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This has been an extraordinary Workshop touching many branches of
physics. The Workshop has treated momentum distributions in fluid and
solid condensed matter, in nuclei, and in electronic systems. Both
theoretical and experimental concepts and methods have been considered in
all these branches. A variety of specific illustrations and applications
in physical systems have been presented. One finds that some common
unifying themes emerge. One finds, also, that some examples are available
to illustrate where one branch is more mature than others and to contrast
where expectations for future progress may be most encouraged.

- I. INTRODUCTION _

The concept for this Workshop is an interesting one. A portion, of
course, is by now not too unusual. The mutually complementary and support-
ive characters of nuclear problems and of liquid helium problems, studied,
in more generality, in the guises of nuclear matter and of quantum fluids,
respectively, have long been exploited fruitfully by many-body theorists.
But it is a bit of a reach to include momentum distributions in electron
systems. And it is nearly unique to bring together experimentalists in the
ostensibly different fields of nuclear physics and condensed matter
physics, along with theorists. Success of such an experiment is not —
assured. — -

Following the conception, our organizers, Sokol and Silver, have shown
good taste in organization. This has made the Workshop successful. It
also simplifies the task of summarization. For nuclei, low-energy proper-
ties and electromagnetic probes have been emphasized, rather than the
structure and properties of particular nuclei or exotic states or reactions
in scattering. For atoms and molecules, the same idea has guided choice of
participants and of their interests. In addition, in both these cases,
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I . INTRODUCTION _

The concept for this Workshop is an interesting one. A portion, of
course, is by now not too unusual. The mutually complementary end support-
ive characters of nuclear problems and of liquid helium problems, studied,
in more generality, in the guises of nuclear matter and of quantum fluids,
respectively, have long been exploited fruitfully by many-body theorists.
But it is a bit of a reach to include momentum distributions in electron ~~
systems. And it is nearly unique to bring together experimentalists in the
ostensibly different fields of nuclear physics and condensed matter
physics, along with theorists. Success of such an experiment is not —
assured. —-

Following the conception, our organizers, Sokol and Silver, have shown
good taste in organization. This has made the Workshop successful. It
also simplifies the task of summarization. For nuclei, low-energy proper-
ties and electromagnetic probes have been emphasized, rather than the
structure and properties of particular nuclei or exotic states or reactions
in scattering. For atoms and molecules, the same idea has guided choice of
participants and of their interests. In addition, in both these cases,
there has been mention of the complementary nature of, on the one hand,
(e,e'p) studies for example, and on the other, of (e,2e) scattering. These
useful references can be found in the respective papers, and they provide
links to broader views of the respective areas of physics. Finally, for
condensed matter systems, the focus has been on those, such as liquid
helium, which have provided so many rich phenomena for scientific study in
the past. They clearly continue to fascinate for their ability to provide
prototypes for study of both Fermi and Bose interacting systems over a wide
range of parameters.
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Altogether in this Workshop there have been over two dozen scheduled
speakers, about 20 hours of formal presentations and questions, plus a
plenary group discussion led by the session chairpersons. There has been
an extensive display of posters. And there have been countless different
discussions among groups of various sizes. A challenge to summarize!

Was the Workshop worthwhile? Were some of the central problems dis-
cussed in the fields touched? Have there been common themes identified?
Were insights gained to apply in another area? Has there been a clear
vision of future prospects? Work yet to be done?

It seems to me that the answers to these questions are generally posi-
tive. So this summary is not a requiem, not a memorial summary of an area
already fully explored, described, and ready for placement in a corner of
the physics Pantheon. Rather, discussions have been lively, with points
both of agreement and of dispute. Some matters are enough advanced so that
they may be approaching canonical form. Others are still unfolding.
Altogether, it appears that prospects can be regarded with hopeful enthu-
siasm for future important developments. *~ . .

