached for the k range up to
300 MeV/c, which have been presently explored ex-
perimentally. As an example. Figs. VIH-2(a) and
-2{b) show the deuteron momentum distribution ob-
tained5 from (p,2p) at Ep = 600 MeV. and from
(e,e'p) at Ee = 500 MeV.B For k > 240 Me\7c. the
(p,2p) result strongly deviates from expectation due
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to multistep reactions, while the (e.e'p) result even
at 340 MeV/c shows only a manageable 10% final-
state interaction effect.

The N-3 panel recommends that (e.e'pl measure-
ments should be pushed to much larger k. This re-
quires a cw accelerator of ~ 1-GeV energy.

VII. p AND it ELASTIC SCATTERING

The main purpose of (p.p) elastic-scattering
studies at intermediate energies has been the study
of nuclear neutron and mass distributions. In the
analyses that extract information on these distribu-
tions, a number of researchers7 have included
correlation effects — center of mass. Pauli. short
range, or dynamic. The effect of these correlations
on the calculated angular distribution has been
found to be fairly small — about 10 to 30% at the dif-
fractive maxima, and increasing with angle. These
effects must be included, as accurately as possible,
in a serious analysis of proton-nucleus elastic scat-
tering. However, it is difficult to see how tin
problem can be turned around and the elastic
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Fig. VIII-2.
(a) Spectator momentum distribution from (p.2p); data5 obtained by using the simple
impulse approximation; (b) spectator momentum distribution from the (e.e'p) reaction.
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angular distributions be used to study correlation ef-
fects, particularly short-range correlations. Short-
range correlations are just one of a large number of
second-order effects, and their specific contribution
to the elastic angular distribution will be extremely
difficult to disentangle.

For pion elastic scattering there is now a large
body of data in the 3-3 resonance region. Not
surprisingly, first-order optical potentials give
qualitative agreement with the data but fail to
properly describe the related inelastic channels
(<7tot), implying that such a simple model is in-
complete. At low pion energies, data exist between
30 and 50 MeV in several nuclei. There, even liisl-
order potentials are qualitatively in bad agreement
with the data.8

Several authors have introduced terms propor-
tional to p2. which account for true absorption and
other two-nucleon effects at short distances.w These
potentials improve the fits to the data considerably,
indicating a sensitivity to correlations. However,
there are additional features in the optical poten-
tials, such as variation in the off-shell descriptions
and finite-range effects, which strongly influence the
calculated angular distributions. To learn
something on short-range correlations it will be
necessary to isolate the various effects including the
absorption due to widely separated ("uncorrelated")
nucleons. This cannot be accomplished without
detailed fits to many angular distributions on many
nuclei and several energies. Such a survey will also
have to include the energy region between 50 MeV
and the 3-3 resonance region in order to identify the
energy where the higher order terms start to play a
significant role.

To pinpoint the importance of any one of the
higher order effects, it will be necessary to analyze
together elastic scattering, single-charge-exchange
(SCE), and double-charge-exchange (DCE) data
(despite the difficulties with the reaction
mechanism of the DCE reaction). Introducing a sec-
ond-order process may lead to a minimal effect for
the elastic scattering while showing an exaggerated
influence on the SCE and DCE results.

The N-3 panel recommends that more angular
distributions for SCE and DCE on the same target
nuclei and with the same (low) bombarding energies
as for elastic scattering be taken and coherently ana-
lyzed.

VIII. (p,n)

The (p,jr) reaction (or its inverse) can involve
momentum transfers greater than 500 MeV/c
(momentum mismatch). The experimental situation
has improved dramatically over the past few years.
There are now available systematics on energy
dependence, mass dependence, and asymmetries.9

The theoretical situation has changed little over
the past years. Discussion has focused on a variety of
mechanisms. The initial promise of the (p.7r) reac-
tion was linked to Fig. VIII-3(a), where the large
momentum is absorbed by a single nucleon. Recent
polarization data have shown that a dominant con-
tribution comes from Fig. VIII-3(b). Thus high-k
components are difficult to extract.

Once initial- and final-state interactions are in-
cluded, Figs. VIII-3(a)-(c) are no longer distinct. A
consistent formalism treating nucleons, deltas, and
pions on an equal footing is needed.

IX. (p,d) REACTION

If the simple neutron pick-up mechanism held for
the (p,d) reaction at intermediate energies, this
reaction could be a source of information on high-
momentum components in both the bound-state
neutron wave function and the deuteron wave func-
tion, due to the high-momentum transfer involved in
this reaction. However, (p,d) data taken both at
Saturne and LAMPF have provided definite
evidence that the momentum transfer necessary for
the (p,d) mechanism is not supplied by the wave
functions alone. At the very least there are signifi-
cant higher order processes (inelastic scattering plus
pickup) involved, since states are strongly excited
which do not correspond to simple neutron pickup.

(a) (b) (c)

Fig. VIII-3.
Three diagrams for the A (p, v+)A + 1 reaction:
(a) single-nucleon stripping, (b) p + p-+d + -K
vertex, and (c) A stripping.
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Other reaction mechanisms have been proposed for
the (p,d) reaction in this energy range.10 Although
the reaction mechanism for the (p,d) reaction
around 800 MeV is at present the subject of con-
siderable controversy, the possibility to extract high-
momentum components of nuclear wave fund inns
in any definitive way is tenuous, and probably im-
possible.

X. ( y N ) REACTIONS

Jp to about 150 MeV the total photon absorption
cross section follows the pseudodeuteron model, and
at higher energies it roughly tracks an incoherent
sum of the elementary photopion production cross
sections, although in the lew cases measured (7l.i.
6Li, and 8Be) the cross section may be somewhat
smaller than expected.

Very few measurements exist of the hadronic
spectra for either the inclusive (quasi-free
kinematics) or exclusive (large-momentum transfer
kinematics) photoreactions. The type of data now
available are exclusive proton spectra observed in
the <7,p) reaction on mostly light nuclei. These data
exhibit features similar to those seen in (p,2p) and
(e,e'p) knockout reactions, and comparisons have
been made to single-particle momentum
distributions11 (Fig. VIII-4). Because of the
favorable kinematics provided by the zero-mass
photon, the (%p) measurements can probe the
momentum distribution to much higher momenta
than can the existing (e,e'p) measurements, which
are limited by random coincidence problems.

The validity of a single-particle direct knockout
mechanism for the (7,p) reaction is, however,
questionable: for low y energies the cross sections for
(7,n0) reactions12 are seen to be of comparable
magnitude to that for the ("y,p0). Since a direct
neutron knockout can occur only through the
photon's interaction with the neutron magnetic mo-
ment, or coherently with the (Z,A-1) system, and
these are both demonstrably small effects, the <7,n0)
cross sections are an indication that two-particle
processes are playing a role.

Two-step, two-particle effects, such as meson-
exchange currents13 (mainly isobar excitation), are
expected to play a role for k > 400 MeV (Fig. VIII-5),
but calculations have not yet met with quantitative
success in accounting for the (T,P0) results.

10=1-

200 400 600 800 1000
Momentum (MeV/c)

Fig. VIII-4.
Comparison of the momentum distribution
derived from 160(y,p0) data (solid circles) with
that obtained from high-energy backward
proton production data [see Ref. 14(a)]. The
dashed line represents the analysis of Amado
and Woloshyn [see Ref. 14(b)], assuming a
quasi-elastic mechanism, and the dot-dashed
line that of Weber and Miller [see Ref. 14(c)],
assuming an A-l nucleon exchange
mechanism. The solid curve is the Elton-Swift
distribution.

The N-3 panel recommends that the theoretical
analysis of large-k components and isobar configura-
tions be tied together. A detailed experimental in-
vestigation of the (y.n) reaction is called for to
clarify the reaction mechanism.

XI. (X,p), (X,w) WITH PARTICLES OF LARGE
MOMENTUM AT BACKWARD ANGLES

The production of particles in kinematic regions
forbidden in the reactions between free elementary
particles is sensitive to the high-momenium compo-
nents of the nuclear wave functions, but there is at
present no precise understanding of how to go from
the experimental data to the desired wave fund ions.
Assuming a two-body reaction mechanism, (he cross
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100 200 300
Ey(MeV)

400

Fig. VUI-5.
Lab differential cross sections for uO(y,p0

uN)
us photon energy at angles of 45, SO, and 135°.
Dashed curves: distorted wave impulse ap-
proximation; solid curves: impulse approxima-
tion plus A(1232) isobar excitation.

section can be factored into a function describing 1 he
elementary particle reaction (X + p • p + y. X + p

- v + y, X + p — ~p + y, . . .), and a nuclear struc-
ture function G(kmln) wher? kmm is the minimal k
the detected particle had before being ejected from
the nucleus. This prescription has been used15 for
hadronic, weak, and electromagnetic reactions over
a wide range of energies with as yet unexplained suc-
cess.

1. For the production of protons and pions (and
antiprotons below particle threshold) in nuclei
from "Li to 238U, a common G is found for all
angles. These results are in the region from (>.<>
to a few GeV incident protons, deuterons. and
a (see Fig. VIII-6).

2. In the region of low available energies, in the
capture reactions w + A — n + -> (140 MiA't +
X, ix + A - n + v (105 MeV) + X. and p.d.o +
A - p + X (90 MeV), we have an illustration of
a c o m m o n s t r u c t u r e f u n c t i o n in
electromagnetic, weak, and strong initiating
interactions. The resulting G has a weak
momentum transfer dependence.

Difficulties arise due to the fact that theoretical
calculations point to contributions of multistep
reactions16 (distribution of energy and momentum
to several nucleons).

The panel recommends that coincidence experi-
ments involving backward-emitted p, particularly
for A S 4, be carried out to establish the one/multi-
step nature of the (X,p) reaction. In order to make
measurements of G(kmin) useful, theoretical calcula-
tions linking G(k) and the momentum space wave
function clearly are needed.

XII. PION ABSORPTION

The absorption of pions proceeds mainly by the
interaction with two nucleons. The two nucieons do
not have to be ciose to one another, but short-range
correlations could have a large effect on the cross
sections. The reactions (ir,NN) on light nuclei seem
most appropriate for learning about effects at short
distances. The reactions have to be done on targets
such that the initial and final nuclear states are well
known. Understanding the reaction mechanism will
require that in addition to good energy resolution a
large kinematic range should be covered: i.e.. a wide
angular distribution, Treiman-Yang distributions
for in-flight pions, and a large range of momentum
transfers.

Before being able to extract information on short-
range effects, it will be necessary to obtain a good
description of the reaction D(ir.pp). Even this
simplest absorption process is presently not under-
stood quantitatively, since the ;r-rescattering
mechanism involving an intermediate A is not un-
ambiguously understood.
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The N-3 panel recommends that further
theoretical effort go int • the understanding of ;rd
absorption. Additional (ir,2N) experiments, pref-
erably on very light nuclei, are needed.

XIII. FUTURE EXPERIMENTS

Here we mention a number of experiments that
could have an important bearing on the topic of pan-
el N-3. These processes have only been discussed
superficially; no quantitative calculations analyz-
ing the presence or absence of complications com-
parable to the ones discussed in the previous sec-
tions are available. These processes should be looked
into in more detail both theoretically and ex-
perimentally.

(1 Capture. The process ^ + A • N + (A-ll in
light nuclei should be investigated for large N-
energies.

(y,2N), (e,e'2N). These processes are appealing
as a possible means of probing the N'N interaction
form factor in the nuclear interior. No recent
theoretical work exists, and the early estimates of
deForest should be reviewed in light of our current
understanding of possible complications. The
(e,e'2,\) should be investigated at reasonably large q
and N energies of >100 MeV to minimize final-state
interactions. (Both types of experiments imply a
high-energy. >1 (leV. cw electron accelerator!

A. Concluding Remarks

The discussions of the N-3 panel have dealt exten-
sively with experiments and their interpretation
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aimed at the elucidation of the short-range structure
of nuclei. A list of the most promising processes —
those that can be interpreted with a finite
theoretical effort — has been given. Special points
needing further experimental and theoretical effort
for those processes have been established. A coor-
dinated effort to more extensively investigate these
reactions is judged to be a promising means to
isolate the short-range structure of nuclei.
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IX. PANEL N-4

MESON DEGREES OF FREEDOM AND PROPAGATION IN NUCLEI

Chairman:
Co-Chair man:

J. M. Eisenberg
G. J. Stephenson, Jr.

P a r t i c i p a n t s : V . B u n a k o v . D . C a m p b e l l . - I .C . I 1 . D e u l s i h . I ) , [ I r c c h s e l . .1 . -I. D n n i i n ^ i . I. M . D u c k . T . K r i c s m i . I ) . S .
K n l t u n . H. W . M a y e s I I . H . M . F r e e d o m . M . M . S l e r n h e i m . A . W . ' r i m n i i i s . u n d ( I . M . Vn- jn ic lnv .

The subject matter of this panel deals with
phenomena that, by their very nature, represent
refinements or higher order effects when probed in
nuclei. For this reason it is inevitable that their ex-
perimental study must go hand in hand with a great
deal of theoretical analysis. We shall in the follow-
ing address both the question of experimental work
that is required for examining mesons in nuclei and
the matter of theoretical developments that will be
needed for the elucidation of this topic. The panel
subdivided its considerations into three parts:

1. Pion condensation and precursor phenomena
(D. Campbell,* J .G.P. Deutsch; J. J.
Domingo, and G. M. Vagradov).

2. "Inner" vs "outer" pions — absorption effects in
scattering (D. S. Koltun; I. M. Duck, B. M.
Preedom, and A. W. Thomas).

3. Meson exchange effects in hadronic processes
(G. J. Stephenson, Jr.; D. Drechsel, B. W.
Mayes II, and M. M. Sternheim).

I. PION CONDENSATION

A. Introduction to Pion Condensation

The basic idea contained in the phrase "pion con-
densation" is that there may exist a new phase of
nuclear matter at high density, that is, at density
greater than that of the interior of ordinary nuclei.
This new phase — the "pion condensate" — is
characterized by an ordering of the spins of the

*Names in parentheses preceding semicolon refer to subpanel
chairmen. Other contributors to the panel were M. Cooper,
P.A.M. Gram. L. Heller, K. Seth, J. Thiricn, and several stu-
dent participants.

nucleons in such a way that the source of the pion
field \p^(x)~<T T\[/N(x) has a nonvanishing, spatially
varying expectation value. This source in turn
generates a nonvanishing expectation value for the
pion field, <4>Jx)> ^ 0. It is this nonvanishing
value of <4>w> that gives the new phase its name. A
schematic comparison of ordinary nuclear matter
and a pion condensate is shown1 in Fig. IX-1. Note
that in ordinary nuclear matter <0^> = 0.

The expectation value of the pion field <</>u> will
thus serve as the order parameter for the discussion
of phase transitions to the condensed mode. The
analogy2 between these phase transitions and these
of ferromagnets* is discussed in Appendix A. As for
any theoretical treatment of phase transitions, we
note that the problem of predicting such a
phenomenon from data at only one point — stan-
dard nuclear density here — is not a trivial task.

B. Calculational Techniques and Theoretical
Results

If we accept the possibility of pion condensation,
the obvious question is how to study this
phenomenon in more detail. Clearly, one could
study it through nuclear spin/isospin correlations,
since the pion-condensed phase corresponds to a
complete spin/isospin ordering and hence to
infinite-range correlations. This approach would re-
quire no explicit reference to the pion field and
could be phrased completely in terms of the nucleon
spin/isospin currant operator, ^ J ^ J ^ N - From ex-
perience with phase transitions in magnetic

In fact, a closer analog, in view of the spin alternation in pion
condensation, might be an antiferromagnet.
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Fig. IX-1.
A schematic illustration of (a) the lack of spin/isospin ordering in ordinary nuclear matter,
and (b) the long-range spin/isospin ordering in a pion condensate. The light arrows represent
neutrons, the heavy ones protons, and the direction indicates the direction of the nucleon
spin. Note that in case (b) the spin/isospin ordering produces a nonzero expectation value of
the pion field. (For precise illustrations of the relation between the nucleon ordering and the
expectation values of the pion field, see Ref. .'?. J

systems, however, we know that since we have iden-
tified <fl>n> as an order parameter for the phase
transitions, it is equally natural and possibly easier
to study pion condensation in '••rms of <<p,>. From
our previous remark (see also Appendix A), we ex-
pect that for f> > pc, <<Pn> * 0. Further, although
<</V> = 0 for /) < /),., the fluctuations in <<t>n> will
reflect the intermediate-range ordering which will
become long range as /> - /)c. These fluctuations are
described by the pion "correlation function.' or
"propagator," which is defined by

tion '<|»r • î * ^T\tN, as illustrated in Fig. IX-2(a). In
addition, it has been established that a similar at-
tractive coupling to an isobar-hole pair, as shown in
Fig. IX-2(b). is also crucial.

Since these attractive interactions can occur any
number of times, at the first level of approximation
the pion propagator in the medium is given by the
formal sum

D = + -

D s (1)

-O—

Thus we shall study the behavior of D in normal
matter {/> < i>c) and expect to see anomalous
behavior as p -• />c.

The details of the study of the phase transition to
be expected in nuclear matter at pc comprise much
of the literature on pion condensation, and thus the
following qualitative summary is very
inadequate.*'1 The basic theoretical problem is to
calculate how D is altered by the nuclear medium.
In many-body language, an obvious crucial interac-
tion affecting D is the coupling of the pion to a
particle-hole pair via the attractive p-wave interac-

'FOT a much more extensive discussion, see the excellent review
of A. H. Migdal (Ref. 7).

~ IIoD0

PAKTK LI A ISOB\R

ll^lu.kl = - * 1

HOI !

Fig. IX-2.
The p-wave particle-hole and S-hole interac-
tions contributing to U0(u\k), the lowest-order
pion self-energy, which is closely related to the
pion optical potential.
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Assuming that the signs are indeed such that the
denominator can be small for certain energy-
momentum regions, we see that in these regions the
interactions in Fig. IX-2 strongly enhance D. In-
deed, if for a given density there exist values of
u; s ic0 and k s k0 (generally u.-n = 0 and k0 =* 2 to
3 mT) such that Ilo(u;o,ko)Do = 1. then D approaches
infinity, signaling a collective, many-body mode
with pion quantum numbers. (An instructive, sim-
ple model of condensation behavior is given in Ap-
pendix B.)

To obtain a realistic model, only two modifica-
tions are needed. First, the repulsive short-range in-
teractions among nucleons reduce the attraction of
the diagrams in Fig. IX-2. This can be modeled by a
phenomenological Ericson-Sricson Lorentz-Lorenz
effect,1'which amounts to replacing I!(, in Kq. (L'I In

IKw.k) = 0*00

(3)

where g' is the Landau-Migdal spin-isospin Fermi
liquid parameter.'' A detailed analysis establishes
that the net effect of the denominator in Eq. (3) is to
reduce the enhancement factor expected from
Eq. (2). Second, the formal nature of Eqs. (2) and
(3) obscures the imaginary parts of II and hence D
which, for p < />c, damp any collective mode so that
D is enhanced but not infinite. In coordinate space,
the damped collective mode corresponds to the
intermediate-range order that is the precursor of the
pion condensate. In momentum space, the strength
and location of the enhancement are functions of the
density, the N/Z ratio, and the charge state of the
pion.

Although most theoretical discussions of pion
condensation are in terms of infinite matter — as in
our example in Appendix B — the extension to
finite nuclei is conceptually clear and has begun to
be studied." The present conclusion of these
studies is that the enhancement in D is expected in
finite nuclei, and the question then becomes how to

test this theoretical prediction experimentally.
Before turning to this question let us first offer a
synopsis and critique of the current status of the
theory of pion condensation.

First, there is a broad theoretical consensus that
pion condensation should occur (although in slight-
ly different forms) in both nuclear and neutron mat-
ter at a critical density of the order of twice nuclear
density.'1 It is important to recall that (lit- Inn^im^i1

of phase transitions is truly appropriate only in the
infinite-volume limit, that is, only for infinite mat-
ter. In a finite nucleus, the signal for the presence of
a true phase transition in the infinite system would
be the degeneracy of the ground state with states
which can be coupled to it by pion quantum num-
bers. Thus in a nucleus with a J p = 0*, T = 0
ground state, one or more of the T = 1, J p = 0", 1*,
2 , . . . s t a tes would become degenerate .
Theoretical estimates directly on finite nuclei
suggest that if nuclei were roughly twice as dense as
they in fact are, such degeneracies would occur.'

Second, since both finite nuclei and nuclear mat-
ter calculations suggest that pnuc < i>c, we can hope
to observe "precursors" to pion condensation, which
precursors denend only on the predicted enhance-
ment of the pion propagator generated by the
damped collective mode.2 For N = Z nuclear mat-
ter near nuclear density, and hence by inference for
finite nuclei with N = Z, this enhancement is
expected to occur neaHKSIo; = o.<0 =* (( and k s k0 ^ '1
to 3 mn.

Third, almost all true predictions are subject to
two serious criticisms:

1. The critical density for pion condensation in
infinite matter, and hence the size of enhance-
ment effects in finite nuclei, are very sensitive
functions of the parameters in Il(a\k) and, in
particular, of the inadequately known
parameter g'.

2. The basic physical mechanisms leading to pion
condensation are being probed in kinematic
regions where their correctness is not otherwise
tested. In simple terms, the theorists are insist-
ing that they understand the pion optical
potential in the (relatively) far space-like
region (uil - k%) = - ( 4 to 9) mi well enough to
believe its predictions, at least semi-
quantitatively.

Clearly there is room for substantial theoretical
work on pion condensation. But despite the
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theoretical uncertainties and objections, the
possibility of pion condensation seems sufficiently
exciting to motivate serious experimental study of
any process in which its effects might be observed.
Thus in the next section, we catalog and analyze
critically a number of possible experiments to detect
precursors of pion condensation.

C. Laboratory Tests of Pion Condensation

Presently proposed experimental tests for pion
condensation fall into three general categories: (1)
asirophysical tests.10 (21 tests involving heavy-ion
toll is ions. " and (.'!) tests involving probes scattering
on fixed-target nuclei .- I S ! '

Although astrophysical tests have the advantage
that there do exist objects with densities greater
than the expected critical density i>v and with
relatively low temperatures — neutron stars, for ex-
ample — the signal of pion condensation in such ob-
jects is complicated and can possibly be masked by
other effects.1 Further, one cannot vary the ex-
perimental sample. Heavy-ion collisions may
generate transient densities greater than />,., but
questions of ihe time scales for approach to
equilibrium and the consequences of large effective
temperatures make theoretical predictions in this
area very difficult." Tlvis in view ol the uncertain-
ties in these areas and of the nature of this work-
shop, we shall focus solely on laboratory tests
involving the properties of, and scattering from, or-
dinary nuclei.

Since ordinary nuclei are not expected to be in the
finite-system analog of a condensed pion phase (i.e..
finuc < i)c), we must test for precursors to pion con-
densation, if such precursors are indeed observed,
this gives us some confidence — although no proof
— that at higher densities pion condensation will
occur.

The laboratory tests for precursors to pion con-
densation require the observation of the enhance-
ment of some specific quantity above a "noise "-level,
and are therefore hard to predict reliably. It is thus
important to realize that a single experiment will be
insufficient for a definitive determination. The issue
can be settled in a convincing way only through
converging lines of evidence from experiments
involving a variety of targets and prubes in an
extended range of energy and momentum transfer.
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In principle, any nuclear probe which is spin-
dependent may show the existence of precursors.- In
the following we shall list some of the specific ex-
periments considered and note their advantages and
disadvantages, as well as the questions they raise.
Bear in mind that the problem is still in its inlancy.
and more questions — both theoretical and ex-
perimental — are raised than answered!

1. Experiments

a. Polarized Targets. For completeness we
mention-' (e,e'l, pion or nucleon scattering, and
photoproduction experiments on polarized targets,
which may show, for example, spin/isospin ordering
in nuclei as condensation is approached. It would be
interesting to extend the theoretical investigations
to the light nuclei and to add targets in which the
polarized nuclei can be produced without a strong
contamination of unwanted species.

6. Momentum-Dependent "Precursor Phe-
nomena."2 It has been noted-8 that at some specific
momentum-transfer value (2 m» < q < 'A m,). the
driving mechanism of pion condensation implies
enhancement of a great variety of different cross sec-
tions.

Experimenially it would be preferable to perform
inclusive reactions leading to a sum of nuclear final
states (case of "smeared-out" energy transfer a-). It
is, however, not yet clear theoretically whether in
such reactions we would not lose the specificity of
the "blow up" of the pion propagator restricted to
'veil-defined J. P, and T quantum numbers. This
question is clearly an important challenge to theory.

For the following we shall restrict the discussion
to exclusive reactions which lead to specific nuclear
states, implying a transition having the quantum
numbers of the pion (AT = 1, natural to unnatural
spin-parity); the energy transfer u: will be taken
fixed arid small. These transitions are expected to
be specifically enhanced in the range of momentum
transier noted above.8-9 An additional bonus of this
"exclusive" approach is the possibility of also
observing, as a "zero test," the nonenhancement of
(-VT = 0) transitions leading to nearby final states.

An iinteresting approach consists in the considera-
tion of the relevant transition form factors (such as



the Ml case in 12C to the 15.11-MeV 1 + ,T = 1 level)
measured in backward (e.e'l reactions.9 A clear
enhancement over predictions of Cohen-Kurath
wave functions is found in the relevant momentum-
tranafei range9: it would be useful to clarify the con-
nection between the enhancement predicted by the
"precursor" mechanism and other approaches which
also fit the trans-'-'on form lactor.1- and to consider
nearby -iT = 0 transitions as a zero test as well. It
should also be noted that the (e,e') approach to the
precursor phenomenon is a "surface-restricted"
pn>bel:i (low-density region), since the relevant •)
and JT couplings require the presence of a density
gradient. It would be interesting to clarify the op-
timal A-region where the effect would be expected to
be maximal.

Let us now consider the various probes in increas-
ing strength of their (unwanted) initial/final-state
interaction with the probed nucleus.

The (i'e,e) and (v^.n) Reactions. '•• These ;ue
quoted for completeness. The feasibility ol suimble
"exclusive" reactions was not investigated in detail,
but is believed to be beyond our present or foreseen
experimental possibilities.

Electro-Pion Probes. The precritical enhance-
ment of some (•)-.«•) transitions has been in-
vestigated and found sizable, neglecting, however, A
contributions and final-state interactions1': it
would be interesting to refine these computations to
include these effects. On the experimental side, the
intensity of the existing monochromatic photon
beams seems insufficient; the use of the continuous
photon beams (real or virtual) and existing pion
spectrometers seems also impracticable. Estimates
indicate, however, that some alternate pion selec-
tion schemes may prove workable, even with the
existing beam intensities, provided one can find
suitable final-state patterns.

The theoretical aspects of the inverse (in-flight)
(JT,7) reactions are very similar to the (7,ir) ones we
have noted. On the experimental side, the jse of
existing pair spectrometers (LAMPF, SIN) was con-
sidered, but the feasibility of the experiments was
not ascertained. In particular, in order to achieve
the required energy resolution with the high-energy

photons to be detected, one may have to go beyond
the bending power of the existing pair spec
trometers, and we recommend thai equipment be
upgraded for this purpose (see also recom-
mendations of panel N-5).

The low conversion efficiency and relatively small
solid angle of the pair spectrometers may encourage
us to consider the (:r,ee) reaction. Work is presently
going on to investigate the effect to be expected from
this reaction"' and to design a large solid-angle
device for the selective detection of the (e,e) pair.

The (jr.77) reaction has also been considered17

and may prove useful to investigate the issue if "in-
clusive" reactions (the only practicable ones with
this method) turn out theoretically to be sufficient-
ly selective.

Hadronic Probes. The (p.p1) reaction on 208Pb to
1' excited states was considered by the authors of
Kef. 8 and a strong enhancement predicted. 1 hough
relatively little consideration was given to in-
itial/final-state interactions, which may be small for
Ep = 700 MeV. (Otherwise, they may mask the ef-
fect!) Unfortunately, the experimental situation of
the (1*) final state considered there is still
unclear.ls One may take.11' as an alternate largei.
12C; it is interesting to note that there may be an un-
explained anomaly in the cross section 0* —
1 "(T = 1) around 2m, < q < 3m. observed at Ep =
155 MeV, and absent in the corresponding transi-
tions to (T = 0) levels.'•'•' The extension of these in-
vestigations to other energies and targets seems of
utmost importance in order to ascertain the pres-
ence of recurrent enhancements in the predicted q2

region.

We wish to stress that the possible precursor
probes (e,e'), (p.p'), and (JT,7) or (7,71-) mesh well
with existing experimental and theoretical
programs of research and therefore should receive
high priority in the search for this phenomenon.
This should be done by systematic survey of nuclear
transitions with pionic quantum numbers (Jp = 0",
1+, 2 , . . .; T = 1) in both light and heavy nuclei,
and with correlated programs amongst the various
probes.

We thank H. Toki and W. Weise for drawing our attention to
this reference.
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In this context, the consideration of (p,n) and
(n,p) reactions to analogous levels may be also of in-
terest, and possible experiments of this sort involv-
ing initial and final nucleon polarization were also
raised. The nucleon charge-exchange reactions are
believed to be one-pion-dominated in the forward
direction, making them especially appealing for this
purpose. Finally, reactions such as (ir,N), (7r.27r),
(e,e'7r), and (N,N7r) were also mentioned, though
without thorough investigation.

II. "INNER" AND "OUTER" PIONS: ABSORP-
TION EFFECTS IN PION SCATTERING

The following topics are intimately related: a con-
sistent theory of ^-scattering that includes the
Yukawa interaction U + N <-. N), and the effect of
^--absorption on other 7r-induced reactions. The
problem of consistency follows from the fact that the
same elementary interaction that leads to the pionic
parts of nuclear forces also contributes to the 7rN
scattering interaction. In a nucleus, the same in-
teraction makes the 7r-absorption (^-annihilation)
possible. It is necessary to disentangle these two
aspects properly in order to make use of the
multiple-scattering theories which have been our
standard tool for studying reactions on nuclear
targets. This has been done by several different
methods which lead to similar practical ap-
proaches.-"

These approaches have been used to look at (he ef-
fects of absorption on 7rd elastic scattering.-1 Hence
one has fair confidence in the theoretical methods
for calculating both the three-body aspects ol the
problem and the absorption channel 7rcl 2N. Kor
zero energy, one finds that absorption contributes
about 10% of the real part of the 7rd scattering length
(aside from an imaginary pan !ma ^ -u.i Heal. At
higher energies in the A-resonance region, the
predictions-- are for small effects in n{fl) lor 7rd
ffd, but for lar^e effects in the tensor polarization for
n-d - 7rd. (Incidentally, large asymmetry effects in
rrd would also be producfd if there were NN res-
onances in this ?rd mass regiin.2:l) Other light nuclei
are also of interest here, e.g.. ai !<>w energy, where
the amplitude for absorption is comparable to that
for scattering as seen from JS-level widths and shifts
in 7r-atoms, particularly for aHe.

For energetic n scattering on nuclei, most of the
work remains to be done. There is almost no theory
including absorption in scattering in a consistent
way, with the exception of the -i-hole models,24

which may apply in the 100 MeV < TT < 250 MeV
domain. A full theory that covers the range from
zero energy to well above the resonance is desirable.
There has, however, been some increase in under-
standing of the general way (or ways) in which ab-
sorption affects elastic 7rA scattering through the
theory of the optical potential. The point is to show
consistency between the optical potential em-
ployed and the assumptions made about the major
nonelastic channels, presumably inelastic scattering
and 7T-absorption. (The subject has been called
"reactive content of the optical potential.") Recent
experiments--^ show us that both of these cross sec-
tions are very large components of (xreact,on (~JTR2)

for 100 MeV < Tw < 200 MeV. The use of this infor-
mation in analysis of elastic scattering may help
sort out the absorptive contribution to the optical
potential.

The scattering experiments which are called for
are partly those which have been under way already:
elastic-scattering surveys on many targets over a
large energy range, and various inelastic reactions.
In addition, one needs information on the large
branches of the reaction cross section |(7r,7rN).
(7r,7r2N(. . . . |. at, well as of the absorption cross sec-
tion |<ir.2N), (jr.dx). . . .|.

The low-energy region (including jr-atoms) seems
particularly attractive, since it may be easiest to
separate absorptive and scattering effects. (For ex-
ample, it is here that the old assumption that ab-
sorption appears as an additive term, proportional
to p2(r) in the optical potential, is probably most
reliable.) It would be extremely interesting to see
low-£ (s,p,d levels) data from 7r-atoms for large
nuclei, as well as low-energy (T* == 10 to 50 MeV)
scattering di'ta for all A. It would be interesting to
see the onset of inelastic scattering as a competitor
to absorption, with increasing energy, in this energy
regime.-''

The effects of absorption on scattering, at res-
onant energies and higher, may be harder to extract
(uniquely) from elastic scattering and total cross-
section data. The theories do make predictions here,
which apply much more to the competition of quasi-
free scattering (nucleon knockout) with absorption.
These experiments would be very interesting here.
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III. HADRONIC PROBES OF MESON EX-
CHANGE EFFECTS

A. Heavy-Meson Exchange

No one doubts that heavy mesons, specifically
rhos and omegas, couple to nucleons and to isobars,
can be used to parameterize the nucleon-nucleon in-
teraction at short distances, and consequently in-
fluence strong reactions. However, in the analyses to
date, particularly of elastic scattering of low-energy
pions, the conclusions to be drawn about the pres-
ence of rho meson exchange are representation-
dependent. This leads various authors to reach
diametrically opposed conclusions from analysis of
the same phenomena.-~-M In addition, the rho-
coupling constants are not certain. This could be
improved by studying rho production by pions on
nuclei.

This confusion arises because there is a trade-off
in the description of pion scattering between the ef-
fects of the form factor assumed for the pion-
nucleon scattering and the amount of cancellation
required between pion and rho intermediate states.
A soft form factor (long range or large size in coor-
dinate space, short range in momentum space)
suppresses the contribution of successive scatterings
between two nucleons dose to each other.-1' If ime
assumes a hard form factor, that suppression must
be supplied by short-range correlation effects (i.e..
the Lorentz-Lorenz effect"') which are supplied by
rho and omega exchange in the force and by explicit
cancellation due to the rho meson replacing the pion
in intermediate states.

However, a quantitative measure of the equiv
alence of the two schemes is not available since
calculations to date have been made by proponents
of each approach separately. It is incumbent on
theorists purporting to show the advantage of one
point of view to carry out otherwise identical
calculations with both schemes to properly assess
their influence on elastic scattering and to push
both descriptions through to a consistent calcula-
tion of pion-induced reactions.

This point can, in principle, be sorted out, and it
is important to do so for making contact with
current ideas in particle physics. For example, the
description that uses pion-nucleon interactions with
a very soft form factor (corresponding to a range of
about 1 fm) may be consistent with large bags for

nucleons (and for pions), while the description that
requires the exchange of rhos, and hence the concept
of two nucleons retaining their identities at sep-
arations of about V2 fm, may be consistent with
small bags and meson clouds.

B. Hadronic Probes for Meson Exchange Effects

Hadronic tests of exchange currents suffer from
many of the same ambiguities, that are discussed
above and, in addition, a also confused (in a rep-
resentation-dependent way) with pieces of the wave
function in which some of the baryons are in excited
states. Furthermore, it is already known from elec-
tron scattering that relativistic corrections to the
wave functions introduce effects comparable to
those from exchange currents/50 There already exist
three reviews of tests of isobar contents and ex-
change currents-" ••*•' that discuss various ex
perimental tests. Their view may be summarized as
being positive in the large, but finding all specific
experiments individually inconclusive.

A promising possibility is to use the unique
feature of the pion that it can undergo double charge
exchange to look for particular cases where the
meson field enhances the reaction over the value
expected from conventional multiple-scattering
theory. In particular, (lermond and \Vilkin:it discu.»>
double charge exchange on 4He leading to four
protons and a negative pion. Their estimate of the
contribution of the diagram (Fig. IX-3) is two orders
of magnitude above a fixed-scatterer calculation."1

Unfortunately, there are other differences between
the calculations, and data can be found that support
both theoretical results.:'H

This example illustrates our genera! conclusion:
to identify exchange current contributions properly.

Fig. IX-3.
Pion double charge exchange on a pion being
exchanged between two nucleons in *He.
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it is necessary to measure the particular (ransition
with different probes whose energy and momentum-
transfer dependence can allow a separation of the
nucleonic and mesonic contributions. It is also
necessary to study competing effects in otherwise
identical theoretical settings.

Two general points emerge from this survey of
meson degrees of freedom in nuclei. First, for each of
the topics raised here, no single experiment is
definitive; rather, a program of studies involving
many processes, probes and targets, energy and
momentum-transfer ranges, and partial-wave chan-

nels will be needed. Secondly, it seems clear that the
theoretical work which must accompany the
program of measurements will require more man-
power than is now available — especially in the form
of bright and fresh theorists. This experimental and
theoretical effort seems well justified, however, in
view of the great intrinsic interest of this area.

We also note that the programs discussed here do
not require major new facilities but rather a con-
certed and directed effort with existing facilities. In
view of thete facts and the strong theoretical in-
terest, such programs should be pursued with high
priority.

APPENDIX A

THE ANALOGY BETWEEN PION CONDENSATION AND
MAGNETIC PHASE TRANSITIONS*

Since we are dealing with a phase transition and
since the spin/isospin ordering is very reminiscent of
the spin ordering in a ferromagnet, it is useful to
recall some properties of phase transitions in
magnetic systems. In a ferromagnetic material,
there exists a critical temperature Tc below which
the spins are aligned so that_a net expectation value
of the magnetic moment <M> is produced even in
the absence of an external magnetic field. This non-
vanishing value of <M> reflects the long-range
order in the spins of the individual atoms. For T
greater than but near Tc <M> = 0, however, there
exists a short-range ordering of spins over a con ela-
tion length

1
q (T - Tc)" "

as T — Tc, £ — °°, which is the mathematical state-
ment that all the spins in the ferromagnet are
aligned below Tc. The quantity <M> is called the
"order parameter" of the magnetic phase transition.

"See Ref. 2.
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since its value indicates whether the system i.-. in the
ordered ferromagnetic phase or not.

To translate these familiar results to the !c?«
familiar context of pion condensation we assert that:

1. the analog of the ordering of atomic spins is a
spin/isospin ordering of nudeons. and the order
parameter is the expectation value of the pion
field <<t>*>:

2. the analog of decreasing the temperature T of
the magnet to the critical value Tc is increasing
the nuclear density p to a critical value (>c: that
is, <0T> = 0 for p < pc and <<£„> # 0 for

P > Pc-
Both these points deserve further comment. First, if
the expectation value of the pion field is nonzero
then, since the pion is pseudoscalar, the state in
which this expectation is taken cannot be an eigen-
state of parity. Further, if the charged part of the
pion field has nonvanishing expectation value, the
state cannot be an eigenstate of charge. Although
perhaps initially surprising, these results are in fact
expected from our analogy. In a ferromagnet,
<<r> ^ 0 implies that the ordered state is not an
eigenstate of rotations. Similarly, in a superconduc-
tor the Cooper pairing leading to < ^ e > * 0
reflects the well-known result that the BCS ground



state does not have a well-defined charge. Second,
although a theorist may speak cavalierly about
"varying the nuclear density," in fact in laboratory
nuclear physics experiments — with the possible ex-
ception of heavy-ion collisions — the density is es-
sentially fixed at p = pa = 0.17 nucleons/fm3 = 2.8 X
1014 g/cma. Further, the present theoretical con-
sensus is that pc > p0. Thus ordinary nuclei are not
expected to be pion condensed. In terms of the
magnetic analog, it is as if one could measure the
properties of a supposedly ferromagnetic material at

only one temperature To > Tc so that the system is
not in the ferromagnetic phase. This analogy
correctly suggests that the only way to observe pion
condensation in laboratory nuclei is to search for
precursors to the phenomenon — for example, the
intermediate-range spin/isospin correlations that
would become long-range as p — pc. A bit of thought
about the problems of predicting a magnetic phase
transition from data at only one temperature greater
than Tc suggests how difficult this task is.

APPENDIX B

A SIMPLE MODEL OF PION CONDENSATION

To illustrate how many-body effects can lead to a
collective nuclear state with pion quantum
numbers, we study the simplest case, namely the
behavior of a ir~ in infinite neutron matter (only
T = 'M'2 interactions).'" With no apologies and with
minimal references (see the compendium edited by
M. Rho and D. Wilkinson noted under the
references), we assen that a satisfactory zeroth-
order approximation to the inverse pion propagator
in momentum space is

= D-0'(w,k) - n<a>,k)

where

given by the neutron density pn times the irN scat-
tering amplitude, here described by the s-wave plus
p-wave form in brackets in the equation. For pn & 0
but small and for fixed k, a plot of D~'(io.k) vs w has
the form shown in Fig. IX-4. The k-dependent zeroes
labeled «+(k) and aj_(k) correspond to the "true"
pions (that is, the modes which exist even when
pn = 0) shifted slightly by interactions with the
medium. The k-dependent mode labeled wjk) is the
above-mentioned collective many-body mode,
which in our simple model is an actual zero of
D~'(o>,R) and hence an infinity (an infinite
enhancement) in D (<o,k). Our simple model,
however, ignores damping — that is, the imaginary
part of D. In reality, for p < pc, the a;s(k) is strongly

= us - k2 - m |

and
(k)

_ / jc g*_ k k\
P\ mi 2mN

2 w )

Here DV(w,k) is obviously the free pion propagator
and n(w,k) is the pion "polarization" or "self-
energy," which is, in this simple approximation,

Fig. IX-4.
A plot of D-l(w,h) vs w for fixed k and pn * 0.
The zeroes correspond to modes of propagation
with pion quantum numbers.
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Landau-damped, and D is enhanced but not infinite
for o) near co+ (k). A similar structure exists for N =* 2
matter and any charge of the pion, but the result is
somewhat harder to model.