II. SCATTERING METHODS

Scattering methods have a grand history in probing the structure and
dynamics of matter. The genius of Rutherford, in confirming a nuclear
model for the atom, through Geiger and Marsden's experimental results on
alpha particle scattering, gives an inspiring first example.

We heard a comprehensive and provocative talk by West, whose 1975
review article1 summarized the scaling framework within which many of the
Workshop discussions have taken place. He has told us what led him to ^i
think in terms of scaling variables. For example, y-scaling naively ___
reflects the fact that the nucleus is made of nucleons, that liquids are
made of atoms,, etc. But a plot of experimental data versus y for fixed q2

removes the "trivial" physics, so that the approach to scaling, which
reflects the "interesting" physics (e.g. correlations and dynamics), can be
examined. And he has pointed out the ways this point of view links the —
present subject areas to each other and to other active areas of study, —
such as high-energy physics.

In Fig. 1, a very schematic diagram sketches my impressions of the
status of experimental research areas touched in momentum distribution
physics during this Workshop. First, it shows the area of electron
scattering in nuclear physics as "mature." This maturity is not to be "_
understood in any pejorative sense. Rather, we have heard of the remark-
able refinement of electron scattering studies to the point that cross-
sections can be studied over many decades in magnitude and scaling tests ~
can be made with very high sensitivity. Next, X-ray Compton scattering —
from electronic systems, an early area of fruitful n(p) investigation in
the hands of DuMond and Kirkpat'rick,2 a field which enjoyed some quanti-
tative attention later on with gamma1 ray sources, is now in the process of.
rebirth and extension, as powerful new synchrotron X-ray sources become
available. Another fruitful route to the study of electronic systems has
been the use of positron annihilation techniques, which have been the
subject of continual development and refinement; these too have recently
gained power with the advent of new accelerator sources.

Condensed matter liquid n(p) studies with neutrons are probably at a
'teen stage of development (companion studies at low to moderate momentum
transfers can be judged mature) . Adolescence seems more appropriate than
maturity for an area which is still open to questions about the possible
importance of final-state interactions, about whether the impulse approxi-
mation is applicable in a given experiment, and ir which the experimental
tools are still in a state of development. Finally, it may be said that
n(p) neutron studies of the solid state are in a promising childhood.
Childhood, because so few have be«n completed and because it is often not
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Figure 1. Schematic diagram indicating
development of the fields of
experiment touched in this Workshop
on Momentum Distributions. "D £ K",
Dumond and Kirkpatrick, are
recognized for their pioneering
place in n(p) studies. The
parentheses at the bottom indicate
complementary work.

yet clear whether there will be big surprises in the results. Promising,
because the recoil regime gives a quite new analytical tool which can be
used to selectively pick out single-particle or quasi-particle properties. ~
Condensed matter solid studies were represented here by a few examples. As
is often true in solid state physics, future benefits will depend in large
measure upon the choices made by particular scientists of suitable problems
and systems for study.

III. ELECTRON SCATTERING NUCLEAR PHYSICS

The Workshop heard from Sick and from Day how quasi-elastic electron-
nucleus scattering has been highly developed. As a tool for the study of
nuclei it has several useful characteristics. The electromagnetic inter- ™
action is a relatively clean probe which can be used to investigate distri-
butions of charge density and of momentum.3 Besides using magnetic spec-
trometers, nuclear scientists now make use of particle identification with
the use of Cerenkov counters (for the velocity), wire chambers (for indi-
vidual particle trajectories) and calorimeters (for the total energy).
Pion backgrounds have been brought down to the 10"* level, which permits
study of the quasi-elastic peak- in remarkable detail. Both inclusive and
exclusive reactions can be studied. Scaling can be used to investigate the
q-dependence of the nuclear fora factor. Sick has told us about the con-
siderable work on inclusive (e,e') reactions, which yield global infor-
mation, and pointed out the increasing emphasis upon exclusive studies.