Two final points close this appendix. First, we
note that the signal of the phase transition in this
simple model is that as pn increases, uig(k) and <o Jk )
in Fig. IX-4 approach each other. The density at
which ua(k) equals u_(k) is the critical density />c,
and beyond pc the neutron matter is pion condensed.
Second, a quantitative model of pion condensation

requires inclusion of the ^-hole graphs shown in Fig.
IX-2(b) and of the short-range nuclear repulsion ef-
fects in the channel with pion quantum numbers.
The former effects are strongly procondensation.
and the latter, which are usually subsumed into the
Landau-Migdal Fermi-liquid parameter g', are
strongly anticondensation. Uncertainties in the
parameters entering these effects can produce large
uncertainties, for example in the critical density for
pion condensation/'7

APPENDIX C

THE RELATION OF PION CONDENSATION TO
CONVENTIONAL NUCLEAR PHYSICS

Although pion condensation might seem at first
sight very exotic and unrelated to conventional
nuclear physics, in fact it is conceptually linked to
two very classical nuclear physics questions: the
properties of the nuclear tensor force, and core
polarization effects.

The relation to the tensor force is seen by recall-
ing that static OPEP is the long-range part of the
nucleon-nucleon tensor force, and it has long been
recognized that a strongly attractive tensor force
might lead, for example, to actual density oscilla-
tions in nuclear matter.'8411 In a sense, pion
condensation is a re-expression of this idea in
modern parlance, with two crucial additions: first,
the nonstatic nature (w ^ 0) of the pion exchange is
included, and second, the important role of 1-hole
states is recognized. A more explicit discussion is
best based on the diagrams in Fig. IX-5.

The attractive p-wave 7r-(particle-hole) interac-
tion shown in Fig. IX-5(a) is an important part of
the "driving force" that produces pion condensation
(in theoretical calculations, at least!). This is clearly
related to the JTNN vertex in Fig. IX-5(b), and that
in turn to the pion exchange between nucleons
shown in Fig. IX-5(c). As indicated, the exchange in
Fig. IX-5(c) is, in general, nonstatic, but since we
noted that for N ^ Z nuclei the enhancement in D

which is a precursor to pion condensation occurs
near a> = 0, the driving mechanism in Fig. IX-5(a) is
closely related to the w = 0 limit of Fig. IX-o(c) —
namely, static OPEP — and hence to the density os-
cillation instabilities discussed long ag<>.;!S "' For
pion condensation in N » Z matter, the nonstatic
behavior of Figs. IX-5(a) and -5(c) is crucial. As
noted previously, for a quantitative understanding
of pion condensation, one requires the 7r-(.A-hole) in-
teraction in Fig. IX-5(d). If one extends the space of
nucleon states to include the isobars, then this force,
too, is related, as shown by Figs. IX-5(e) and -5(0, to
a generalized two-body tensor force acting between
nucleons and isobars. But if one insists on consider-
ing the nucleon subspace only, then these *l-hole ef-
fects lead, as indicated in Fig. IX-5(g), to many-
body nucleon forces, and thus are not described by
the two-body NN tensor force.

The relation of pion condensation and core
polarization is suggested schematically by Fig. IX-6.
From this perspective, core polarization
calculations'" (in channels with pion quantum
numbers) amount to truncating the enhancement
factor "found" in pion condensation calculations at
some finite order in the RPA-like sum over particle-
hole excitations which generates the collective
mode.

118



(b)

II 1
N

(e)

•H
(c)

F(>. [X-5.
(a) The attractive p-wave ir-(particle-hole) interaction; (b) the irNN vertex: (c) nonstatic
OPEP; (d) the attractive p-wave ir-(\-hole) interaction; (e) the xNA vertex; (f) generaliza-
tions of OPEP to NN — AN and AN — NA; and (g) three- and four-body forces among
nucleons generated by processes involving Ss.

D =

= D 0 (i + n D 0 J + (n D 0 ) 2

FIRST-ORDER
CORE POLARIZATION

Fig. IX-6.
A schematic comparison of core polarization and "pion condensation" calculations.
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X. PANEL N-5

WEAK AND ELECTROMAGNETIC INTERACTIONS IN NUCLEI

Chairman:
Co-Chairman:

Kenneth M. Crowe
James Friar

Participants.- H. Baer. A. M. Bernstein. C.-Y. Cheung. .I.C.I'. IVIIIMII. C. T. Carvey. I'.A.M. Cram. S. S. Hanna. \ .
Matsushita. .). Matthews. I. Sick, and VV. Turchinelz.

I. INTRODUCTION

The panel assigned to consider weak and
electromagnetic interactions in nuclei found itself
confronted with a large and diverse set of topics. In
this report we attempt to evaluate some of the ways
in which these probes, which are relatively well un-
derstood and to which nuclear matter is highly
transparent, can contribute to our quantitative un-
derstanding of nuclear structure.

II. CORRECTIONS TO IMPULSE APPROX-
IMATION

Although commonly believed to be completely
"clean," electron-scattering and muonic-atoms data
do involve small corrections which muddy their in-
terpretation in terms of charge and current den-
sities. These corrections to elastic electron scattering
are conveniently classified as recoil (finite nuclear
mass) and dispersion corrections. The latter are
more important and arise from virtual excitation
and deexcitation of the nucleus (polarization) by the
lepton. Scant experimental evidence exists for these
phenomena, although the current inability to fit the
diffraction minima of the cross section of 12C and 160
strongly hints at dispersive effects. Crude estimates
of the size of dispersive effects show that they are at-
tractive and that they change the radius deduced
from data by less than 7 • 10"3 fm throughout the
periodic table. In view of the precision of electron
scattering and muonic atom work, more experimen-
tal and theoretical work concerning dispersion cor-
rections is needed.

Although the recoil and dispersion corrections set
the limits of accuracy for transforming elastic
electron scattering and muonic x-ray data into infor-

mation concerning nuclear charge and current den-
sities, it is a nontrivial extension to interpret these
densities in terms of neutron and proton densities
alone. In fact, this interpretation is only an approx-
imation, the impulse approximation, and neglects a
variety of mesonic and relativistic effects. In order to
classify these phenomena into easily digestible
parts, we separate the various contributions to the
charge and current densities into nonrelativistic
terms and relativistic corrections. The latter are of
the order of (v/c)2 compared to the former. Since v, a
typical nuclear velocity, is roughly p/M (M is the
nucleon mass), (v/c)2 is (p/M)2 and can be reckoned
as (1/M2). Since typical nuclear momenta are 100-
200 MeV/c, we immediately see that (v/c)2 is on the
order of one to a few percent and sets the scale of
relativistic corrections in a nucleus. In addition,
since a nucleus is weakly bound, potential and
kinetic energies are roughly equal and opposite.
Thus we also reckon the potential V as of the order
(1/M), like the kinetic energy. Since relativity treats
all forms of energy on an equal footing, it is
reasonable to expect potential-dependent contribu-
tions to relativistic corrections to be of a size com-
parable to those kinetic contributions which depend
only on momenta. Figure X-l shows the order of
these corrections — for example, the nuclear charge
operator, whose lowest order part in powers of 1/M is
of the order of (1/M)°. This is the nonrelativistic
part, and is basically potential-independent — that
is, independent of meson exchange contributions
other than those which determine the wave function.
The relativistic corrections of the order of (v/c)2 or
(1/M2) are of both kinetic- and potential-dependent
types. An example of the former type of contribution
is the spin-orbit interaction between nuclear
neutrons and protons and an external electric field.
The interaction is explicitly of the order of 1/M2 and
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Fig. X-1.
Classification of the recoil and dispersion cor-
rections to impulse approximation.

allows neutrons to make a small but nonnegligible
(^1%) contribution to the charge density, which is
now routinely taken into account in discussions of
isotopic charge differences. The potential-
dependent parts arise from meson exchange and
generate operators of the order ol' V/M or (1/M2) in
our counting scheme. Typical processes are depicted
by "pair." prry. uiny. and meson "recoil" and isobar
graphs.

The current operator is different in an interesting
way. The usual kinetic nonrelativistic contributions
are the convection and spin-magnetization currents,
which are explicitly of the order of (1/M). Because
the isospin dependence of the nonrelativistic poten-
tial does not commute with the nonrelativistic
nuclear charge operator, there must be an additional
two-body or meson-exchange current in order for
current continuity to be satisfied. This contribution
is of the order of V or 1/M, is isovector, and in princi-
ple could be as large as the usual kinetic contribu-
tion. This is not the case because the isovector spin-
magnetization current is proportional to the ex-
tremely large isovector nucleon magnetic moment
(4.7 nuclear magnetons). Isovector exchange current
corrections are roughly 10% in the Ml multipole.
The best examples of such exchange effects are the
threshold n-p radiative capture process (Ml), with
its 10% discrepancy with impulse approximation,
and the analogous threshold electrodisintegration of

the deuteron. In addition, there are serious deficien-
cies in the impulse approximation treatment of the
isovector magnetic moment and form factor in the
3He-3H system, and in n-d radiative capture at
threshold. The discrepancies are adequately ac-
counted for by a one-pion-range meson-exchange
current and constitute the best evidence for ex-
change currents.

Of a very different nature is the isoscalar channel
because the usual nonrelativistic isovector exchange
currents don't contribute. The meson exchange cur-
rents which do contribute are basically of relativistic
order. The relativistic corrections to the current
operator are of the order of (1/M3). and are of both
kinetic- and potential-dependent types. The latter
are of the order of (V/M2) or (1/M3) and thus are
generally much smaller. They are the exchange cur-
rents that contribute to the deuteron magnetic mo-
ment and magnetization distribution.

It has been conventional to attempt to extract the
"nudeons-onlv" component of measured charge dis-
tributions by eliminating the effect of meson cur-
rents. This is impossible to do for fundamental
reasons having to do with how relativistic effects in
wave functions are calculated. It is conventional to
"map" relativistic problems from a manifestly
covariant formalism into a form that appears non-
rein! ivistic. ;,ut by virtue of appropriate momentum
dependence in the Hamiltonian is actually
"relativistic." This procedure is not unique, however,
and for every different formalism for calculating
wave functions there is a corresponding formalism
for calculating meson-exchange currents. In general,
these give different answers, and their contribution
to the charge (or isoscalar current) operator is not
uniquely defined. We emphasize that this is not a
problem for the nonrelativistic (isovector) exchange
currents and is a purely theoretical problem in how
one chooses to do a calculation. Matrix elements of
charge and current operators are free of these am-
biguities.

It should be pointed out that other probes suffer
from the same ambiguities, in addition to the others
which are peculiar to those probes. These problems
are related to our methods of doing relativistic quan-
tum mechanics, not to a specific probe. In view of
these problems and in spite of recent progress, the
field of relativistic and meson-exchange effects in
nuclei deserves much more theoretical emphasis in
order to exploit fully experiments on the few-body
problems to be detailed later.
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III. ELECTRON SCATTERING

As the field of electron scattering is too diverse to
summarize in detail here, we will simply list a few
experiments that we regard as the most important to
pursue in the next few years. The bulk of the
electron-scattering work that is currently being done
and that will be continued in the rear future con-
cerns mapping the nuclear charge and current dis-
tributions of ground states and transition distribu-
tions for discrete excited states. The experimental
effort is in response to advances in many-body
techniques tor calculating wave functions of com-
plex nuclei and serves as the primary testing ground
lor the "goodness" of these wave functions. It is the
"bread and butter" of the electromagnetic probes at
present. Most of our detailed knowledge of the gross
properties of nuclei comes from electromagnetic
measurements at low and intermediate momentum
transfers. The topics listed in Table X-l deserve
special effort in the near future, since their pursuit
will play an important role in the development of
new techniques, equipment, and theoretical ap-
proaches.

IV. DETERMINATION OF p(r), p t r(r)

For selected cases, where it is important to UM
theory to the maximum extent possible, special ex-
perimental considerations must be taken into ac-
count. The existing data in most cases are insuf-
ficient, simply because it has been very hard to per-
form experiments reaching 1-2% accuracy in the ex-
tracted quantity. An example is shown in Fig. X-2.
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Fig. X-2.
Modern precise electron-scattering form factor
measurements.

TABLE X-I

ELECTRON SCATTERING

(e,e) uptoq m M ~ 4fm"' — p(r), ptr(r) accurate to ±1% for
nuclei where theory is adequate

— high-spin p-h states
— structure of weak neutral currents
— short-range NN interaction
— S(k,E); E < 100 MeV, k > 400 MeV
— decomposition of giant resonances
— sum rule puzzle
— high-k components (E < 200 MeV)
— excitation of N* 's in nuclei

10. (e,e) large q, forbidden Ml transitions — meson-exchange currents

2. (e,e')
3. (e,e)
4. d(e,e), d(e,e'p)
5. (e,e'p), (e,e'n)
6. (e,e'x),Ex~20MeV
7. (e,e')q~2fm-1

8. (e,e')q>5fm-'
9. (e,ef) Ee > 1 GeV
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To discuss the simplest case. /)(rl is given by
.l'F(q) sin (qr)/(qr)dq. where Klql = ("/"M,,,,l' '*• Plot-
ting this integral as a function of its upper limit tor
an especially simple case, r = (I. shows that \< is a
damped oscillatory function of the maximum
momentum transfer measured. Only when qmn, >
•\.r> fm~l is Flql small enough so ihat lurther oscilla-
tions change/air) by less than 1%. Most experiments
stop at 2-2.ii Cm"1, which for calcium, lor example,
would mean 5p(l)> = ±10%. A qnlBX of --1 Im '
should be reached lor many nuclei and lor excited
levels |for which the same argument applies except
that sin qr/qr • j £(qr l | . and for nuclei with -I * ti
where a separation of charge and magnetization con-
tributions is required. Figure X-•'! shows the results
of the analvsis made on 3He.

0.10

0.05

r <fm)

Fig. X-3.
Charge density distribution of 3He obtained
from analysis of electron-scattering data.

V. MOMENTUM SPACE DENSITIES

The best tool to investigate densities in momen-
tum space is the (e.e'Ni reaction. In the past, this
has been exploited lor (e.e pi and nuclei with
A < fid. hut not in a very systematic way. The
reason is simple: the 1% duty cycle of existing ac-
celerators is an enormous hardship for coincidence
experiments. With the high duty cycle accelerators
available in the future, two main topics should be
pursued.

1. The measurements of the /jiki can be extended
to momenta k where short-range correlations
come int!) play. i.e.. to the k where/<(ki < 1" 3

Pmai- I he most interesting region oi the
momentum distribution would then iH'come
accessible.

2. The (e.e'n) reaction should become a routine
experiment. Realistically estimating the added
complexity of neutron detection I mainly the
small solid angle for a setup allowing time-ol-
flight energy determination) shows that le.e'ni
couid be done with the quality achieved today
for (e.e'pl. This will offer us a tool lor measur-
ing wave functions of individual neutron orbits
more suitable than anything available today.

VI. INCLUSIVE (e,e) AT VERY LARGE q AND
SMALL o)

Such measurements at q > "> I'm'1 and a- < L'OO
MeY are of importance for the determination of
high-momentum components in nuclear wave func-
tions (see the report of panel \-.{). Such data should
be obtained for a number of nuclei. (This requires
electron energies >1 GeY.)

VII. SUM RULES AND INCLUSIVE (e,e)

The inclusive spectra of electrons scattered from
nuclei offer a very clear tool to determine NN cor-
relations (see the report of panel S-3). In order to ex-
ploit this potential, the contribution due to the ex-
citation of the A has to be eliminated. This contribu-
tion can be reduced by separating the longitudinal
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and transverse response function* The determina-
tion of the longitudinal response (unction should In-
actively pursued.

VIII. HIGH ANGULAR MOMENTUM STATES

At high q. high angular momentum states can he
identified and mapped out in a unique way. For ex-
ample, the spectrum obtained for 58Ni is shown in
Fig. X-4 and shows prominent peaks at large excita-
tion energy which are 8" states, i.e.. high-j states we
know very little about. In addition, form factors
have been measured tor 1(1" and 12" states in 208Ph.
where states up to 14 have already been seen. The
study of these high-spin states promises to be in-
teresting. These states are rather elementary excita-
tions of simple structure, i.e.. particle-hole states
with only small admixtures, and thus are more ac-
cessible to quantitative theoretical calculations than
many other nuclear levels. This topic was also dis-
cussed in panel N-2.

the alignment (T20) oi the recoil deuieron in an
elastic-scattering experiment. Such a measurement
at momentum transfers greater than 2 Im ' i>
strongly encouraged. This work must be coupled
with improved theoretical calculations in order In
make anv interpretation possible.

X. STUDY OF GIANT RESONANCES USING
THE (e.e'p) REACTION

For a discussion of this topic, see the report o|
panel N-2. One aspect of this problem not discussed
there is the measurement ol the total multipole
strength in terms of the appropriate sum rules. For
the isovector modes these measurements give impor-
tant information on exchange currents and mesonic
effects in nuclei. For the isoscalar modes, features ol
the charge distribution are involved, but little
theoretical work has been done because of the
paucity of definitive data.

IX. DEUTERON GROUND STATES PROPER-
TIES

In order to gain new information on the spherical
and tensor portions of the deuteron wave fund ion
inside the range of the nuclear force, it is necessary
to separate the quadrupole and monopole form lac
tors experimentally. This can be done by measi

I
ou

i.

0 I 2 3 4 5 6 T 6 9 10 II IJ IS 14 15 16 17

Fig. X-4.
Back-angle-scattered electron spectrum from
"Ni showing J* = 8~ states.'

XI. NONNUC LEONIC (ISOBARIC) EFFECTS

Inclusive electron scattering at energies K >
1 (»eY will be the ideal tool to.study \ ' propagation
within the nucleus. Klectrnns readily excite the
N*'s. which are produced throughout the nuclear
volume, and not only in the surface as is done, lor ex-
ample, by pions. A systematic experiment ol even
the simplest type, (e.e'l. could yield interesting in
formation. The creation of bound \ ' s is quite ap
preciable. and perhaps already indicated by the ex
perimental da ta . No systematic experiments ,
however, are presently available. For a detailed in-
vestigation of N*'s in nuclei, the more specific
(e.e'-i) experiments are obviously needed.

XII. PARITY VIOLATION
SCATTERING

IN ELECTRON

In order to map out the structure of the weak
neutral current, experiments observing the in-
terference terms between electromagnetic and weak
interactions may be the most practical means. One
very successful experiment at SLAC. on deep-
inelastic polarized electron scattering from the
nucleon, demonstrated the success of this approach.
To learn more, experiment., involving scattering
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from discrete nuclear states are needed. A few l\v\'
is perhaps the best electron energy lor these experi-
ments: individual nuclear stales ran still lie
resolved, and the asymmetry, which is proportional
to q2. is larger than that (10~6) expected at today's
low energies.

The goals of this program would be to (1) deter-
mine all the coupling constants in the phenom-
enologicai theory to check the consistency of stan-
dard theory, and (21 obtain a precise determination
of sin2 0W, which should be rather free of theoretical
ambiguities. Polarized elastic electron scattering
from lH. SH, and "C would be important experi-
ments.

An interesting feature of the electron scattering
from nuclei is that it involves parity mixing in the
nuclear state itself as well as the parity nonconserv-
ing term of the weak interaction. The former effect
arises from the parity nonconserving part of the
strong interaction and has been the object of con-
siderable experimental and theoretical effort. In
elastic electron scattering this term is generally
smaller than the interference effect in the weak in-
teraction. However, in inelastic electron scattering
the "nuclear" effect can be much larger, reaching
10"* at certain momentum transfers and energies.
Inelastic scattering from nuclei such as I2C. I9F. and
J1\'e would be important experiments.

XIII. PHOTONUCLEAR REACTIONS

A. Technical Advances

Around 10 years ago, the field traditionally called
photonuclear physics took a qualitatively new turn
due to advances in accelerator and also experimen-
tal measurement technology. Experiments began to
be feasible that hadn't been contemplated previous-
ly. The distinguishing feature of this "new genera-
tion" of experiments is the use, or simulation, of
monoenergetic incident photons. This, together with
sufficiently precise spectrometry of emitted parti-
cles, allows initial and final states of well-defined
energy to be specified (as has been taken for granted
in charged-particie-induced nuclear sped ruscopy for
years), and has helped this field to move into the
intermediate-energy domain.