Experimental problems exist, in the form of the pervasive need for
radiative corrections to the data. Sick has assured us that the treatment
of the real part of the final-state interaction can probably be taken care
of. At the higher energies there are also meson exchange corrections and
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proton off-shell effects to be taken into account. In exclusive reaction
studies, charge exchange is a problem and it appears the observed strength
is significantly lower than expected from theory.

Some interesting parallels can be drawn between inclusive scattering
results and neutron scattering results from liquid helium. For nuclei
(compared to the helium case, finite objects!) good information is now
available for low- to moderate-momentum components of the nuclear wave
function. Most information is now-desired about high-momentum components, ..
which are generated by the characteristics of the nucleon-nucleon inter-
action at very short distances. Unfortunately, measurement of the scat-
tering strength on the large energy transfer side of the quasi-elastic peak
is complicated in electron scattering from nuclei.

There has been fine complementarity in the theoretical study of
nuclear matter and of the quantum fluids 4He and 3He. Figure 2 illustrates
the relationships schematically. Compared to the quantum fluids, nuclear ~
matter is a relatively weakly interacting system. The interparticle
spacing, and the helium potential has a relatively large hard core. On the
other hand, the inter-nucleon forces are not just the straightforward pair
interaction of the heliums. The way to progress in the resulting situation
can be compared to night pedestrian travel on a cluttered city street. The
street is a way toward a destination {the detailed understanding of the
dynamics of many-body systems) . But from time to time there are piles of
garbage which appear on the near side, which makes it desirable to cross
over and proceed along the other side for a while, as one progresses.

From Sick and from Day, we have heard of much fine work and its inter-
pretation, including studies on 3He of heroic scale at SLAC. As for
prospects for the future, we have heard of the kinds of work expected to be
possible at instruments at Mainz, in the Federal Republic of Germany, and
eventually at CEBAF, now under construction in Virginia.

IV. ELECTRONIC SYSTEMS IN CONDENSED MATTER PHYSICS

From Platzman, we got an authoritative perspective about final state
effects in the photon excitation of electronic systems, and a rapid review
of past results from selected parts of the periodic table. He illustrated
the prospects for future knowledge to be gained from experiments at the new
X-ray sources, for example about electron correlations, about minority spin
momentum distributions in polarized systems, and about various solids
through the exploitation of interference effects.



For high-energy photon studies, applicability of the impulse approxi-
mation i s not in question. Rather, experimental problems corns in the
production of photoelectrons (although the existence of photoelectric
absorption edges can be turned to advantage in suitably chosen circum-
stances) , in pervasive multiple scattering, and in the rather modest
experimental resolution attainable in most studies to date. Kew detectors
will probably help.

The future of hard X-ray studies of momentum distributions and related
physical phenomena appears very bright. Already, insertion devices have
been used in existing medium energy storage rings to produce intense syn-
chrotron radiation in the range above 10 keV, tunable radiation which is
exceedingly well-collimated and for which the degree of polarization can be
selected.

Magnetic Compton scattering is now possible, and future helical
wigglers will provide incident circular polarization for unprecedented
studies. Mills and Cooper, in separate presentations, told us about both
an impressive beginning in this area and about ambitious plans for future
instruments and studies. Already four years ago, at the Los Alamos HEECM
Workshop4, there were predictions of future dominance of synchrotron radi-
ation in the investigation of magnetic structures of solids, a subject long
the exclusive purview of slow neutron scattering. One heard echoes of
Khrushchev's famous remark "We will bury you."

The final engineering design of the Advanced Photon Source (APS) at
Argonne National Laboratory is being worked out. It, and the other high
energy machines in Europe and elsewhere, carry immense promise for future -
development of photon scattering techniques for investigating the structure
and dynamics of electrons in condensed matter. ^

Berko cheerfully reminded us that al l of these experiments are done in
momentum space, before he pointed out the rich variety of techniques using
the positron as a probe. Positrons are not a soft probe, and (for con-
densed systems) with them one has a surface to contend with, and, for
intrinsic n(p) studies, competition from defect traps. The results, nev-
ertheless, are truly impressive in scope and in detail. Many-body effects ~
are important but do not seem to destroy applicability of the technique to —
subtle problems such as Fermi surface analysis in complex crystals, —
especially when companion calculations are available to assist in data
interpretation.