Four techniques for producing real or effective-
monoenergetic photons can be enumerated: (1)
"endpoint," i.e., using just the tip of the brems-

strahlung spectrum and either throwing away
kinematically or subtracting out the rest; (21 "tag-
ging", i.e., observing a coincidence between the
photonuclear reaction product and the electron that
radiated the photon; (3) positron annihilation in
flight; and (4) Compton back-scattering of laser
light by storage-rin;,' electrons. High-intensity linear
accelerators, along with good-resolution magnetic
spectrometers, have facilitated experiments using
method (1), and to a lesser extent. VM. The high-
duty-factor linacs of the future will make method (2i
feasible. Method (4), presently being pursued at
Frascati, has formidable technical problems, as well
as intensity limitations.

A very important supplementary method is that of
nucleon capture, which is the inverse of the
photonuclear process. This method, which provides
high resolution and counting rate, is now feasible
with the advent of high-intensity, intermediate-
energy accelerators such as the Indiana Cyclotron.

The endpoint method has been limited in resolu-
tion, so far, to ^ 1 MeV. Whereas better resolution is
feasible in principle, in both the bremsstranking tip
(or isochromatl method and th<' difference method,
the small cross sections and the need for adequate
statistics have necessitated the use of thick targets
and thick radiators, producing a smearing of the
emitted particle spectra. In addition, one's
knowledge of the shape of the endpoint region of the
bremsstrahlung spectrum can become a serious
limitation. In Table X-1I, the reactions are listed
which represent the future work planned.

B. Exclus;ve (y,N) Reactions

Photoproton spectra with moderate resolution
have been measured for several nuclei, allowing the
unambiguous determination of ground-state cross
sections and some information on the excitation of
low-lying excited states. The kinematic arguments
relating <7,p0) cross sections to nuclear high-
momentum components and/or short-range correla-
tions are well known and need not be repeated here.
Despite ambiguities in the reaction mechanism, it
has been possible to extract effective single-particle
momentum distributions from the (7,p0) data, thus
extending the results of (e.e'p) measurements to
k * 800 MeV/c. This subject is also discussed in t he
report of panel N-3. The most extensive <7.p) data
are for the "O(7,p0) reaction, and one sees that
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TABLE X-II

PHOTONUCLEAR REACTIONS

1. Kxdusive (7.N) reactions
1. Few-body problems
H. liy-lv.Mve reactions
4. Clustering and correlations

p
d(-y.p)n. 3He(7.d)p.n:
(%N). (7.7T), (7.NNI. (
(7.2M. (>.np). (7.2p). ». i - j . t 1.

available theoretical calculations can only
qualitatively account for the experimental results.
The common feature of these calculations is thai a
second particle is involved in the I7.pl reaction in
varying guises: A (1232) excitation, meson-exchange
cur ren t s , Jas t row corre la t ions , and the
phenomenological quasi-deuteron model. The fact
that all of these descriptions can yield the correct
order of magnitude indicates that iwo-partiele (two-
step) processes are important; the fact thai none <>t
them is quantitatively successful demonstrates a
clear need for further theoretical activity. In addi-
tion, an extension of the experimental results in
several areas should be useful in elucidating the
reaction mechanism, viz.. more complete angular
distributions of the "0(7,p0) and 4OCa(>.pol process-
es, and measurements with modestly improved
energy resolution and statistics so that l7.P1.pz. • • ••
cross sections could be determined lor these nuclei,
as well as (7,p0) measurements in two heavier nuclei
(say in the "°Zr and 2MPb regions). Also, (->.pol
measurements, which will be feasible with the new
large solid-angle spectrometers being constructed at
Bates and at IKO, along with calculations of this
process, may be of help.

These measurements could equivalent ly be ob-
tained in proton capture with the polarized proton
beam of the Indiana Cyclotron.

We note that studies of intermediate-energy (7.11)
reactions are only just beginning; recent measure-
ments on the ie0(7,n0) process at Ey = 60 MeV yield
cross sections roughly equal to that for (7,po>- As dis-
cussed also in the report of panel N-'.i. we believe
that this is an import mt area for future experimen-
tal and theoretical work.

C. Few-Body Problems

In the context of photon interactions with few-
body systems, one might first mention the "zero-

body problem," viz.. the bremsstrahlung spectrum.
All pholonuclear experiments rely on a calculation
of its shape and/or intensity, and experiments on
few-body systems are especially vulnerable because
the kinematics allows one to use a large portion of
ihe sped rum. Beams of uncharged particles are ob-
viously difficult to monitor. Further thought as well
as experimental work is needed. However, the
bremsstrahlung spectrum probably cannot take the
entire blame for the "mess" in the ls-shell. Large dis-
crepancies (^-50%) are seen in various measure-
ments of the d(7.p)n and the 'He(>.d)p cross sec-
tions at intermediate energies, and the theories fail
to reproduce the data with any accuracy. There is
apparently still a controversy over the ratio of <7,nl
and I7.pt cross sections in 4He for Ky < .')() MeV.
Other more subtle puzzles exist, such as the d<7.pl
cross section at (1°. The resolution of some of these
problems, theoretically and/or experimentally,
should be given a high priority for the immediate
future.

D. Mesonic Degrees of Freedom — Nonresonant
and Resonant

In addition to the effects seen so far in exclusive
<7.p0) reactions and in few-body problems, meson-
exchange currents and nuclear dynamics may be
observed (perhaps more clearly) in inclusive (7,p)
and (y.ir) processes. In particular, since the AU232)
isobar is seen to dominate the photon absorption
probability for Ey * 300 MeV, one can use the inci-
dent photon as a means of "planting" a ^ in the
nuclear interior. The spectra of emitted particles,
singly or in coincidence — e.g., <7,N), (7,jr). (T \2N) .

and <7,Njr) — should help elucidate the pion ab-
sorption process in nuclei, and will yield information
complementary to that obtained from pion-induced
reactions taking place mainly in the nuclear surface
region.
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E. Clustering and Correlations in Nut-lei

NO experiments have as yet been clone to look ;it
the dynamics of these effects directly. Coincidence
measurements of (7.np). (-y.pp). etc.. cross sections
for K > 100 Me\ ' . are feasible hut difficult now. and
will become "easy" with c\v machines. Processes such
as (>.d). (7.t). and iy.n) populating low-lying final
states are almost completely unknown theoretically
and experimentally. Although the interpretation of.
say, the <7.dl reaction is bound to be complicated
(i.e., the dominant effect is either clusters in the
ground-state wave (unction or pickup in the final-
state interaction), this process can provide valuable
data complementary to that in. say. tp.3He) studies,
and the electromagnetic interaction is more likely to
allow the separation of nuclear structure inlorma-
tion from problems of the reaction mechanism.

XIV. PHOTOPION REACTIONS

We note that the three reactions l7r.-, ). 17.71-). and
(e.e~7ti have some desirable properties for the studs
of nuclei:

1. The processes on the nucleon I 7 N • TTNI are
relatively well understood theoretically. At
threshold, the production operator is simply A
<T • (. It contains no gradient terms and i-
known to an accuracy of =:j°-o. In both respects
this differs from the NN • NN'ir process.
which is the other production reaction used in
medium-energy physics.

2. In the study of ^-nucleus interactions, it is an
advantage to have a •) ' e in one channel.
Since the 7 and e interactions are weaker and
well understood, the ir-nucleus interaction is
most clearly exposed.

.1. The types of nuclear excitations which
dominate in charged pion production are those
with large Gamow-Teller matrix elements.
Thus in principle one can measure the distribu-
tion of spin-flip strength in the nuclear excita-
tion spectrum.

These general features have been exploited to a
considerable extent since 1970 in studies conducted
at medium-energy accelerators. The 6Li - • 6He and
*He - 3H transitions have provided exceptionally
good comparisons between experiment and theory.
A conference on photopion physics was held at

Rennselaer Polytechnic Institute in the summer <>l
197H in which all aspects of this work were ie\ icwed.

Before discussing a possible program, one niusi
consider the experimental state of the art. r"«>i i* .7 1
reactions, pair spectrometers with 0.7-MeV resolu-
tion and efficiencies of -10 5 have been employed.
Measurements of (7.71-) total cross* sections have
been performed either by measuring the JT' H '

• e* decay chain alter the beam burst, or b\
delecting the residual radioactivity, a met bud sub
ject to large backgrounds. Inferential cross-sect inn
measurements lor (7.*--) reactions have been per-
formed from 10 to 50 \h>V above threshold at Mate-
and Sendai with an energy resolution ol -O..~> McV.
New facilities are being planned at both these
laboratories. The one at Sendai will ha \e better
energy resolution and a solid angle ol .") msr. The new
facility at Kates will have a solid angle ol .'i"> 111-r. a
resolution .ip/p ol ;"i x 1 0 ' a flight path ol !.."> m.
and a dynamic range of ir>V With these' new instru-
ments, a new era in the field will arrive. In addition.
(7.7T°) experiments are being planned at Hates with
resolutions of several McV. These experiments will
be performed with photons or with electrons without
observation of the scattered electron. This mean-
that one needs to know the shape and magnitude o|
the real or virtual photon spectra. The Hates group
has been performing measurements on these spectra
and plans to upgrade these measurement- with 1 heii
new facility. In addition, theoretical calculation- <i|
these spectra need to be improved. Keeping in mind
the present state of theory and experiment, the
program envisioned at Mates includes the following
experiments:

1. Measurements of (•>.*-) reactions tn selected
discrete nuclear final states, including spin-
isospin collective states, in order to check the
reaction calculations. This should include
energies from the threshold through the .i
region and differential as well as total cross sec-
tions.

'2. Measurements of coherent (^.tr0) reactions in
selected nuclei in the S region in order to test
the reaction calculations. We note at this time
a large discrepancy between theory and an old
(and probably unreliable) experiment.

:!. Study of feu-nucleon systems with
photoproduction. At the present time, the
Saclay coincidence experiments on I)(-).7rpip
have selected the kinematics in order to obtain
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information on the A - \ int craft ion and also to
search tor a possible dibarvon resonance.
Kurt her work on both of these topics is required
to clarify the interpretation. In addition, tltc
same techniques should be extended to A = :'.
and 4 targets.

4. Investigation of inclusive spectra nf plans and
protons produced by photons in the 200-100-
MeV region. This should shed sonic light on
-1 p ropaga t ion and in te rac t ions in the nuc lear
inter ior .

5. The (7,p7r-,l coincidence experiments in the
quasi-free region to obtain more detailed infor-
mation about A propagation and interactions.
A preliminary experiment of this type has been
performed on 12C at Tokyo for Ey > 300 MeV
and has shown interesting results.

6. The (e,e'ir) reactions, particularly in light
nuclei, to extend the dynamical range of (y.ir)
experiments. These reactions will be difficult
but should be tried, particularly il the loo°0

duty factor electron accelerators attain :HNI
MeV and above.

XV. Ml'ON CAPTURE AS A NUCLEAR
PROBE

We list briefly some of the topics which seem
promising in the field of union capture and indicate
some of the improvements required to tackle the is-
sues more efficiently. No references will fie given t"
the original research papers; these can be found in
the reviews we refer to at the end of this note. See
also the conclusions of panels V-'2. P-H. and \ : > .

Some of the fundamental issues in muon capture
are related to the nature of the interaction itself and
to the symmetry properties of the hadronic weak
current.

1. The helicity of the muon neutrino could be
determined in a model-independent way by
measuring the polarization of the recoil
neutron in singlet capture by the proton. This
experiment would require the development of a
high-luminosity polarimeter.

2. The determination of the basic coupling con-
stants through "recoil order" in hydrogen could
be performed ideally by determining separately
the singlet and triplet capture rates in
hydrogen. This requires a high capture rate in
low-density hydrogen gas. Spin-precession

measurements, which also address the same i-.-
sue. depend on a long relaxation time to.see the
triplet polarization, a possibility thai remains
to be ascertained. Precession measurement mi
t h e ' H e • 5H transition (similar to p ni were
also considered. These would require bolh high
stop-rate and nonvanishing polarization in the
triplet hyperfine level.

:{. One of the basic hypotheses concerning the
symmetry properties of the hadronic weak cur-
rents is the conserved isoveetor current
hypothesis ( (^ \T) ; it is interesting to lest it in
muon c a p t u r e b e c a u s e (he p roces s is
characterized by higher momentum translcr
than beta decay. The test requires precise ex-
periments on a given transition: the determina-
tion of both the partial capture rate and ol the
correlation between either the muon spin, the
spin of the initial (final) nuclear state or the
recoil 'vmnentum. These correlation measure
ments fall into different classes:

• hyperfine effects observed using polari/ed
targets or detecting the inierdoublci con
version by muon d i s a p p e a r a n c e ra le
measurements, and

• final-state polarizations and/or alignments
observed, e.g.. through the Dopplcr pattern
of a deexcitation gamma ray.

These experiments are also usetui for some other
purposes we shall discuss in item 1 below. Let us
note, however, that their use to check CXC requires
a precise knowledge of the axial form factor:
qua l i t a t ive ly , a 10% precision on the weak
magnetism requires the knowledge of the axial form
factor to - 1%. The precise predictability of the axial
form factor is still under theoretical investigation.

For t h e investigation of the nucleus, s ome of t he

basic questions are:
1. Are the couplings to be used in the impulse ap-

proximation description of nuclear muan cap-
ture the same on~s as for free mi cleans'!
(Especially the induced pseudosealar?) The
predictions are sensitive to the mesonic degrees
of freedom in nuclei; they require the same
type of partial capture rate and correlation ex-
periments as mentioned under item if abovi. It
should be noted also that radiative muon cap-
ture experiments between well-defined nuclear
states test the same type of predictions for
various values of the momentum transfer.
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2. An interesting question is that of a predicted
relation between pion capture and muon cap-
ture with the emission of high-energy nucleons
from either capture, along with their direc-
tional correlations. A complete test would re-
quire the determination of the excitation
energy of the residual nucleus. This would be
possible in some light nuclei: one could
measure the recoil energy of the charged linal
state. These measurements are sensitive i<> the
high-momentum components of t he nuc lea r

wave fund ions, and/or nuclenn-nuclmn cor-
relations in nuclei. Experimentally they re-
a u i r e n e u t r o n a n d c h a r g e d - p a rt i c l e
spectroseopy in muon capture.

'•\. The different aspects of muon-inducrd fission
allow us to investigate mostly the electro-
magnetic properties of heavy nuclei and sonic
of the basic physics of fission; e.g.. (ai
Coulomb-perturbed barrier shapes, and tin
time of the fission process (viz.. the muon
transfer by the fragments). They require the
detection of the fission products.

We conclude that the next few years ol invest iga
tions in muon capture will probably require high
stop rates in gaseous or very thin targets, pure, and
in .some cases, pulsed muon beams, the use n|
polarized targets, high-resolution detection ol
charged particles, neutrons and gamma rays, and a
more thorough study of radiative muon capture.

XVI. RECOMMENDATIONS

The preparation of detailed recommendations ol
specific proposals was not attempted by 1 his working
group. The consensus was that continuation o|
electron and photon studies promises to provide
data essential to the elucidation of nuclear proper-
ties as outlined above.

To implement the continuing study of the
electromagnetic interaction of nuclei, present ac-
celerators must be improved toward higher energies.
currents, and duty cycles in the next five years. At
the same time detection systems to exploit these

enhanced capabilities must be built. For example,
coincidence measurements with high duty cycle
machines will require pairs of large acceptance
spectrometers or sophisticated particle detecinr
systems.

Members of the panel see the electromagnetic
aspects of the hadronic reactions (e.g.. brenis
strahlung. inverse photo react ions I also capable ol
complementing the interpretation of topics ol high
priority in medium-energy physics such as pion
opalescence and As in nuclear medium. Improved
photon detectors with better resolution and higher
efficiency are necessary to provide nuclear
spectroscopic information. Higher efficiency and
solid-angle devices are also needed for coincident-!
measurements. A higher energy spectrometer will In-
needed to follow the photo decay ol the j and to
study (ir.'y) reactions through the resonance. A high
resolution pair spectrometer and liquid argon
counters are potentially useful here.

The panel also encourages the development of
photon beams with narrow energy spread. Hack
scattered laser beams are an exciting possibility a-
the needed technology develops.

The present cw accelerators should be extended t"
at least ')(><) VIeV. The long-range plans should in
elude a high-current cw electron accelerator with
energy greater than I (ieV.

In the weak interactions, information from nuion
capture reactions will improve with the development
of higher flux and smaller energy-spread mimn
beams. We urge the rapid construction ol high
intensity stopped n beams with time structure in the
low-MHz range (or pulsed) in aid fhe suppression ol
background and to facilitate spin-rotation tech
niques. (See panel P-4.)

Intense beams of polarized electrons have a bright
future for the study of weak interactions. Improve-
ments in both the flux and polarization realized by
polarized electron sources are needed for this work.
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An important goal of intermediate-energy nuclear
physics is the understanding of hadron dynamics in-
side the nucleus. Modification of the elementary
process in the nuclear environment can teach us
about the strong interactions of mesons, haryons.
and isobars. This knowledge is essential, in turn, for
studies of nuclear structure with medium-energy
probes. Several closely related issues come to mind
in this context: the off-shell projectile-nucleon tran-
sition matrix (i.e.. model dependence of many-body
amplitudes), isobar creation and propagation in the
nucleus, and modifications of the transition matrix
originating in Pauli effects and pion annihilation.
These are clearly difficult problems, with interpreta-
tion of experimental results relying generally very
heavily upon strong-interaction models, and very
often upon assumptions about short-range nuclear
structure (see the discussion in the N-:i panel report.
Chapter VIII).

While these questions about particle interactions
within nuclei are not directly relevant to traditional
questions about nuclear structure (i.e.. long-range
correlations), answers to them are crucial for obtain-
ing new, quantitative information about the struc-
ture of nuclear bound states. For example, while the
role of the projectile optical potential in analyzing
elastic scattering is obvious, higher order terms in
the potential might be summarized in a modified
transition matrix, and may have less obvious but
nevertheless important implications for treating the
reaction mechanism in inelastic scattering.

Certain information relevant to these questions
has been inferred from analyses of pion and proton
elastic scattering, reactions on which there exist
already considerable data. However, "deep inelastic"

reactions (i.e.. those which transfer to the nucieu- an
energy well above particle-emission threshold) probe
more directly the reaction mechanism but have
received considerably less experimental attention.
These will be discussed in Sec. 1 of this report. This
section is of most immediate interest, since il in-
volves questions to which answers are both needed
and accessible in the near future. We stress now
that, because of the model dependence intrinsic to
such studies, programmatic commitments are very
important.

Most of the experiments discussed in the
remainder of the report will require extension of ex-
perimental capabilities beyond those now available
to medium-energy physicists (e.g.. higher energy
primary beams). The creation and propagation of
"unstable particles" or hadronic resonances through
the nucleus has been alluded to already in the con-
text of meson factory experiments. In Sec. II, this is
sue will be addressed for energies sufficiently above
threshold that the resonances have appreciable
decay lengths.

Section III focuses upon the nuclear interactions
of strange particles. This discussion will involve not
only experimental programs feasible with available
kaon beams, but also those possible with construc-
tion of a low-energy kaon beam and/or kaon factory.
The primary beams needed for the latter would, of
course, make feasible much of what is discussed in
Sec. II.

Section IV is described best as a brief flight of
fancy. A couple of topics potentially relevant to the
use of nuclei in tests of the current model of hadron
structure (i.e., QCD) are discussed.
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I. «N AND NN TRANSITION MATRIX IN
THE NUCLEUS

The question of defining a transition matrix "in
the medium" is related closely to that ot construct-
ing microscopically the elastic-channel optical
potential, and to that of including multistep reac-
tion mechanisms in calculations of inelastic reac-
tions. This point is made most easily through a sim-
ple example. Two contributions to the pion optical
potential are indicated in Fig. XI-1. The standard
first -order optical potential r()[.. = \// is indicated in
Fig. XI-l(a). while Fig. Xl- l ihi represents a con-
tribution coming from pion annihilation inote that
the intermediate state is a 2p-2h state with n<> pion
present I. The connection between the optical poten-
tial and inelastic processes is clear trom the latter
figure: a large imaginary contribution to the optical
potential from Fig. XI-1(bl should be reflected in a
large annihilation cross section. The nuclear elastic
amplitude is generated by iteration ot the optical
potential. VVe now consider use of this optical poten-
tial in the calculation of an inelastic process. For ;i
s i m p l e e x a m p l e , we c o n s i d e r coheren t IT"
p h o t o p r o d u c t i o n . " Two con t r ibu t ions to the
-y\ • jr°N transition matrix in the medium arc in
dicated in Fig. XI-2. The first corresponds to im-
pulse approximation (i.e.. use ol the tree production
operator, presumably in a DVV1A calculation). The
second term is analogous to Fig. XI-lib), corre-

*I*ion excitation • »1 nuclear particle hole Mate* would -uppj\ ;in

equally cond example

b o
(a) (b)

Fig. XI-1.
Two contributions to the pion optical poten-
tial: (a) standard first-order term; (b) con-
tribution from pion annihilation.

sponding to a two-step process going through the an-
nihilation channel, dearly, if this channel con-
tributes strongly to the pion optical potential (and it
does), then we can expect the corresponding two-
step reaction |Fig. XI-2(b)| to be important
| calculations indicate that it changes the
1 6 O(7,T°)"O cross section by about a factor of 2|.

In principle, the theorist could be asked to
calculate everything from the fundamental interac-
tions. In reality this is impractical. First, the in-
teractions are generally not known fully; even
though the two-body on-shell scattering amplitude
is measured, the interaction itself (or oft-shell
amplitudel is constrained hut not specified. Sec-
ond, it is extremely difficult to calculate the
(dominant I continuum contributions to the higher
order optical potential; successful optical potentials
still must rely upon some degree of theoretically
motivated phenomenology in handling these terms.
We cannot expect any greater sophistical inn in
handling the multistep reaction mechanisms going
through the continuum. Consequently, the use ol an
effective transition operator i.» essential. The physio
input, whether completely microscopic or semiphe-
nomenological. should be consistent with that in the
relevant optical potentials. Success is to be judged
in terms of the resultant ability to provide a unified
description of a variety of reactions. Clearly one
hopes eventually to explain <|iwntnatively any
phenomenological aspect of the optical potential or
of the effective transition operator.

(a)

Fig. XI-2.
Two contributions to the yN — ir°N transition
matrix in the medium: (a) impulse approxima-
tion term; (b) two-step process through pion
annihilation.
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While the discussion was phrased in the language
of projectile optical potentials, the A isobar plays a
central role in what follows. To a good approxima-
tion, it is the doorway for irN scattering and for in-
elasticity in NN collisions at intermediate energies.

In the remainder of this section, we discuss experi-
ments relevant to the above considerations.

A. Bremsstrahlung

Nucleon-nucleon bremsstrahlung at intermediate
energies (>2(X)MeVl still appears to be the most
direct method for studying different phase-shift
equivalent NN interaction models. Such energies
are needed to achieve sensitivity to "oil-shell" dif-
ferences among various reasonable models.
However, the situation is quite contusing since no
model appears capable of reproducing the sparse
available pp-> data (even at 42 tVleYt. A high-
statistics measurement in I he 200-MeV region far
from the elastic geometry (including an asymmetric
configuration) is needed to resolve this difficulty. In
addition, calculations indicate lhat the asymmetry
in hremsstrahlung with polarized protons would be
sensitive I" different NN interaction models.

Kesulls from the one experiment in the pi<m
production region (T.'iO MeVi indicate large el led*
from 'he NA intermediate state. High-precision
data at several energies and under differing
kinematic conditions will be required to unravel the
coupled-channel effects. t(>( particular interest may
be the region of the dibaryon resonances. I However.
no quantitative theoretical calculation exists lor this
energy range.

Pion-nucleon bremsstranking has been studied
with the motivation of learning about A
electromagnetic moments. Results from the one ex-
periment do not conform to theoretical expectations.
Comparison of jr:p bremsstrahlung should help
clarify the theoretical situation. (Again, calculation*
indicate that the asymmetry in irpy is model sen-
sitive.)

B. Inclusive Reactions

I. (e,e)

Deep inelastic electron scattering (or high-energy
total photoabsorption) provides a fairly direct

means of looking at the nucleon and A propagators
for the relevant energy transfer to the nucleus (i.e..
for electron energy loss corresponding to quasi-free
nucleon knockout and quasi-free A excitation, re-
spectively). We stress that this sensitivity arises
because the inclusive measurement is insensitive to
the details of nuclear structure. |In contrast, the
(e,e'p) coincidence experiment measures primarily
the hole propagator.) As an example, the nucleon ef-
fective mass is measured rather directly by the scal-
ing characteristics of the quasi-free response func-
tion with small-momentum transfers (q < kf). At
moderate-momentum transfers (q ~* 2kF), a long-
standing disagreement between theory and experi-
ment appears to be resolved by inclusion of a A-
spreading interaction (determined in pion scat-
tering) in the A propagator. Two experimental ad-
vances are called for. First. (he data should be
extended to large energy loss, so that the A-
excitation peak is covered. Second, the longitudinal
and transverse response functions should be sep-
arated. This is important because the quasi-free
nucleon knockout and A-exeitation peaks overlap
(this problem becomes progressively worse as the
momentum transfer is increased) and the A physics
presumably resides primarily in the transverse
response function.

2. (it.it)

We still lack extensive systematic data (with
energy, angle, and target mass) <»n inclusive pion
read ions. As noted earlier, the optical potential
reflects directly the dominant direct reaction
mechanisms. Consequently, the inclusive data are
essential for constraining in a general way the
relative importance of various dynamical inputs to
the optical potential and to the in-medium transi-
tion matrix. JAn example of the problem one can get
into without such constraints is the reliance, until
recently, upon first-order static optical potentials.
which have some success in reproducing elastic scat-
tering in the resonance region but have the wrong
dynamical content.) In short, the dominant reaction
channels define the framework for reasonable
theoretical considerations.

The inclusive reactions remove much of the
dependence on details of nuclear structure and final-
state interactions. This is indicated schematically in
Fig. XI-3. where the final nucleon states are
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(da inclusive

g.s.

Fig. Xf-:i
Schematic representation of the inclusive cross section.

summed over and can therefore be removed by
closuit. As such, the characteristics of ihe transition
matrix in the medium may be seen more easily, h
should be clear that neither very good resolution nor
very good statistics are essentiai for most of these
measurements. However, establishment ol the
systematic* is crucial.

The total cross sections for pion elastic and in-
elastic scattering and for pion annihilation (as well
as tor pion charge exchange) are available as a func-
tion of mass number for a few energies up to the res-
onance. Kxtension of the data to higher energy is im-
portant for guiding const met ion of the optical poten-
tial to those energies. This is especially true for the
total annihilation cross section. The rather crude
data available above the resonance energy indicate
generally a cross section substantially smaller than
that expected. This may indicate that a A damping
mechanism other than pion annihilation becomes
very important.

The energy spectrum of scattered pions in
"Oln-1.;^) indicates dominance of the one-nucleon
knockout mechanism and the importance of Pauli
blocking of A decay (through a suppressed cross sec-
tion at small scattering angles). These measure-
ments should be extended to larger nuclei and
should include small pion scattering angles. An im-
portant complementary measurement is the in-
clusive double charge exchange (JT1 ,^*). since this
reaction essential ly removes the one-step
mechanism. A measurement of the energy spectrum
of final pions for 240-MeV pions incident on " 0 in-

dicate that -~'M)% of the inelastic cross section at
this energy comes from two-nucleon knockout. Such
data are also valuable for determining the extent to
which the forward-angle {ir^.ir1) inclusive data come
from two-step processes (and thus for fixing the role
of the Pauli blocking in the one-step process). It is
important to extend these measurements to lower
incident energies (the cross sections will get small-
er) as well as to heavier nuclei.

Another interesting inclusive reaction is (•xt,Trt]
on different isotopes. Specifically, if we assume that
the dominant A-spreading interaction (or t-matrix
modification) arises from pion annihilation, the
isospin dependence of the interaction can be tested.
Such a measurement has been performed on 1618O at
150 MeV. with the perhaps surprising result that the
backward ;r+-180 cross section is ~20% smaller than
the 7r*-"O cross section. Such a qualitative effect
must originate in the isospin dependence of the t-
matrix modifications: in fact, a simple estimate
based on the A-spreading interaction determined in
7r-"O elastic scattering reproduces this qualitative
feature. Systematic information of this type (i.e., as
a function of energy and for heavier isotopic pairs)
would be very instructive in constraining models of
the in-medium t matrix and therefore of the optical
potential.

In a similar vein, scattering from polarized targets
or measurement of angular correlations should
provide information on the A-nucleus spin-orbit
potential.
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3. (N.N1)

The same basic issue of constraining the
dynamical input to the optical potential or multiple-
scattering theory through inclusive scattering infor-
mation arises for nucleon-nucleus interactions. The
absence of the annihilation channel makes the situa-
tion here somewhat easier. Nevertheless, the ex-
istence of a strongly coupled channel in the NN in-
teraction (i.e., the NA channel) dictates that
systematic measurements be made of inclusive
proton scattering in the 600- to 1000-MeV energy
range. The measurements must extend to nucleon-
energy losses covering both the quasi-elastic scatter-
ing and the A-production regions. This is clear from
Fig. XI-4, which represents one contribution to the
first-order nucleon optical potential; quasi-free A
production should represent a large part of the reac-
tion cross section. The object of those measurements
is the partitioning of the reaction cross section into
its major components with an accuracy of ~10%.

The energy-loss spectra in (p,p') corresponding to
quasi-elastic scattering and to A production will
overlap to some extent. The (p,n) inclusive cross sec-
tion, as a complement to the (p,p'), may help sep-
arate the contributions. The final neutron and
proton spectra may be different in the A region;
basically, this is because the protons are expected to
come mostly from A decay, but not the neutrons.
Further, the (p,p') inclusive spectrum would help in
isolating these two (presumably dominant)
mechanisms, since the spin structure of the
NN — NN and NN — NA amplitudes are different.

As discussed above, the A propagator in the
nucleus is apparently modified strongly by coupling
to the pion annihilation channel. Consequently, the
(p,7r) and (p,p7r) inclusive measurements are also
needed. In the latter case, the angular distributions
of the produced A should be measured. We stress
that strong modification of the A propagator
generates a modified NN transition matrix, and this
must be understood for quantitative nuclear struc-
ture studies with high-energy protons.

C. Exclusive Reactions

In exclusive reactions, the final state is completely
determined kinematically, allowing for greater flex-
ibility in isolating simple quasi-free reaction
mechanisms or in probing short-range interactions.

1. Nucleon Knockout: (p,pN) and (n,nN)

The knockout process to a discrete final state has
long been considered a means for getting at the off-
shell projectile-nucleon transition matrix. The
reason is clear from the impulse approximation
diagram shown in Fig. XI-5; since the kinematics of
all external particles is known, the off-shell
kinematics of the exchanged nucleon can be
specified. Obviously, multiple-scattering effects
complicate the situation. There are basically three
"unknowns": (1) the momentum distribution of the
struck nucleon, (2) the distorted waves, and (3) the
off-shell behavior and medium modifications of the
projectile-nucleon transition matrix. The classical
(p,2p) experiments were performed with equal
angles and energies for the outgoing protons. Unfor-
tunately, this makes extraction of any of the un-
knowns very complicated. A better approach is to

Fig. XI-4.
Contribution to the first-order optical potential
from intermediate-A excitation.

( A - l )

Fig. XI-5.
Impulse approximation for nucleon knockout.
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use the available kinematic flexibility to change the
variables relevant to only one of the unknowns. For
example, a "fixed-condition geometry" appropriate
to probing the transition matrix entails fixing the
energies of incoming and outgoing nucleons |or pions
for (ir,irp)\. the -separation energy, and the
magnitude of the nuclear recoil momentum. The
remaining free variable is the angle of the recoil
nucleus. The major variation with this angle is then
the ratio of initial and final relative momenta in the
transition matrix. Such experiments should be car-
ried out belovv the pion production region, although
theoretical calculations indicate that sensitivity to
off-shell variations may not be large.

Asymmetry measurements in exclusive (p.2pl
would also be of considerable interest. A theoretical
calculation predicts a large asymmetry, although
again little sensitivity to the off-shell extrapolation
of the NN amplitude.

Medium corrections to the transition operator in
exclusive (ir,vp) are expected to be large. For exam-
ple, a theoretical calculation of the Pauli modifica-
tion of the JTN transition matrix (basically, a
quenching of the isobar decay width) has predicted
an increase in the coincidence cross section of rough-
ly 50% for certain kinematics. Significant Pauli
modifications of the (p.2p) cross section might also
occur for energies of about KM) MeV. since Pauli ef-
fects are known to modify significantly the optical
potential at these energies.

Interpretation of the exclusive knockout reactions
rests to a large degree on the one-step reaction
mechanism assumption. Measurement of the dis-
tribution of recoil nuclear momenta would test this
assumption. Measurement of the Treiman-Yang dis-
tribution would be difficult but would provide a
strong consistency check on the reaction
mechanism. One such measurement exists for
(TT.TTP) and indicates a breakdown of the assumption
for nuclear recoil momenta as low as 150 MeV/c.

2. Few-Body Breakup

Kinematically complete measurements of few-
body breakup are very instructive for disentangling
different reaction mechanisms. A model program
relevant to pion physics is the Saclay intermediate-
energy photonuclear breakup and pion production
program. Similar measurements with pion beams
(ird — Trpn, jr3He — irpd. . . .) should be carried out
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in the resonance region. The measurements should
start with kinematics for which the impulse approx-
imation should be valid, and then go off to more
"unusual" kinematic regions where more com-
plicated reaction mechanisms enter strongly. As an
example of the sensitivity possible, we note that the
Saclay group has extracted .AN s-wave interaction
parameters from the 7d • pp;r reaction.

3. Reaction to Nuclear Bound States

Coherent IT" photoproduction is an especially good
probe of the pion wave function (as predicted by an
optical model derived from elastic scattering), since
the photon interacts weakly and the nucleus stays in
the ground state. As discussed in the example at the
beginning of this chapter, the production operator in
the medium must be treated in a fashion consistent
with the pion optical potential used: theoretical es-
timates indicate a reduction of the cross section by
as much as a factor of 2 in the resonance region
because of A-spreading interactions, h is important
that measurements be made in the resonance region
with energy resolution sufficient to resolve the
ground state. Experiments should be carried out at
least on one fairly light nucleus and on a heavy
nucleus. The differential cross section at large angles
(beyond the region dominated by the nuclear size) is
small but would provide valuable information on the
pion-nucleus interaction. Inelastic pion scattering or
pion charge exchange to nuclear bound states may
also be useful for extracting information on the n-X
transition matrix in the medium. Systematic study
of the excitation of well-understood particle-hole
states would be most useful.

Phenomenological parameterizations of the low-
energy pion optical potential imply that pion-
nucleus size resonances may occur in the energy
region 0-50 MeV. They would be highly inelastic due
to absorption, with typical widths on the order of 10-
20 MeV, and would most likely show up as
anomalies in the elastic-scattering amplitude from
doubly closed stnll nuclei (e.g., 28Si, <048Ca. and
208Pb). A phase-shift analysis at several closely
spaced energies may be necessary. The existence of
these resonances is related to the speculation that
there may be pion-nucleus "bound" states. One
might find such states with high-precision, inclusive
(e,e') studies below pion production threshold.



In the energy region 500 to 1000 MeV. the pp spin-
dependent amplitudes are known to be large and
have characteristic energy dependencies. Nuclear
spin-flip excitations provide a way to isolate these
spin-dependent amplitudes. Therefore, the excita-
tion functions for such states are sensitive to the
modification of these amplitudes in the medium.
I'se of polarized beams would allow separation of the
individual spin-Hip terms in the amplitude.

II. INTERACTION OF UNSTABLE "PARTI-
CLES" WITH NUCLEI

The production of hadronic resonances inside
nuclei, at energies sufficiently high so (hat the res-
onance decay length is at least comparable with the
nuclear diameter, provides a means lor extracting
dynamical information about resonance-nucleon
scattering. At the least, such information provides a
simple test for quark model predictions. The classic
example of this technique is the measurement of
coherent p photoprodud ion for photon energies
ranging from about 2 to 20 GeV; the extracted /tN
cross section agreed with theoretical expectations.
This general approach could be used for coherent
production of multipion systems or of massive N*s
with primary beams of several (leV. Measurement of
the A-dependence of these cross sections is crucial.

An extension of such measurements could be the
extraction of the resonance line shapes as a function
of energy. These would be very sensitive to the
hadron dynamics of the resonating system and to the
nuclear interactions of the resonance "constituents."
This could be especially interesting for energies not
too far above the production threshold; however, the
cross sections would then be considerably smaller
because of the increased momentum transfer re-
quired.

HI. KAON-NUCLEUS INTERACTIONS

The K and K differ dramatically in their interac-
tions with the nucleus (KN and KN amplitudes are
not related by crossing symmetry), especially within
the energy range available for studies in
intermediate-energy physics. Therefore, we shall
discuss these two probes separately.

A. (K-,K°)

The K (with strangeness S = - I I interacts
strongly with the nucleon. There are open inelastit-
channels at threshold: KN • ;rY. Y = A. 1. The KN
can form a variety of Y* resonances (S = - I) just as
the irN form the A. Two of the more interesting 'N *s
are (II the AU405). which lies just below threshold
in the K-atom. qualitatively altering the I = 0 KN
amplitude in the medium: and (2) the A11520),
which has a very narrow width (Hi MeY). making it
potentially useful in investigating the propagation of
isobars in the nuclear medium. Like the 7r. the K is
strongly absorbed in nuclei: its elastic channel wave
function is localized primarily in the nuclear
periphery.

The driving interest in K physics has been the use
of the (K~.*~) reaction to transfer strangeness to the
nucleus in investigating the properties of A- and !:-
hypernuclei. Studies of ground-state systematic*
(including low-lying core-excited states) as well as
the level structure of the excited (including
strangeness-exchange analog and super symmetric)
states provide indirectly our primary knowledge of
the YN interaction, a sector of the SU(I}) baryon-
baryon interaction not explored with conventional
probes. The s-shell hypernuclei appear to he sen
skive to such questions as the AN-2N coupling, the
tensor nature of the triplet force, and charge sym-
metry breaking. The p-shell hypernuclei have been
studied in an effort to understand the spin-orbit and
spin-spin structure of the AN force: the spin-spin
force is expected to be repulsive here, opposite to the
NN case. Explicit three-body ANN force effects ap-
pear to be significant.

Interpreting the (K,7r) reaction requires that we
study thoroughly the K-nucleus scattering problem
(and the 7r-nucleus problem). To construct a valid
model to describe the K distortions, on° must have
experimental information on the (K,K), (K,K),
(K,ir), and (KNN,YN) channels. The relative im-
portance of KNN — irYN and KNN — YN must be
established. Measurements of fftot and areBC as a
function of incident momentum are called for. As
with pions, one must treat consistently all the in-
gredients in the DWIA calculation.

Experimentally, the primary effort has been the
(K-,7r") reaction in the region of 800 MeV/c. This
work should be continued with emphasis upon
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improving the resolution (possibly to a level of better
than 0.5 MeV) in order to resolve hypernuclear
states belonging to the same configuration. This is
necessary to determine the AN effective interaction,
particularly the spin-dependence, more reliably.

The (K~,TT~) angular distributions on light nuclei
with non-alpha-particle structure are encouraged,
including isotope and isotone comparisons such as
'•'Li, 12I3C, l e l 8 0 . and "B-12C. Comparison of
(K",7r") and (K~,7r°) on targets such as "Be would
permit separation of the I = 0,1 structure.

We would encourage exploring (K~.ir"7> coin-
cidence experiments on very light nuclei, including
(ir'.y) angular correlation measurements to fix the
spin of the y emitter.

A concerted effort in low-momentum (<500-
MeV/c) K scattering would seem most rewarding.
The recoilless production of A hypernuclei occurs at
about 550-MeV/c incident momentum: strangeness
analog state searches in heavy nuclei, where such
collective states might be expected, would be possi-
ble. The recoilless production of 2 hypernudei oc-
curs at about 320 MeY/c; the existence of narrow-
states suggested by preliminary CERN work would
require approaching this momentum as closely as
possible. Such states would constrain the 2X in-
teraction and provide information on AX-1'X con-
version. Study of the AU520) isobar propagation
would require about 400 MeV/c; quasi-elastic K
scattering near this momentum (as opposed to
elastic scattering where Fermi motion effects are
overwhelming) should elucidate some of the essen-
tial features of this process and complement our
understanding of A propagation in the case of jr-
nucleus scattering. Thus a channel designed to
operate in this momentum region would appear to
offer much in the realm of K physics as well as per-
mit one to study K+ scattering where the I = 0 par-
tial wave is dominant. Discrimination between the w
from the (K,JT) reaction and the beam n contamina-
tion as one approaches the recoilless product ion con
dition does not appear to be impossible, although
difficult. A serious study should be undertaken of
the feasib:)uy of constructing over the next five
years such a specialized channel.

More precise K-atom measurements are called
for, so that second-order terms in the simple poten-
tial model description can be seen. This is necessary
to learn something about A(1405) propagation in the
medium (e.g., the effective mass}.