V. NEUTRON n(p) STUDIES IN CONDENSED MATTER PHYSICS

The helium l iquids and solids have provided an inexhaustible source of
puzzles and surprises in condensed matter physics . A particular fascina-
t ion has been the search for experimental ver i f i ca t ion of London's predic-
t ion that superfluidity in liquid 4He i s related to the appearance of a
quantum Bose condensation of the f lu id . An a t t rac t ive ly direct means i s
the measurement of the momentum distr ibution in the l iquid , because the
condensate presumably contains part ic les having very small momentum compo-
nents corresponding to macroscopic delocal izat ion in the bulk f lu id . At
the same time, there has evolved real izat ion that in actual neutron
scat ter ing experiments, both final s tate e f f ec t s and the presence of
several p « 0 s ingular i t ies in n(p) complicate matters.

After the Workshop banquet, Svensson to ld us th i s entertaining yet
sobering saga of "The Quest for n(p)" in superfluid 4He, as one of the most
act ive part ic ipants . Earlier, Sokol presented the studies of 4He by
Sostich, Sokol, and Silver which include both use of a dedicated neutron
spectrometer at IPNS and a new theoret ical estimation of f ina l s tate
corrections to be made to such data. And Mook reviewed the Oak Ridge work
not only on superfluid 4He but also on the strongly interact ing ifermi f lu id
3He, an experimentally much more demanding specimen owing to i t s enormous
absorption of slow neutrons. Some of the most sp ir i ted discussions and



comments of the Workshop were provoked by these presentations. It is clear
that Svensson's choice of "quest" is an entirely appropriate tern for the
process, both in the sense that the search is arduous and in the Medieval
sense that it is worthy in itself to be questing.

It is fair to say that all Workshop participants regard these quests
a3 interesting but that not all were convinced that they are finished, even
for fluid 4He, the subject of such ingenious efforts over the years.
Direct verification of a number of expected characteristics of the momentum
distribution of ground state fluid 4He still appears incomplete and the
dependence of the overall neutron recoil widths upon momentum transfer q is
still matter of debate, particularly in 3He. Because the plenary discus-
sions of the Workshop are not recorded in these Proceedings, it is perhaps
worth noting that they did not avoid basic questions Among those to be
heard during this session were: "Is n{p) an observable?" "How do you find
singularities experimentally?" [For the purpose of final state .
corrections] "what if n(p) is not known?" "Ah, that's the problem!"

Not much was said about the current experimental situation in the
solid heliums, but Glyde pointed out the usefulness of considering both
solids and liquids in his analysis of the approach to applicability of the
impulse approximation.

Hydrogen has been an important subject of neutron scattering studies
from the earliest days of neutron research. At first, of course, the
emphasis was upon fundamental studies of the neutron-proton interaction.
But the work soon expanded because of the practical importance of hydrogen
and a variety of hydrogen-containing compounds in science and technology.
A large scattering cross-section has made studies of small amounts of
hydrogen practicable. The Workshop heard from Herwig about recent neutron
spectroscopy on solid and gaseous para-hydrogen, and about dilute hydrogen
embedded in a solid argon host, and from Hempelmann and Reiter, respec-
tively, about the successes of both experimental and theoretical investi-
gations of the microscopic dynamics of (atomic) hydrogen in metals by
neutron scattering.

Experimental investigation of mor^entum distributions in intermediate
ranges of momentum transfer has of course been previously possible with
reactor sources of neutrons, particularly by scientists in national
laboratories. Traditional triple-axis machinery has been joined, we have
heard from Mook, by time-of-flight cross-correlation techniques which in
principle allow exact deconvolution of the data. In practice, it appears
that one is not free of the familiar trade-offs between resolution and
counting rate.