Lifetime studies of the A in the nuclear medium
are clearly feasible and should be undertaken to
study the weak AN - NX decay and to test sugges-
tions that the A becomes stable in the presence of
strong nuclear electric and magnetic fields.

The near-threshold 7.K"I reaction should be ex-
plored as a "clean" met»i>,d of producing low-lying
hypernuclear states.

Finally, the (K~.K~) inclusive experiments look-
ing for AA hypernuclei and E hypernuclei should be
explored. These systems arp our only means of ob-
taining information about the S = -2 barvon-
baryon interaction and completing our picture of the
Sl'(H) structure of the baryon-baryon force. (See
Sec. IV for a discussion of possible bound di-A six-
quark states.)

B.

Because of its strangeness (S = +11. the low-
energy KX interaction is not resonant. There are no
known S = +1 baryons or low-lying resonances, and
no such simple structures are predicted in the quark
model. (The exotic Z* would lie higher, at momen-
tum >1 (ieV/c, if it exists.) Thus, there are no com-
pound states (as in the case of TTX - -i) and no near-
threshold open inelastic channels.

The K is one of the weakest hadronic probes
available. Below 800 Me\7c the cross section is nun

< 10 mb. This implies a mean free path A = (/»?,„,) '
of some 5-7 I'm, assuming no drastic modification of
the K propagation in the medium. (There does not
exist an annihilation channel here as there does for
the 7r or the K.) Because the KX interaction is weak,
the multiple-scattering series should show rapid
convergence. The connection between the optical
model and the free KX interaction should be more
direct than in the case of other hadronic probes. One
would hope to construct V"pt from first principles
and to avoid the necessity of resorting to a phenom-
enological approach in interpreting K-nucleus scat-
tering. The energy dependence of the KX
amplitude (primarily 1=0, 1 = 1 below 500
MeV/c and I = 1,1 = 0 above 500 MeV/c) should be
useful in extracting nuclear structure. Because there
are no open inelastic channels below the threshold
for pion production (other than charge exchange),
one should be able to insure consistency in the
DWIA calculations between the model used to
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generate the distorted waves and the model used to
describe the interaction in impulse approximation.

Experimentally, the K is also an attractive probe.
Its large mass and weak interaction imply that it
should be an ideal high-momentum transfer tool
below meson production threshold, where the KN
amplitudes are purely elastic. A detailed test of this
idea should be undertaken: a comparison of form
factor information from (K,K) and (e.e) elastic and
inelastic scattering from light (N = Z) nuclei. (Of
course, the required KN amplitudes must be deter-
mined first.) Precision experiments are called for.

If the K proves to be as attractive a tool as the
theorists argue, then it should make an ideal com-
panion to (e.e) since the K does see the neutrons.
The (K,Kp) reaction should be used to extend the
(e.ep) work to larger q, and the analogous (K.Kn)
reaction should be used to explore the neutron struc-
ture of the nucleus. (Higher K fluxes than are pres-
ently available will necessarily be required. I

Testing of V££, will require that (K.K1) data be
taken.

The weak nature of the KN interaction may per-
mit the extraction of Kn amplitudes from Kd scat-
tering, a somewhat risky venture with the it and K.

Finally, the (K+,K°) reaction should be tested as a
means of probing properties of the single-charge-
exchange reaction not revealed with strongly ab-
sorbed projectiles as in the case of (p,n) and (jr*.^0!;
i.e., the K single-charge-exchange reaction is not
surface localized.

IV. QUALITATIVE QCD TESTS IN NUCLEI

Much of the discussion in Sec. I involved implicit-
ly the short-distance interaction of hadrons. Modern
theories of extended hadrons, based upon the QCD
quark-gluon model, would imply that these discus-
sions should be couched in the language of interact-
ing "bags" rather than that of mesons and baryons.
In reality, it is difficult to find evidence from low- or
medium-energy strong-interaction physics that
clearly favors the QCD picture. Only qualitative
"model-independent" results are likely to prove con-
vincing.

A. Di-A

In QCD, one expects on rather general grounds
that two A particles will be bound strongly. Basical-
ly, having more flavors available than in the NN
case, the color-spin wave function can be more sym-
metric, thus lowering the gluon exchange energy.
Estimates of the binding energy are in the 100-MeV
range. With a kaon factory, a systematic search for
the di-A would be possible through the double-
charge-exchange K' • K* reaction on nuclei. We
note that the very limited data available on K\He
give no indication of the state. Nevertheless, there
are ways to reconcile the existence <>! both AfHe and
the deeply hound di-A (if me latter is found I
Therefore, an extensive attempt to knock out ihe di-
A in K" • K~ reactions would have important con-
sequences.

B. Long-Range Van der Waals Force Between
Hadrons

The long-range strong force has been thought to be
governed by single pion exchange (except when for-
bidden by selection rules), since the pion is the light-
est mass meson. However, another possibility is
available in QCD: the exchange of two massless
colored gluons should give rise to a long-range (i.e.,
falling as an inverse power of the separation) Van
der Waals force between hadrons. Independent of
theoretical predictions for the strength of the poten-
tial, the experimental limits on the strength for a
strong r"n potential should be lowered as much as
possible (note that the strength must be defined
relative to a length scale, generally taken to be
~1 fm). While such potentials are ruled out for
small n (for example, by Eotvos and Cavendish-type
experiments), the limits are not nearly so good for
n > 7 .

Hadronic atoms offer some promise. However, all
"standard" strong-interaction effects must be in-
cluded or sufficiently large angular momentum
selected so that only the higher order QED effects
compete with the QCD effects. A detailed analysis of
this possibility is beyond the scope of this report.

Nucleon-nucleon scattering may also provide
useful limits. An analysis of the threshold energy
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dependence of existing phase shifts has led to the
claim that powers n < 10 can be eliminated (for
potentials of "hadronic strength"). However, the
phase shifts used were obtained assuming one-pion
exchange contributions (OPEC) dominated the
long-range behavior. A measurement of 400-keV
proton-proton scattering in the Coulomb in-
terference region gave theseatteringamplitude toan
accuracy of ~0.005 I'm. A theoretical estimate of the
Van der Waals effect for these experimental condi-
tions gives a modification of the amplitude of about
the same size. Further study of these possibilities is
needed.

V. SUMMARY OF RECOMMENDATIONS

We now summarize the recommendations rele-
vant to near - te rm exper imenta l work at
intermediate-energy facilities.

Systematic inclusive measurements are very im-
portant for constraining the dynamical input to
theories of hadron-nucleus interactions. Deep in-
elastic electron scattering is sensitive to the A prop-
agator; the measurements should be extended to
large energy transfer (lor fixed, moderate-
momentum transfer), and the separation of
longitudinal and transverse response (unctions is es-
sential.

Programs aimed at specifying (he dominant reac-
tion channels in pion and nucleon scattering should
be carried out. These should cover a range of
energies, angles, and target masses. For pion scatter-
ing in the resonance region, (W.TT') and (TT*,^) in-
clusive spectra give information on the nucleon
knockout mechanism. The former should be mapped
to small scattering angles, especially for heavy
nuclei, as a function of energy. The double-charge-
exchange inclusive measurements should be extend-
ed to heavy nuclei and to incident energies at or
below the resonance. Isotopic differences and asym-
metry measurements with polarized targets are sen-
sitive to specific aspects of the A-nucleus interac-
tion. The total annihilation cross section for pions
should be measured more accurately, especially for
energies above the resonance.

Inclusive nucleon-scattering programs are most
important for the energy region corresponding to
strong pion production (600-1000 MeV). Proton
energy losses corresponding to quasi-elastic scatter-

ing and to A production must be covered. In addi-
tion to (p,p), both (p.n) and (p.p) reactions should
be investigated, since these help separate different
reaction mechanisms. The inclusive (p,ir) and
(p.pr) reactions, together with the (p,p) reaction,
help specify the role of pion annihilation (or of the .i-
spreading interaction) in modifying (he XX (-matrix
in the medium.

The kinematic flexibility available in exclusive
breakup reactions should be exploited to isolate
specific reaction mechanisms. Systematic
kinematically complete breakup measurements in
pion scattering from few-body systems should be
performed. These should probe both the quasi-free
region and the kinematic regions in which multi-
step mechanisms must dominate.

Coincidence (7r.7rp) and (p,pn) measurements are
fairly direct ways of examining the in-medium t-
matrix. The geometry must be chosen so as to isolate
as few variables as possible. Qualitative tests of the
reaction mechanism, such as measurement of the
recoil nucleus momentum distribution or of the
Treiman-Yang distribution, would be very helpful.
In proton scattering, the asymmetry in (p.2p) should
be measured.

Coherent ?r0 photoproduction appears to be a good
way to examine the reaction mechanism in a nuclear
"elastic" process. Accurate measurements of the
angular distribution for a light nucleus and for a
heavy nucleus should be performed.

The NN and iN bremsstrahlung appear to be
rather direct wa>s of examining the dynamics of the
scattering process (e.g.. for measuring the off-shell
amplitude). However, the situation is presently very
confusing. Clarification (i.e., help for the theorists)
may come from improvement of the data base, in-
cluding asymmetry measurements.

Finally we turn to kaon physics, emphasizing
again the near-term possibilities. The most impor-
tant recommendation here is that attempts be made
to improve the energy resolution and to extend the
angular distribution measurements in the (K".7r~ )
experiments. This is needed for separating states
belonging to the same configuration and thus for
extracting information on the hyperon-nucleon in-
teraction. Also, inclusive K measurements should be
made as an aid in constructing K optical potentials.

While low-energy K scattering is not feasible now.
it seems quite possible that a special low-energy
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channel could be constructed in a time period of
about five years. Such a channel would permit study
of recoilless production of A- and --hypernuclei, and
study of the A(1520) creation and propagation in
nuclei. We urge that the possibility of constructing
such a channel be looked at closely in the immediate
future.

K* beams appear to provide an excellent nuclear
structure tool. Emphasis should be placed upon
those K* experiments that will test this possibility.

As a last note, it is clear that the programs out-
lined above require generally considerable
theoretical analysis. In the absence of cloning, there
would not appear to be a near-term solution to the
present imbalance between experimental and
theoretical effort. Increased support for theorists
and increased opportunity for theoretical graduate
students to become involved in intermediate-energy
research activities would improve matters in the
longer term.
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XII. PANEL N-7

PION ABSORPTION AND PRODUCTION MECHANISMS

Chairman:
Co-Chairman:

Daniel Koltun
Barry Preedom

Participant*: •). Alsler. D. Drerhsel. .1. Kisenberg. H. Kenrint;- VV. (lihlis. A. Ham-ark. \V. Hesselink. H. Hoiptad. H.
Mayes. (1. Middelkoop. V. RaKhunathan. ('. Wilkin. I'. Yerpin. and B. Zeldman.

I. INTRODUCTION AND SUMMARY

A large variety of pion absorption and production
experiments have been done over the years, and
many more have been suggested. The N-7 panel
tried to sort out what might be both of major interest
and within reach in the next five years, with present
or reasonably certain facilities. We first list briefly
those types of experiments that we consider to be of
high priority (but without ordering); fuller discus-
sion follows in later sections.

•The pp — jrd reaction is still the fundamental
reaction in which both theory and experiment
can be pushed, in principle, to considerable
detail and to a high degree of completeness. We
recommend accurate differential cross sections
and less-accurate spin-polarization measure-
ments over a large energy range.

•Closely related and less well studied are the pN
— irNN reactions. Here complete experiments
are much more difficult, but also not immediate-
ly required, from the point of view of nuclear ab-
sorption and production. These reactions play an
important role in the program to study the NN
system as well, and should be studied, e.g., for
possible information on dibaryon states.

• Nuclear absorption of pions (i.e., annihilation =
no pion out) is a major branch of the total cross
section for T, < 200 MeV, and perhaps at higher
energies as well. It seems important for further
progress in our general theoretical understand-
ing of ir-induced reactions to identify the major
branches of the absorption by measuring the
emitted particle multiplicities and spectra.

•The interest in the possibility of a "precursor" ef-
fect of pion condensation or, equivalently,
enhancement of magnetic excitation of nuclei,

suggests the value of pursuing certain special ex-
periments, namely (ir,2ir), (e.eV), and (7r,e+e~).

•The (P,TT) and (jr,p) exclusive experiments have
received considerable attention in recent years,
partly as a possible nuclear structure tool. The
reaction mechanism is not believed to be
sufficiently well understood, however, and it
seems worthwhile to try to pursue a set of experi-
ments which might help clear this up.

We also discuss below the following reactions,
which are of interest and accessible:

• <ir,2N),
•(ir,y), (j,ir),

• (p,p?r) inclusive (and exclusive), and
• (ir,d) or (d,ir) exclusive.

We recognize the possible interest in high-energy
inclusive ir production by p, d, 7, etc., without mak-
ing specific recommendations. Similarly, we have no
additional comments on K-absorption and produc-
tion experiments.

II. pp — nd

The pp — ir+d reaction has been studied as a func-
tion of energy from threshold over the (3,3) res-
onance. The strong energy dependence of thp in-
tegrated cross section is given approximately by dif-
ferent theoretical models, all of which include TT
rescattering through the A but which make different
assumptions about irN form factors and the impor-
tance of p-meson interference with the ir. The
models cannot be distinguished by the measured in-
tegrated cross sections, but they do not do very well
with the angular distributions. Particularly since the
experiments are somewhat ahead of theory here, one
does not necessarily require simply more complete
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and accurate data on integrated and differential
cross sections, but more information on the partial
wave amplitudes for the reaction. This requires spin-
polarization data. A preliminary report on measure-
ments at 500 MeV at SIN, with both beam and
target protons polarized, was delivered at
Vancouver.1

We recommend that polarized pp -* ?rd experi-
ments be carried out at various energies from
threshold to several GeV. This program is under way
in part at SIN, LAMPF, TRIUMF. and ANL. It may
be possible to do complete spin experiments by scat-
tering the recoiling deuterons: p + pi -• w~ + d.

The theoretical models will have to confront the
spin-polarization data and then be improved, or
eliminated accordingly.

III. NN - NNn

The NN - NNr reaction is basic to the
understanding of w absorpt.on and production in
nuclear systems, and should be understood in all of
its aspects for interpretation of the nuclear experi-
ments. Also, this reaction is necessary for
understanding of NN scattering at intermediate
energies. For example, the energy variation in spin-
spin correlated pp cross sections around 1 GeV has
led to suggestions of dibaryon resonances. To study
these in the inelastic channels requires complete
pion production amplitudes, which are not
measured.

This program is very largj because of the three-
body final states available. From the point of view of
nuclear absorption and production, it would make
sense to single out the low relative motion of the two
final-state nucleons. Studies as a function of beam
energy and TT angle are needed. Polarized beam
protons would also be of interest, e.g., for the in-
terpretation of (P,TT) reactions on nuclei.

For study of the NN system, and dibaryon res-
onances in particular, polarized beam and target are
important, as mentioned for pp — 7r+d. The
availability of polarized neutron beams at
SATURNE will also be valuable (see also the panel
P-l report).

IV. DECOMPOSITION OF aT AND aabs

Any usable description of pion-nucleus interac-
tions must describe the reactive content, i.e.. the
decomposition of the total cross section into its
various reaction modes. The dependence of this
decomposition on the pion energv and target mass is
a guide to a qualitative understanding of the domi-
nant prc -esses, and provides a test of all reaction
theories applied to pion-nucleus interactions.

Such a decomposition of aT into elastic, charge ex-
change, inelastic, and absorption parts, for a variety
of targets at energies around 125 MeV and on 12C for
100 < T^ < 250 MeV, has been reported recently.- It
would be of interest to extend this kind of study both
downward and upward in energy. For very low
energy, pion absorption should be the dominant
reaction mode; above the resonance it is not clear
how important it will remain. (For 12C, <7ab8 begins to
drop with energy, but for large nuclei this is not
known.)

Perhaps more important in the long run is a
further development of the inelastic and absorption
cross sections into their major branches: e.g..
(TT.JTN), (TT.JTNN), etc., and (TT.N), (vr,2N). (JT.XN +
d), etc., that is, identifying the types of particles and
their multiplicities with energy measurements. This
means rather extensive studies that will have to use
a variety of techniques for multiple-particle
measurement: for example,

• large arrays of wire counters preceded by plastic
4T counters, and

• large-volume magnetic field essentially filled
with wire counters, etc., as in the CKKN
OMICRON.

An adjunct to such a program of study for the
whole mass range of nuclei might be a concentrated
study of very light targets: 3He. 'He, 6Li, etc., for
which all particles might be seen. (Bubble or
streamer chambers might be of some use here.)

Such a large program would also need theoretical
attention. Statistical theories of energetic reactions
(cascade, preequilibrium, and transport equations)
might give guidance as to magnitudes. Current
theories of elastic and inelastic pion reactions can be
studied in terms of their reactive content, in which
the role of absorption will have to be understood.
(See also the N-4 panel report.)
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V. ENHANCEMENT OF MAGNETIC TRANSI-
TIONS — PRECURSOR PHENOMENA

Precursor phenomena of pion-condensation effects
should manifest themselves by an enhancement of
transitions to states with unnatural parity. A
relatively recent development is the use of the (s- .7)
reaction for studying the magnetic giant res-
onances.5 This work is naturally complementary to
the electroexcitation studies in these transitions.4

The detection of the J"" = 0", T = 1 states is a
special challenge. These states are reached by
radiative pion capture and the reaction iy.ir). but
strongly masked by 1" and 2~ states nearby. The
study of isovector magnetic monopole states is of in-
terest not only to find possible enhancement effects
but also to complete the study of the giant res-
onances in nuclei. In view of present predictions for
precursor phenomena." a range of momentum trans-
fer of 2 m* < q < 3 m, is of particular interest. Three
possible reactions have heen proposed to achieve
this goal.

1. (ir,2ir). In a kinematical region where the
pions are close to threshold, there is an appreciable
S-wave component in two-pion wave functions, and
the intrinsic pion parity favors the magnetic
monopole transition.'' A resolution of typically
2 MeV is required to separate the region of the 0
states from other giant resonances nearby. Note that
this process has received almost no experimental ex-
amination. It can also serve as a test of our theory of
the reaction mechanism, which in this case is usual-
ly studied through current algebra techniques.

2. (ir,e*e~). A pion with momentum in the
region of 2-3 ra, and the pair with small total
momentum probes the region of interest.

3. (e,e'n). The scalar component of the virtual
photon leads to similar selection rules as discussed
above. However, at incident electron energies of 200-
300 MeV, the 0" is weakly excited relative to other
giant resonances, and higher energies are necessary
(see Ref. 4 for previous work). In addition, such coin-
cidences absolutely require continuous-wave lew)
accelerators. Such accelerators under discussion are
the proposed 1- to 2-GeV cw electron accelerator in

the United States and the 800-MeV Mainz
"viicrotron (first stage up to -UKi MeV under con-
struction).

VI. <p,u) AND (w,p) EXCLUSIVE REACTIONS

These reactions have been of interest" in part
because of the relatively large momentum transfers
involved (q > 4o() Me\7c) which might provide a
test for high-momentum nucleons in nuclear targets.
The reaction mechanism is not currently sufficient-
ly understood to realize this aim. Extensive data ex-
ist for Ep ~ 150-200 MeV. including <p.7r I. and also
for EB ~- 800 MeV. but not between. Asymmetry
data (p,7r) exist for several nuclei. Some in~.pl and
(ir-,n) data exist for T, < 300 MeV.

Theoretical analysis has been based on simple
models which assume either a one-nucleon produc-
tion or a two-nucleon mode |as in pp — ird or p . \
irNN (see Sees. 1 and II above) |. Each has had some
success for differential cross sections to some select-
ed states, but (p.r) asymmetries are less successful.
No present calculation includes fully both one- and
two-nucleon modes. It seems important that such
calculations be undertaken to try to sort out the
reaction mechanism here. Some similarities be-
tween (TT.P) and high-energy (p,d) reactions (in
terms of nuclear states excited) have been noted:
this connection has not been completely understood.

In light of the lack of understanding of the basic-
reaction mechanism here, it seems worthwhile to
perform a set of experiments specifically designed to
learn more about it. The biggest lack is in the energy
dependence of (p,7r) between 200 and 800 MeV.
Some of this could be done at TRIUMF, but a high-
resolution spectrometer would be required.
(Variable energy at LAMPF would also help.)
Complete energy data on a few selected targets, with
(p,ir) asymmetries and (p,;r~) as well, should be
taken and analyzed with fully developed
microscopic theories to fulfill the aims of this study.
Then it may be possible to realize the usefulness of
these reactions for nuclear structure. Alternatively,
one should at least better understand the pion
production or absorption interactions in nuclear
targets.
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VII. («,2N)

This had been an active program until recent
years, largely for stopped TT~ or low-energy w* {1\ <
70 MeV) on relatively light targets. The most recent
work [on (ir+,2p)| by Arthur et al.H and on stopped
(TT'.^H) by Bassalleck et air' had energy resolutions
of about SE ~ 3 MeV. sufficient for distinguishing
final ground states for some of the light targets but
not for most excitations, or for, e.g., 40Ca(ir",2n)38K.
Little data on heavy targets exist. For low energies,
this reaction appears to be a direct 2N reaction, at
least for valence-hole states, but the lack of energy
resolution limits the usefulness for nuclear-structure
studies. For identifying deep-hole states, which
could be an attractive nuclear experiment, res-
olution is not important, but one would have to sort
out energy-loss scattering by the outgoing particles,
which would muddy the interpretation. Similarly,
for heavy targets there are probably many-step
processes. Statistical reaction theories (pre-
equilibrium. cascade, transport equation) may be of
some help here.

There might be some advantage in doing (TrVip)
experiments at higher energy, with AE ~ few MeV,
to look at deep-hole states. The resonant region (100-
300 MeV) may not be very attractive since multiple
scattering will be worse here, although it might be
worth sweeping through this energy domain for some
simple targets (*Li, other p-shell nuclei). At energies
well above 300-400 MeV. one might hope to handle
the reaction similarly to (p.2p), as a probe of nuclear
shell structure.

The (7T.2N) reaction has been considered a possi-
ble method of looking for effects of NN correlations
in nuclei. The complexity of the interactions in-
volved in the reaction process, even where the 2N
mode is the dominant direct mechanism for absorp-
tion, makes this a difficult piece of theoretical
analysis, but perhaps not hopeless.

The comparison of the charge branches.

(ir~,nn)
and

sheds some light on this question but requires a more
complicated experimental program. (The com-
parison should be made for similar cinematics. I

Theoretical studies have concentrated on low-
energy or stopped pion absorption, removing
valence-shell particles to bound excited nuclear
states, and therefore can be compared to high-res-
olution data only. The degree of sophistication in
handling nuclear structure, absorption reaction
mechanism, and final-state interactions varies con-
siderably.

VIII. RADIATIVE PRODUCTION AND AB-
SORPTION

Radiative pion production and absorption
processes, (-y,ir), (ir,y), and (e,e'ir), are reactions in
which the elementary operators are relatively well
understood. The radiative capture of stopped pions
has been applied (as a tool complementary to in-
elastic electron scattering) to the study of discrete
nuclear levels and giant resonances, particularly
with large spin-isospin matrix elements. This
process has been recently reviewed by P. Truol.:i

Here and for the inverse process (7,71-) or (e.e'7r). the
reaction mechanism is relatively well understood, at
least for slow pions and excitation of low-lying
nuclear levels. Current experimental activities in
(7.71-) are at Bates. Saclav. Tohoku. Mainz, and
Saskatoon. With the advent of cw electron ac-
celerators, (e.e'ir) coincidence experiments will
make it possible to map the spatial distribution of
spin-isospin transition densities by varying energy
and momentum transfer, u and q. separately.

Neutral pion photoproduction has been advocated
as a probe of the nuclear matter density. Unfor-
tunately, rescattering effects seem to mask this ef-
fect considerably.10 The photoproduction of pions in
the nucleon resonance region11 is related to A prop-
agation in nuclear matter. Of particular interest in
this context are the Saclay experiments of the type
(7,Nir), which are analyzed as a function of the in-
variant mass of the Sir system and of the recoil
momentum of the residual nucleus. These experi-
ments show indications of surprisingly sharp res-
onances" as functions of Q. possibly related to
dibaryon states. Unfortunately, such reactions are
just at the limit of the experimental capabilities and
suffer from small counting rates and a large number
of accidental coincidences. Continuous-wave ac-
celerators are required to produce a sufficient flux of

148



monochromatic (tagged) photons and to suppress
the background. Such accelerators will make it pos-
sible to study the observed anomalies in the Saclay
experiments in full detail and. it is hoped, to find
clear signatures of dibaryonic states.

Coincidence experiments of the type (e.eir) will
be useful for a decomposition of the nucleon res-
onance region into multipoles by measuring angular
distributions, because coherent effects of .A propaga-
tion in nuclei are expected to depend strongly on the
rnultipolarity. Such experiments are of particular
interest in view of many theoretical attempts to
treat the A dynamics in the nuclear medium in a
more microscopic A-hole model. '-

XI. FACILITIES AND EQUIPMENT

Many of the recommended ir- and p-induced ex-
periments can be done at LAMPF. SIN. and
TRIUMF. and some at higher energy proton ma-
chines like SATUHNE. The more interesting
electron or tagged photon experiments require a cw
electron accelerator, and possibly higher energy.
Two-arm spectrometers are required lor (7T.2N).
pN • 7rNN (some), (p.pir). and (e.e'w) experiments.
A variable-energy spectrometer of high resolution is
needed at TRIUMF, e.g.. for (p.7r). A large counter
array for r -absorpt ion mult ipl ici t ies (like
OMICRON) would be needed, e.g.. at LAMPF.

IX. (p.pn) INCLUSIVE REACTIONS

The (p,p7r) inclusive experiment is complemen-
tary to the (p,7r) exclusive studies (see Sec. VI). The
cross sections are presumably not small, but coin-
cidence measurements are required. The reaction
would be of interest for the high-energy (Tp > 500
MeV) p-nucleus scattering and reaction program,
since it should be a major contributor to inelasticity.
The information also reflects on the pN — NNTT

reaction in nuclei (see Sees. I and II), which is
presumably basic to understanding (p,ir). This reac-
tion also reflects on the problem of A propagation in
nuclei if the pir pion is analyzed in terms of thf
decay of a .1 produced in the target. (The exclusive
reaction is also of interest here.)

X. («,d) AND (d,n)

The (T.d) and (d,?r) exclusive reactions are not
hard to do and are already under way. They are
similar to (p,ir) and (jr.p) in that large-momentum
transfers are involved — even larger lor (d.7r) than
for (p,7r) — and cross sections /re very small (nb/sr).
Very little is known about these reactions: the
program is exploratory.

A special case worth mentioning is d + d -- jr° + a,
which is forbidden by charge symmetry and is of in-
terest in breaking of that symmetry.
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XIII. PANEL N-8

HIGH-MOMENTUM TRANSFER AT HIGH RESOLUTION

Chairman:
Co-Chairman:

W. T. H. van Oers
H. A. Thiessen

Participants: A . I ) . H . u - h e r . I. M . D i n k . H. C l i u i l i i - r . X . M . H i m / . U.> H « " M S I ; I I I . K. l . i l i i ' M r . n n f . I. M n t t h f w * . K . I . . H n \ . I1

C . R o n s . .1. R . S h e p a r d . I. S u k . ( I . M . T f i m m T . . 1 . T h i r n . n . I A W l n t l r n . -Ir . a m i C . W i l k i n

Alter considering possible overlap with other pan-
els, il was decided to discuss the following topics:

I. Elastic Scattering at High-Momentum
Transfer

II. Inelastic Scattering at High-Momentum
Transfer

III. Transfer Reactions
IV. Knockout Reactions

For all four topics emphasis was placed on the high-
momentum transfer aspects. The panel noted a
general lack in theoretical understanding of quite a
few of the processes discussed. It recommends an in-
creased level of theoretical support to remedy this
situation.

I. ELASTIC SCATTERING
MENTUM TRANSFER

There exists at present a considerable amount of
data on the p-d and p-*He systems. Complete dif-
ferential cross section and analyzing power angular
distributions, including work with vector and tensor
polarized deuteron beams, have been obtained for p-
d up to 1 GeV, and up to 500 MeV and at 800 MeV
for p-4He. Considerable attention has been given to
explaining the anomalously large backward-angle
differential cross sections and rapidly changing
analyzing powers in the p-d system. Most commonly
used are the one-nucleon or nucleon-isobar exchange
models and a model represented by a triangular
graph involving the reaction pp -- 7rd.' The p-'He
system is even more challenging with backward
peaking disappearing between 200 and 500 MeV. to
reappear with a backward-diffraction pattern
around 800 MeV, as illustrated by the 788-MeV

LAMPF data (Fig. XIII-1). The analyzing powers
exhibit considerable structure with oscillations be-
tween large positive and negative values iTRIl'MK
data at 200. .150. and 500 MeV. Fig. XIII-21. So far.
no systematic theoretical explanations havi> been
presented of backward-angle elastic scattering of
protons from the very lignt nuclei.

AT HIGH-MO- S

p-4He Elastic Scattering
TpL = 788 MeV

10 tO 10
-t (GeV2/c2)

40

Fig. XIII-1.
Helium-4 (p,p) differential cross-section
angular distribution at 788 MeV.
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Recommendations

The measurement of complete differential cross
section and analyzing power angular distributions
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Fig. XIII-2.
Helium-4 (p,p) analyzing power angular dis-
tributions at 200, 350, and 500 MeV.

for p-'He above 500 MeV and for p-3He above 200
MeV at 100- to 200-MeV intervals, possibly
augmented with measurements of the rotation
parameter Q in the case of p-*He. There exist at
present almost no data for p-3He. One expects for p-
sHe the importance of exchange processes to be in-
termediate to the p-d and p-'He systems. The light
nuclei in particular form an important testing
ground for reaction theories. One of the prerequisites
for these measurements, especially at higher
energies, is an intense polarized beam (intensity on
target 20-100 nA).

For the heavier nuclei there exist high-momentum
transfer elastic-scattering data (up to 5-6 fmr1) on
12C, 40Ca, and 20»Pb. The diffractive pattern of the
angular distributions at forward angles continues
smoothly to these higher momentum transfers. The
value of these data is in further constraining the
theoretical studies of nuclear structure properties
such as the ground-state neutron densities (see also
the report of panel N-l).

An example is given in Fig. XIII-3, which displays
p + 208Pb elastic-scattering data at 800 MeV and the

ELASTIC
800 MeV
355-A
2NOORDER KMT

Fig. XIII-3.
Lead-208 (p,p) differential cross-section
angular distribution at 800 MeV compared to a
second-order KMT multiple-scattering
calculation.
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results of a second-order Kerman-McManus-Thaler
(KMT) multiple-scattering calculation that breaks
down at high-momentum transfer (q & 4.5 fm~l).
The successful theoretical interpretation of selected
elastic-scattering angular distributions out to very
high- (q ~ 6 fm"1) momentum transfers would give
one more confidence in the extraction of neutron dis-
tributions from data that extend out to only about q
= 3 fm-1.

Recommendations

The measurement of differential cross section
and analyzing power angular distributions for a few
selected targets, e.g., 180, t0Ca, and *mPb, to even
larger momentum transfers to constrain, test, and
further develop the theoretical analyses. Differential
cross-section angular distributions, extending to
momentum transfers larger than the kinematically
allowed momentum transfer in NN elastic scattering
at the same incident energy, are interesting since
off-shell NN amplitudes are required in lowest or-
der. The inputs to these theoretical analyses are the
NN scattering amplitudes. The panel urges that
measurements of the NN scattering parameters at
about 600, 800, and 1000 MeV be made with high
priority. A prerequisite for the p-nucleus measure-
ments is the availability of an intense polarized
proton beam (I £ 100 nA).

for the hadronic probes (see the N-3 panel report),
several features of the hadronic probes can be ex-
ploited to obtain additional information about
nuclear structure. These include an NN spin
dependence, which provides a tool for separating dif-
ferent spin and orbital excitation modes, and an
isospin structure (protons and pions), which probes
neutron and proton components in a complementary
way. Furthermore, the stronger interaction of the
hadronic probes results in the presence of multiple-
step processes in the excitation of collective bands.

Since measurements with electrons have been the
focus of panel N-3, we will deal primarily here with
what can be learned additionally with hadronic
probes, keeping in mind that our understanding of
how to extract physics from hadronic probes is less
well understood than for electrons.

B. Special Features of High-Momentum Trans-
fer (Present Status)

1. Determination of Transition Densities

For electrons there is a direct connection between
the momentum transfer observed in the laboratory
and the momentum content of the elementary ex-
citation in the nucleus. For hadronic projectiles this
connection is dependent upon the validity of either a
multiple-scattering description (Glauber or KMT)

II. INELASTIC SCATTERING AT HIGH-
MOMENTUM TRANSFER

A. Introduction

In recent years the availability of high-resolution
spectrometers at intermediate-energy facilities has
allowed the measurement of inelastic scattering to
many discrete states in nuclei to momentum trans-
fers as large as 3-6 fm"1 (see Fig. XIII-4). The energy
resolution currently available is ~50 keV for
electrons and protons and ~150 keV for pions.

In the discovery of new states, in the assignment
of spin and isospin quantum numbers, and in the
determination of configurations, electrons, protons,
and pions have each made significant contributions.
While the interpretation of experiments at high-
momentum transfer is more direct for electrons than

K)'
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Fig. XIII-4.
Inelastic scattering of 800-MeV protons leading
to the 5~ state in *"Ca.
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or the distorted wave impulse approximation
(DWIA). Consequently it is of fundamental impor-
tance to test and further refine theories of hadronic
scattering by using information obtained with
greater confidence from electromagnetic probes.

In this comparison there have been some en-
couraging early results. The KMT formalism seems
to work out to 2.5-3 fm~l for elastic scattering (see
Sec. I of this report). Some tests of KMT have been
made for inelastic scattering using collective
prescriptions for the transition densities. It is impor-
tant, however, to establish the connection within a
more microscopic framework.

An alternate theoretical approach, the DWIA.
when applied to inelastic proton data at 1H5 and
800 MeV, has given angular distributions in good
agreement with experiment to q -* 2 I'm ' and.
perhaps of more importance, has yielded
spectroscopic strengths in moderately good agree-
ment with those obtained from electron scattering.
These calculations employed either shell-model
wave functions or transition densities from electron
scattering (where available). This comparison has
been made both for simple configuration high-spin
states and for low-lying collective transitions (e.g.,
208Pb, :V).

Thus it appears hopeful that hadronic probes can
be used to extract transition densities to moderate q.
In addition to the special features of the hadronic
probes noted above, considerations of cross section,
beam intensity, etc., favor the hadronic probes for
exploratory studies and detailed mapping of
systematics throughout the periodic table.

2. Selective Excitation of High-Spin States

As discussed more fully in the N-2 panel report, a
new class of high-spin, one-particle, one-hole states
are selectively excited at high-momentum transier
(qR = J) and can be seen above the background of
many unresolved low-spin states (see Fig. XIII-5).
Data at higher momentum transfer can test our
theoretical understanding of the microscopic struc-
ture of these states. This is particularly true for
electron scattering. The importance of these states
lies in their relatively simple structure. Thus they
are useful as benchmarks for testing our understand-
ing of hadronic probes (protons and pions) including

Excitation (MeV)
7.0 60 5.0 4.0 3.0

150

300 400 500 GOO 700 800

Channel

Fig. XIII-5.
Inelastic spectrum for 20BPb (p.p1) at 135 MeV
and a laboratory angle of 50°, illustrating the
selective excitation of high-spin states (e.g.,
12\ 12~, and 14-).

both the reaction theory and the NN force in nuclear
matter.

.'5. Transition Densities Between Excited
States

Because of the strong nature of the interactions,
multiple-step excitation processes with hadrons are
much more important than for electrons. Examples
of situations in which multiple-step excitations have
been shown to be important " >r protons at 800 MeV
are the inelastic excitation of higher members of
rotational and vibrational bands in 24Mg (see Fig.
XIII-6) and 178Yb, and multiple phonon transitions
in vibrational nuclei. In the theoretical analysis of
these multistep processes, one needs the direct
ground-state to final-state transition densities and
the transition densities between excited states.
Electron-scattering data give the most reliable
direct densities (up to ~Y6), and multiple Coulomb
excitation experiments can give the low multipole
transition probabilities (mostly Y2) between excited
states. The best hope for obtaining the higher mul-
tipole transition densities, given the present
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facilities, is from high-momentum transfer experi-
ments with hadronic probes.

Recommendations

I. Calibration of the Hadronic Probes

Tests of reaction models. In order to exploit the
special features of hadronic probes, it is of crucial
importance to test the reaction models and the effec-
tive NN or 7rN interactions in nuclei. To carry out
this program we recommend experiments on select-
ed classes of states in a few nuclei with electrons,
protons, and pions (where resolution permits). Ex-
amples are

• low-lying collective states such as the 3 and 5
in 208Pb, and

• high-spin, particle-hole states in such nuclei as
180, 28Si, and 208Pb.

2. New Information from Hadronic Probes

a. Spin Dependence. The spin dependence of the
NN interaction can in principle allow the extraction
of spin-dependent transition densities in more detail
than is possible with electrons. To study this spin
dependence, we recommend that inelastic scat-
tering studies be actively pursued with polarized
beams. Measurements of analyzing powers and spin-
flip probabilities can be expected to provide new in-
formation on magnetic excitations in nuclei.

6. foospin Dependence. Because (p ,p) and
(ir,-*') experiments are sensitive to neutron and
proton components of nuclear wave functions in a
way different from (e,e'), these measurements can
provide new or complementary information. An ex-
ample is the search for isoscalar magnetic excita-
tions. High-momentum transfer is necessary to ex-
cite the high angular-momentum spin-flip modes.
Recent experiments with IT* beams indicate that
these projectiles could play a major role in this effort
if the experimental resolution could be improved to
that at existing electron and proton facilities.

Mg (p,p') 0.8 GeV j
COUPLED CHANNELS ~

WITH Y,2

NOY4J -

", , , . I , . . . I , . , i ! , . . i I . . i , 1 . . . .

Fig. XIII-6.
Angular distributions for the ground state
(K = 0) and excited (K = 2) bands in 2lMg ex-
cited by 800-MeV protons. Solid and dashed
curves show the results of coupled-channels
calculations with and without direct nonaxial
hexadecapole (Yt3) coupling between the
bands.
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c. Multiple-Step Excitations. The potential
utility of hadronic probes for extracting information
on high-multipole transitions and transition den-
sities between excited states should be examined for
rotational and multiple phonon vibrational bands in
such nuclei as the rare earths (e.g., samarium
isotopes) and in other well-established transition
regions (e.g., germanium and palladium).

3. Emphasis on High Resolution

High-resolution facility. It has been established
that new nuclear structure information can be ob-
tained at high-momentum transfer. Unfortunately,
with existing energy resolution (>50 keV), a number
of the states discussed above cannot be adequately
resolved. In addition, the search for new states is
severely limited. It is a major recommendation of
this panel that studies be made of the feasibility of a
~10-keV resolution facility in the range of 300 to 500
MeV (electrons and/or protons).

HI. TRANSFER REACTIONS AT HIGH-MO-
MENTUM TRANSFER

In the simplest one-nucleon model of the transfer
process (Fig. XIII-7), the intermediate-energy

A(p,d)B

Single Step P

A

Meson
Contribution

pN -• 2NiT

A(TT,N)B

Fig. XIII-7.
Reaction diagrams for A(p,d)B.

single-nucleon pickup reactions |(p.d). (7r*.p). etc.|
could be expected to give information about high-
momentum components of the wave function of the
picked-up nucleon. Preferential population of
single-hole states is also a natural result of this
model. Consequently the utility of such reactions
was originally anticipated to be (11 determination of
high Fourier components of nuclear wave functions,
and (2) detection and analysis of "deep-hole" states.
Careful examination of pickup reactions on light
targets (e.g.. Ref. 3) strongly suggests that other
mechanisms, involving two or more target nucleons
and intermediate mesons (Fig. XIII-7). may
dominate the reactions at intermediate energies.
Such a complexity of the reaction mechanism serves
to complicate extraction of the information original-
ly sought from these reactions.

Therefore our view of the physics to be learned
must be somewhat altered. Before any nuclear struc-
ture information can be extracted from transfer
reaction data, the reaction mechanism must be un-
derstood at a quantitative level. This will surely in-
volve a great deal of theoretical effort. However, the
complexity of the mechanism need not be viewed as
an unwelcome impediment . The transfer
mechanisms may be dominated by processes which
are weak tor elastic and inelastic hadron scattering
and which therefore are better studied in the trans-
fer reactions. Whether or not this is true, qualitative
understanding of the transfer mechanism is a worthy
goal in its own right. Furthermore, if the reaction
process is different from the single-nucleon picture
that describes low-energy pickup, one may expect to
see new and interesting types of nuclear levels ex-
cited.