The new element in neutron n (p) studies has become the operation of
chopper spectrometers and resonance detector (eV) spectrometers at pulsed
spallation sources. These instruments can reach large momentum transfers,
to 25 A"1 and above. The Argonne IPNS has been operating seven years, and
as the Workshop convenes the first IPNS operation with a new, enriched
uranium target shows the neutron flux increased by a factor near 2 1/2.
The Rutherford-Appleton ISIS has both direct- and inverse-geometry spec-
trometers in operation and development. And the Los Alamos LANSCE has
plans for instrumentation capable of n(p) studies. Holt has told us of
considerations, in principle and in practice, which limit such instruments.
It turns out that the resolution is not so bad, but that the suppression of
neutron background is a difficult challenge which presently seems to limit
the investigation of very high-momentum components of n (p) .

Unlike synchrotron sources, new neutron sources do not promise
improvements of many orders of magnitude in flux. Nevertheless, there is
much ground as yet unexplored, both in the techniques and their applica-
tions to condensed matter systems. For techniques, it is worth noting, for
example, the rich variety of conceptual design studies for new neutron
instruments which were produced as part of the German SNS facility pro-
posals. And as an example of applications, it will be interesting to see



further studies of the approach to the impulse approximation, in view of
the various expectations of this presented to the Workshop by Silver and by
Glyde.

VI. THEORY AND NUMERICAL SIMULATION

Parallel to these diverse experimental developments, we have seen
increasing power and confidence in theoretical understanding of many-body
systems, and impressive implementation of sophisticated numerical
simulations. These studies not only give new quantitative results but also
yield new insights. They also help guide experimentalists in the reduction
and interpretation of their data. It is notable that during this Workshop
trenchant comments and constructive practical suggestions to the experi-
mentalists often came from the theorists. Many of the n(p) experimen-
talists' goals for understanding are not confined to the particular systems
chosen for study. They often have some generality of application. At the
same time, during this Workshop it has not been unusual for experimen-
talists to pose challenging questions to the theorists for their
consideration or to question some cf the assumptions made in their
analysis. It is to be hoped that this active interaction between theorists
and experimentalists in this field will continue.

Clark's comprehensive "Overview" of theories and calculations replaces
whatever summary I, as an experimentalist, might make of theoretical
accomplishments and prospects. His Overview can be read elsewhere in this
volume.5 Here I confine myself to several observations and comments.

It seems to me that as simulations and calculations with ever more
powerful computers are possible, such as those described by Panoff, by
Ceperley, and by Manousakis, respectively, and as expectations of their
realism are increased, a question by Platzman during one session is
increasingly relevant. The question is "How do you know you have thought
of everything?" It is true, of course, that the simulators have the
advantage that the influence of a particular interaction or effect can be
turned off or on at the will of the simulator, in order to explore the
nature and magnitude of such influences. But the possibility of compen-
sating opposite influences, which thereby mask effects, should not be
forgotten.

An experimental advantage that the heliums have is the possibility of
studies over an extremely large range of densities. And for many purposes
it appears that the precise choice of potential is not significant. But
diamond-anvil studies of helium compressed to densities as much as six
times the density at which it first condenses suggest that triplet forces
are important under those conditions.6 Helium provides an interesting
system for investigation of the nature and processes of melting and crys-
tallization. Ceperley showed us, in a kind of homage to Feynman, that
path-integral methods, when pursued with good taste, give us new insights ~~
about both 3D and 2D helium.

I would have liked to hear more about shadow wave function appli-
cations in GFMC calculations, some discussion about properties of helium
droplets, and more comments about consequences arising because nuclei are
finite. But time was limited, L Not too limited, however, for a "Workshop"
atmosphere truly to flourish in the spirited widespread discussion provoked
by Koonin's presentation about final state effects in nuclear scattering
studies. Finally, it was a little surprising to me that we did not hear
more about the application, to nuclear problems, of density functional
methods, which have been used for ground state problems in electronic
structure with some success.