Experimental results to date show many interest-
ing features. Angular distributions of (p.d) cross sec-
tions to discrete levels have been measured at
Tp = 700 to 800 MeV for many light (A S 40)
targets. The anticipated single-particle levels are
observed along with strong states believed to arise
from multistep processes- (Fig. XIII-8). While some
features of these data can be described quantitative-
ly using the distorted wave Born approximation
(DWBA) (Fig. XIII-9), others cannot. In addition,
new unexplained levels are seen which do not appear
in low-energy pickup reactions (Fig. XIII-8). Other
recent results indicate that analyzing power
measurements may be very useful, since their
angular distributions (Fig. XIII-10) show con-
siderable structure in contrast to the relatively
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The 13C(p,d)>2C cross sections and analyzing powers for Tv = 200 MeV measured at
TRIUMF. Curves are EFR < ) and zero-range (ZR) (----) DWRA calculations.

featureless cross sections. The apparent j -
dependence of these analyzing powers suggests that
the (p,d) reaction at these energies (Tp = 200 MeV)
may be a useful spectroscopic tool, perhaps even in
making j-assignments for deep-hole states.

A large body of (7r-\p) and (p,7r*) data has also
been accumulated. Perhaps the most important
feature of these data is the striking resemblance to
the 800-MeV (p,d) data (Fig. XIII-11). Indeed, re-
cent theoretical work;!has shown that this similarity
can be understood by viewing the <7r+.p) as a sub-
process in the (p,d) reaction which contains al' f the
nuclear structure effects and most of the reaction
mechanism effects |see Fig. XlII-7(b)|. Direct
theoretical treatment of the (7r+,p) reaction
mechanism is, however, in a very confused state due
to uncertainties about the reaction mechanism.

Both the (p,d) and (ir+,p) cross sections appear to
display a strong A-dependence, decreasing rapidly
with increasing mass. Such behavior is difficult to

understand qualitatively; plane wave Born approx-
imation (and to a somewhat lesser extent. DWBA)
calculations suggest little A-dependence. A clue to
the reaction mechanism surely lies hidden in (his ef-
fect.

Data for the (>,p) and (p,7) reactions are limited
due to the experimental difficulties involved. There,
too, questions about the reaction mechanism make
interpretation difficult. Some features of the data
seem well explained using a simple single-step
model. The extraction of a momentum-space wave
function of the d8/2 proton in 40C& using this mode/ is
one example. Consistency with (e.ep) measure-
ments is perhaps another. However, the near
equality of (y,p) and <7,n) cross sections at E7 ~
60 MeV cannot be explained in such a picture. For
E7 > 250 MeV, multiple-step processes involving \
formation are expected to become large.

A few general features emerge from the present ex-
per imer ta l and theoretical s i tuat ions for
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intermediate-energy transfer reactions. Most ob-
vious is the pervasive uncertainty about the reaction
mechanisms. The greatest investment of time and
effort must be directed toward illumination of reac-
tion processes. Theorists should be encouraged to ex-
amine carefully the large body of high-quality data
already available. Experimentalists should be en-
couraged to perform those experiments most likely
to help unravel the reaction mechanism. Also, the
apparent link between the (p,d) and (rr*,p) reactions
is very intriguing and must be more thoroughly es-
tablished. The understanding of one of these
processes is very likely to give the key to the other.
Furthermore, the nature of the "new" levels ob-
served in the (7r+,p) and the 800-MeV (p,d)
measurements should be examined. The structure of
these levels may be novel and interesting.

Recommendations

The measurement of (p'.d) cross sections and
analyzing powers on *He and 1213C at 200 £Tp£800
MeV in 100-MeVsteps. These measurements would
fill the gap between the existing low-energy ('!',, ^
200 MeV) measurements and the 700- to 800-MeY
Saclay and LAMPF data, and provide analyzing
powers at all energies. These data are important
because they cover the energy range where the
meson-exchange processes indicated in Fig. XIII-7
are expected to "turn on," and should therefore be
extremely useful in testing various reaction models.
Care should be taken to choose energies which will
allow comparison with (7r*.p) results. The comple-
tion of the TRIl'MF spectrometer is required in
order to cover the 200-400-MeV region.

The determination of the A-dependence of
Cir*,p) and (p,d) cross sections. Targets should have
A > 40. This program may be quite limited. Time
has already been allocated at LAMPF for eoZr(p,d)
measurements at Tp = 800 MeV. After these results
become available, the need for more measurements,
perhaps on 208Pb. can be assessed. Such a measure-
ment could most readily be done at LAMPF or
Saclay.

An extension of (e,ep) measurements to check
consistency with the (y,p) results. This may allow a
check of the <7,p) mechanism. In conjunction with
these .experiments, more (7,n) measurements should
be encouraged, again because comparison with <-y.pl
will likely give information about the reaction
mechanism. Measurements of angular distributions
for the inverse reaction (p,7) currently under way at
Indiana University Cyclotron Facility can be expect-
ed to provide a more stringent test of the theoretical
models for these processes. Some further <7,p)
measurements, either on new targets or with im-
proved resolution, should be undertaken (see report
of panel N-5).

A study of the "new" levels seen in (p,d) and
(ir*,p) reactions. The multiple-energy measure-
ments contained in our first recommendation will be
very useful in this regard, since the strength of these
levels as a function of energy is likely to give some
indication of their nature. Analyzing powers may
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also provide useful information. The^e efforts should
be coordinated, if possible, with the measurement of
conventional low-energy reactions which excite
these states.

IV. KNOCKOUT REACTIONS (p,2p), (p,pn),
(e,ep), (p.poc), etc.

A primary motivation for studying nucleon
knockout is to obtain basic nuclear structure infor-
mation on the single-particle structure of nuclei. At
intermediate energies these reactions appear to be
dominated by single-particle knockout and are
reasonably well described by DWIA calculations —
at least over a limited range of bound-nucleon
momenta q. However, relatively little data exist
with energy resolution sufficient to examine the
details of individual states.

Compared to experimentally easier measurements
which in first order contain the same nuclear struc-
ture information |e.g.. (p,d) and <7r*.p)|, the coin-
cidence experiments have at least two advantages.
First, momentum matching is possible independent
of the bombarding energy. One can choose bombard-
ing energies to minimize distortion effects and still
sample the bound-nucleon momentum components
to q = 0. DWIA calculations and two-body cross
sections suggest that appropriate energies are Tp >
200 MeV (Ref. 4) for (p,2p), and Te > 500 MeV for
(e,ep). Second, the kinematic flexibility of the sec-
ond ejectile allows one to test the reaction model in
detail. For example, one can test the factorization of
the two-body cross section/'1' measure the pole
dominance with Trieman-Yang tests, and sample

the same momentum components under a variety of
conditions.

A comparison of electron vs proton-induced
nucleon knockout shows advantages for each. The
(p,2p) has a cross section roughly 10* times as large
as (e,ep) at q = 0, providing definite experimental
advantages. The availability of polarized proton
beams allows one to assign j-values7 to deeper-lying
states and thereby locate the centroids of each com-
ponent, j = I ± Vj. The primary advantage of (e.ep)
lies in the fact that one has only a single strongly
interacting particle. As a result, for low nucleon
momenta, reduction factors due to absorption are
roughly the cube root as important. Table XIII-1 in-
dicates the reduction factors for knocking out a low-
momentum nucleon. Clearly for deeper-lying states
and heavier nuclei, electrons have a distinct advan-
tage and sample more of the interior of the nucleus.
Nucleons in the final state corresponding to the
knockout of a low-momentum nucleon can rescatter
and appear to arise from a high-momentum compo-
nent. This effect is almost certainly not described by
the conventional DWIA. Although both reactions
suffer from this effect, the presence of only one
strongly interacting particle helps significantly.
Comparison of d(p,2p)n (Ref. 8) and d(e,ep)n
(Ref. 9) suggests that whereas (p.2p) in conventional
geometries can probably be described reasonably
well by DWIA to q - 200 MeV/c (see also Fig. XIII-
12). (e.ep) may be capable of sampling to q - :UK)
MeV/c or greater.

In the case of cluster knockout such as (p.pa), the
data again appear to be well described by DWIA for
proton energies above 100 MeV. At lower energies
one of the prime difficulties lies in the description of

TABLE XIII-I

REDUCTION FACTORS FOR KNOCKOUT OF A
LOW-MOMENTUM NUCLEON DUE TO ABSORPTION

Target
Nucleus

Single Particle
Knocked Out

/ DWIAV
Reduction from Plane Wave! „„„ . I

\ PWIA/

(p,2p) 300 MeV (e.ep) 500 MeV

12C

»C
40Ca
"Ca

lPl/2
lSj/2

2si/2

Deep hole

0.5
0.4
0.25
0.05

-0.8
-0.75
-0.6
-0.3
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Fig. XIII-12.
Helium-4 (p,2p) coplanar symmetric angular
distribution data compared with a DWIA
calculation.

the bound "cluster" wave function. This limits the
accuracy with which spectroscopic information can
be extracted. However, DWIA calculations1" at
higher energies indicate enhanced sensitivity to the
bound wave function (see Fig. XIII-13). Data at
these energies should improve the extracted
spectroscopic information, and help to answer the
question of whether clustering exists beyond that
predicted by the shell model. In the case of electrons
[e.g., (e,ea)J the cross sections are very small. The
strong absorption of the a particle damps (e,ea) and
(p,pa) by comparable amounts.

EC(p.pa)8Be
600 MeV

a=0.65fm

l 3x (12" + 4 '" ) f m

O.OI
50 100 150 200

(MeV/c)
250 300

Fig. XIII-13.
Quasi-free l2C(p,pa)8Be cross sections at
600 MeV for three different radius parameters
of the bound state potential well.

To reiterate, nucleon knockout provides the basic
information on the single-particle structure of nuclei
(centroids and widths). A combination of medium-
energy, high-resolution electron and proton studies
should substantially improve our knowledge for in-
dividual j-shells. Furthermore, these data should
provide more detailed information on the single-
particle wave functions to q = 200-300 MeV/c. For
cluster knockout, medium-energy data should
provide further information on our understanding of
multiparticle correlations in nuclei.

Recommendations

The measurement with good resolution of(p,2p)
and (e,ep) knockout reactions in a variety of
geometries, not only to obtain spectroscopic infor-
mation but also to test in detail the reaction
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mechanism. In the case oi1 the (p.2p) reaction, the
use of polarized protons has distinct advantages.
This work would be greatly enhanced by the pres-
ence of a pair of large solid-angle, broad-range, and
modest-resolution (Ap/p — 5 X 10") spectrometers
at one of the intermediate-energy proton ac-
celerators that has a high duty factor.

f>. .VI. Hernheim eta!., Proc. Int. Con!'. Reaction
Mechanisms (Balatonfured. 1977).

«. P. C. Roos eta!.. Phys. Rev. Lett. 40. !4:!9
(1978).

7. P. Kitching et al.. Phys. Kev. Lett. :57. IHOO
(19761.
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APPrVDIX B

P R O G R A M

Workshop on Program Options in Intermediate Energy Physics

Clinton 1'. Anderson Meson Physics Facility of
Los Aliimiis Scientific- laboratory

/ 'nless otherwise shown, activities of the LAMI'F Workshop are in the
National Security and Resources Study Center of LASL.

Monday, August 20

«:<>() - 9:00 a . m .
9:11(1 - 10:.'!0

10:

11:
1:

5:

8:

:3<l •

•:«) -

.30 -

15 •

IK)

1 1:30

5:00 p.m

<i:30

Resist rat ion of Panelists and Visitors
Opening Plenary Session

Presiding: Ernest M. Henley (University of Washington), Chairman of the Workshop.
LASL Main Auditorium

Keynote Address: Maurice .Jacob (CKKN) — "New Directions in Elementary Particle
Physics, pp from Very Low to Very High Energies," LASL Main Auditorium

Panels Organize: N-l through N-4; P-l through P-4
Work Sessions: N-l through N-4; P-l through P-4

IASI. Director's Reception for Members of the Workshop and Spouses

Oppenheimer Memorial Lecture, Murray Goll-Mann (Caltech) — "Quarks and Other
Fundamental Building Blocks of Matter." Civic Auditorium

Reception following lecture. Trini'y-on-the-Hill Episcopal Church

Tuesday, August 21

S: 10 a.m.

9::so -

10::i0 - 12:30 p.m.
1:30 - 0:00

9:00 a.m. - 2:30 p.m.

LASL Colloquium and Keynote Address, d. E. Brown (SUNY, Stony Brook) —
"New Directions in Intermediate Energy Nuclear Physics"

Presiding: Louis Rosen. Director. LAMPF. LASL Main Auditorium

Paul Debevec (University of Illinois) — "Report on Boulder 'Future Directions' Workshop,
LASL Main Auditorium

Work Sessions: N-i through N-4; P-l through P-4
Work Sessions: N-l through N-4; P-l through P-4

Ladies' Program: Visit to Chimayo

Wednesday, August 22

9:00 - 11:00 a.m.
11:00 - 12:30 p.m.

3:00 - 5:00

5:00 - 8:'«)

Wrork Sessions: N-l through N-4; P-l through P-4
Internal Reports: N-l, N-2, P-l. P-2

(N-i reports are given to assembled N Panels.
P-i reports are given to assembled P Panels.)

Tours of LAMPF begin at LAMPF Laboratory-Office Building (LOB)

Barbecue. LAMPF LOB Patio
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Thursday, August 2.'5

9:0(1 - 10:30 a.m.
I()::i() • 12:30 p.m.

l::!(l - 2:30

2:30 - 5:00
9:00 a.m. - 4:00 p.m.

Friday, August 24

Internal Reports: N-3. N-4. P-3, P-4
Work Sessions: P-l through P-4

Panels N-l through N-4 draft reports
Panels N-5 through N-8 organize

Panels P-l through P-4 reformulate goals
Work Sessions: N-5 through N-8: P-l through P-4

Ladies' Day in Santa Fc

9:00 - 11:0(1 a.m.

H:0<> - V2:.M) p.m.
1:30- 4:15
4:15 - 5:00

Monday, August 27

Reports on Plans for Advanced Facilities:
Krnest M. Henley — "TRRIMF Kaon Factory Workshop"
Darragh E. Nagle — "High-Intensity 15-GeV Synchrotron Concept"
William E. Turchinetz (MIT) — "Summary of Vancouver Session on High-Energy Elec-

tron Physics"
I'residing: Earle L. Lomon (MIT). Chairman of the Steering Committee. LASL Main

Auditorium
Work Sessions: N-5 through N-8; P-l through P-4
Work Sessions: N-5 through N-8; P-l through P-4
Internal Reports: N-5 and P-l

9:00 - 11:00 a.m.
11:0(1 - 12:.'i() p.m.
1 :30 - 3:00
3:15 - 5:15

Tuesday, August 28

Work Sessions: N-5 through N-8; P-l through P-4
Internal Reports: N-5, N-6, P-l, P-2
Internal Reports: N-7, N-8. P-3, P-4
Plenary Session: N-l, P-3

9:00
11:30
12:30
1:3I>
2:45
4:00

11:30 a.m.
12:30 p.m.
l::l()
2:30
3:15
5:00

Work Sessions: N-5 through N-8: P-l through P-4
Plenary Session
Lunch
Plenary Session
Plenary Session
Plenary Session

Draft Reports
N-2

P-2
N-4

Wednesday, August 29

9:00 - 10:00 a.m.
10:15 - 11:15
11:30 - 12:30 p.m.
12:30 - 1:30
1:30 - 2:30
2:45 - 3:45
4:00 - 5:00
6:30 - 7:30
7:30 - 9:00

Thursday, August 30

Plenary Session
Plenary Session
Plenary Session
Lunch
Plenary Session
Plenary Session
Plenary Session
Cocktails, Fuller Lodge
Dinner

N-5
P-l
N-6

N-7
P-4
N-8

9:00 - 10:00 a.m.

10:10 - II:!.1)

2:00 - 5:00

Friday, August 31

Final Summary. Ernest M. Henley
Presiding: Darragh E. Nagle (LASL)

Panel Discussion: Major Equipment and Facilities
Maurice Goldhaber, BNL, Chairman
John Domingo, SIN
Vladimir Lobashev, INR, Moscow
Louis Rosen, LAMPF, LASL
Jack Sample, TRIUMF
Jacques Thirion, Saclay

Finalize Reports

9:00 a.m. - 5:00 p.m. Finalize Reports
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APPENDIX C

GLOSSARY OF ACRONYMS AND SYMBOLS

a
AGS
ANL
BATES

BCS
BNL
CERN

CMU

cvc
CWRU
DDHF
DESY

DWBA
DWIA
FSI
g
GR
HF
hf
hfs
ICE

ICOHEPANS

IKO

INR

ISABELLE

ISR
IUCF
JINR

K
KEK

KH
KMT

Gyromagnetic anomaly, g-2
Alternating-gradient synchrotron
Argonne National Laboratory
Electron linac, Cambridge,

Massachusetts, named for the late
Congressman William H. Bates

Bardeen, Cooper, Schrieffer
Brookhaven National Laboratory
Organisation Europeene pour la

Recherche Nucleaire, Geneva,
Switzerland

Carnegie-Mellon University
Conserved vector current
Case-Western Reserve University
Density-dependent Hartree-Fock
Deutsches Elektronen Synchrotron,

Hamburg, Federal Republic of
Germany

Distorted wave Born approximation
Distorted wave impulse approximation
Final-state interaction
Gyromagnetic ratio
Giant resonance
Hartree-Fock
Hyperfine
Hyperfine structure
Initial cooling experiment, Antiproton

Storage Ring, CERN
International Conference on High-

Energy Physics and Nuclear Structure
Instituut voor Kernphysisch

Onderzoek, Amsterdam,
The Netherlands

Institute for Nuclear Research,
Moscow, USSR

p-p colliding ring, under construction
at BNL

Intersecting Storage Ring
Indiana University Cyclotron Facility
Joint Institute for Nuclear Research,

Dubna, USSR
K meson, kaon
National Laboratory for High-Energy

Physics of the Ministry of Edu-
cation, Tsukuba Newtown, Japan

Karlsruhe-Helsinki
Kerman, McManus, and Thaler

LAMPF

PCAC
LASL
LBL
LEAR
N
OPEC
PC
PEP

PETRA

PS
PSR
PWIA
q
QCD
QED
RPA
RPI

SC
SIN

SLAC
SMC
SPS
SRC
SREL

TRIUMF

Z
ZGS
«

MSR
V

w

Los Alamos Meson Physics Facility.
renamed Clinton P. Anderson
Meson Physics Facility and dedicated
to the late Senator Anderson

Partially conserved axial-vector current
Los Alamos Scientific Laboratory
Lawrence Berkeley Laboratory
Low-Energy Antiproton Ring (CERNl
Nucleon
One-pion exchange current
Parity + charge conjugation operators
Positron-Electron Project, collaboration

of LBL and SLAC
Electron-positron colliding rings at

DESY q.v.
Proton synchrotron
Proton storage ring
Plane wave impulse approximation
Momentum transfer
Quantum chromodynamics
Quantum electrodynamics
Random phase approximation
Rensselaer Polytechnic Institute,

Troy, New York
Synchrocylotron
Schweizerisches Institute fiir Nuklear-

forschung. Villigen, Switzerland
Stanford Linear Accelerator Center
Stopped Muon Channel
Super proton synchrotron
Short-range correlations
Space Radiation Effects Laboratory,

Newport News, Virginia
Meson Facility of the University of

Alberta, Simon Fraser University.
University of Victoria, and the
University of British Columbia,
Vancouver, B.C., Canada

Nuclear charge, proton number
Zero-gradient synchrotron
Fine structure constant, (137)"'; 'He
Magnetic moment; muon
Muon spin rotation
Frequency; E = h:-; neutrino
Pi-meson; pion
Angular frequency; E = hoo
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EPILOGUE

It was a great workshop. Reading the draft reports showed that the enthusiasm ot the panelists
carried over into their authorship and recommendations.

As some praise was given me. I owe bouquets to staff at LAMPF and to other important con-
tributors.

The planning of this workshop was done through the LAMPF Visitors' Center. Linda Tyra.
who joined this office just a year ago, was diplomat, factotum, advisor, and lriend to all the
workshop participants. We could not have managed without the help of -Julia Anderson, Alice
Horpedahl, Janie Kelly, Kitty Maraman, Billie Miller. Lois Rayburn, Mary Riggs, Kit Ruminer,
Beverly Talley, and Renate Zinn.

Many members of the PUB Department of LASL were of assistance in many ways. We thank
especially Floyd Archuleta, Leeroy Herrera, and Sue Wooten for their contributions.

Biophysical Research Corporation of Houston. Texas, provided funds for hospitality ior the
workshop. We are grateful to BRC Trustees and to Charles L. Critchfield, President, lor this
grant.

Our principal chairmen, Ernie Henley and Earle Lomon, were tops — available, thoughtful,
ever constructive in their suggestions.

Louis Rosen gave total support. His consistent position was that we must do what is required
for the field of physics to which this workshop addresses itself.

Finally I must thank each participant in the workshop: panelists, students, visitors. Each of
you came to Los Alamos Scientific Laboratory in the expectation of learning and teaching; this
aim was accomplished. Our mutual interests are advanced as we hoped they would be.

John C. Allred
October 1979
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