VII. WHAT WOULD WE LIKE TO KNOW ABOUT n (p) IN . . . ?



The speakers with th is t i t l e each emphasized that i t was a commis-
sioned t i t l e , and suggested other forms for • relevant question. Never-
the le s s , each presentation was provocative.

Hetherington reminded us, with some wi t , of the general arguments of
Penrose and Onsager about the existence of a Bose condensate in ground-
s t a t e l iquid 4He, and l i s ted the questions: "What is no?" What is the
overa l l scale and shape of n(p)?" "What i s the character of the singu-
l a r i t i e s near p - 0?" "Is there an exponential t a i l at p -» •»?" "What is
the value of <KE>?" During the ensuing discussion, the interesting
question of a possible condensate in solid AHe came up, as well.

Fantoni told us why, in nuclear invest igat ions , the spectral function
S<k,E) assumes a greater importance than i t does presently in condensed
matter physics. In nuclear investigations the choice of scaling variable
i s non t r iv ia l , but i t i s iiaportant for the pursuit of valid inferences from
the da ta . He emphasized the equivalence of p(k) and p(r) in nuclear
s tud ies , and reiterated the need for more information on high-momentum
components of n(k) [- n(p)] .

Doniach presented a provocative vision of his hopes for future elec-
tron system research in th i s area, ,once new X-ray sources and the right
high-resolution detectors become available. Strongly correlated Fermion
systems provide special challenges and opportunities for new understanding
of important cases where correlations dominate what is going on: heavy
Fermions; Mott insulators; high Tc superconductors. His discussion
focussed upon the physical origins of the effects in these systems which,
in contrast to fluid helium, have a low effective density. I found
in te res t ing his homage to Feynman through the use of path-integral
arguments, and which applied to narrow-band problems provoked a lot of
Workshop discussion. And his analogies to Landau Fermi-liquid theory were
a useful way to portray the relative s ta te of theoretical developments
here . He emphasized the need for high resolution in future experiments
aiming to elucidate these physical origins; experimentalists did question
possible background problems to be faced.

VIII . CONCLUSION , ' " ~

A common theme of the Workshop, in a l l branches of physics considered,
was emphasis upon current knowledge of the momentum wave-function of the
system studied. The knowledge is sometimes extensive, sometimes sketchy,
depending upon the branch. Also common was in teres t in quasi-particle __ .
propert ies and the discussion of prospects for extension of quantitative
work on correlation effects . An agreed goal i s the detailed comparison of
response functions, or of dynamical scattering factors, obtained from
theory and from experiment, respectively, over a range of momentum trans-
fers or other physical conditions. Approximations in the respective
theories may complicate what could otherwise be straightforward transfor-
mations between descriptions of the systems in coordinate and in momentum
space. Behavior in the limit of the impulse approximation i s of interest ,
of course, but in practice th i s cannot necessarily be achieved, and,
besides, one may also be specifically interested, in par t , with aspects of
few-body or of collective behavior which are not evident in that limit.

The poster sessions and working groups provided a natural extension of
Workshop ac t iv i t i e s and entry to detailed discussions. For example, on
display were further examples of beautiful applications of positron
annihilation techniques to electron structures of solids, and on the other
hand, a variety of posters on practical matters related to neutron and
electron scattering experiments.

Overall, the Workshop showed that considerable progress has been
accomplished since these topics were discussed as part of the 1984 Los
Alamos HEECM Workshop.4 It i s not just progress made possible as exciting
capabilities of new experimental faci l i t ies are realized. I t i s progress



in theoretical understanding and simulation. And, finally, i t ia the
increasing realization of the benefits of keeping aware of developments in
the other branches of physics which, although different in subject matter,
share similar intellectual problems.
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