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2101 CONSTITUTION AVENUE WASHINGTON, D. C. 20418

OFFICE OF THE CHAIRMAN

July 24, 1984

Dr. CGeorge J. Keyworth, 111

Di rector

O fice of Science and Technol ogy
Pol i cy

a d Executive Ofice Building

Washington, D.C. 20500

Dear Jay:

| ampleased to transmt a report on major materials
facilities, prepared at your request by a conmittee of the
National Research Council (NRC). As with all reports of the
NRC, the report is the responsibility of its commttee, but
its review has been nonitored by the Academes'- Report Review
Committee.

The reBort presents priorities both for new facilities
and new capabilities at existing facilities with initial cost
of at least $5 nmillion. The new facilities in order of pri-
ority are: a 6 GeV Synchrotron Radiation Facility: an Advanced
Steady State Neutron Facility; a 1 to 2 GeV Synchrotron Radi -
ation Facility: and a Hgh Intensity Pulsed Neutron Facility.
The new capabilities at existing facilities in order of pri-
ority are: centers for cold neutron research, incorporating
guide halls and instrumentation; insertion devices on existing
synchrotron radiation facilities: an experinental hall and
instrumentation at the Los Al anbs National Laboratory Pul sed
Neut ron Sour ce: upgradi ng of the National Magnet Laboratory:
and enriched pul sed neutron targets.

The context for these recommended priorities is given in
the executive summary, and nore fully set out in the three
chapters of the report proper. Chapter | titled, Materials
Research: Facilities and Mddes, describes the nature of nate-
rials research, by whomit is done, and for what purposes; and
the major facilities for synchrotron radiation, neutron scat-
tering, and high magnetic tield research, in the United States
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and other countries. Chapter Il titled, Major Materials
Facilities: Science and Technol ogy, outlines the research
that has been done wih existing facilities and that will be
facilitated with the proposed new installations. Chapter II
titled, Conclusions and Recommendations, offers a fuller
rationale Tor the prioritres, briefly analyzes costs, and
surveys facilities-considered but not included in the pri-
orities by virtue of the Commttee's charter and wthout
necessarily passing any judgnent on their relative nerit.

As acknow edged in the preface to the Report, setting
priorities was a "difficult and painful" task for the Com
mttee. It should be understood that, in accordance with your
request, the report did not address the question of bal ance
bet ween support for "smalT" and "big" science in materials
research. The Commttee hewed to its charter: to set pri-
orities anmong nmajor facilities considered inportant to the
nation's research efforts. Therefore, the report shoul d not
be read as advocating increased support for major facilities
to the detrinent of smaller scale science, typically done at
universities, governnental |aboratories, or regional centers.

I ndeed, quoting from the preface, "additional panels should be
convened to address other aspects of materials resarch and to
revi ew previous recommendations in |light of new information."

Wth those caveats in mnd, | believe this report to be
a major contribution to guiding the science and technol ogy of
the United States. Al of us understood that selecting pri-
orities is a difficult task. That it was done, with care and
wi sdom is due to the nenbers of the conmttee, to its staff,
and to the Commttee's |eaders, Frederick Seitz and Dean
East man.

| commend the report to your attention.
Sincerely,

Dot

Frank Press
Pr esi dent

At t achnent
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PREFACE

The President's O fice of Science and Technol ogy Policy in November
1983 asked the National Research Council (NRC) to assist in estab-
lishing priorities for major facilities for materials research. These
facilities, defined as those with initial cost of at least $5 mllion,
include, anong others, sources of synchrotron radiation and steady
state and pul sed neutrons.

A conmttee of twenty-two menbers was formed within the NRC
Conmi ssi on on Physical Sciences, Mathematics, and Resources, repre-
senting the diverse disciplines that use facilities for major mate-
rials. The Conmmttee's menbership was also intended to mrror the
differing research styles and the spectrum of organizations where the
research is done. Scientific work with materials varies from that
principally requiring | aboratory-scale instrumentation to that depen-
dent on the availability of major facilities that the Conmttee was
asked to address. It is done by governmental, academic, and industrial
scientists and engineers.

The Major Materials Facilities Conmttee first nmet late in
January 1984 and three times thereafter. Four panels of the Comittee
were forned: three to consider and make recommendations to the Commit-
tee regarding needs for synchrotron radiation, neutron scattering, and
other specialized materials research facilities; and a fourth to ana-
| yze the budgetary inplications of various sets of priorities. During
its tenure, the Committee, or one of its panels neeting separately, was
informed of or heard detailed presentations on the status and prom se
of many of the U.S. nmajor materials facilities falling withinits
charge. Further, the President's Science Advisor, the directors of
several national |aboratories, and senior research officials of several
federal agencies net with the Committee. [A list of presentations to
the Commttee is in Appendix C.] Finally, the Conmttee had avail able
to it recently conpleted and advance drafts of reports relating to its
topic, done by the National Research Council, the Departnment of Energy,
and other organizations. In all, this report is the result of nore
than 6 nonths of extrenely intensive efforts by the Conmttee, its
panels, and its staff.

In addition to the executive sunmary, the report contains three
chapters. Chapter | describes the facilities, research styles, and
research performers of materials research in the United States. It

ix



also offers a brief summary of the status of U S. facilities vis-a-vis
those of other countries. Chapter Il outlines scientific and techno-

| ogi cal acconplishments using nmajor materials facilities and suggests
the likely direction of future research. In short, it presents the
scientific and technol ogical rationale for the recormmendations in this
report. Chapter |1l expands on the conclusions and recommendations
given in the executive summary.

A continuing concern throughout the Conmittee’ s deliberations was
the possible msinterpretation, even msuse, of its report. As is em
phasi zed several times in the text that follows, the know edge gener-
ated by materials research cones fromdiverse research styles and per-
formers, each vital to the total effort and each conplenentary to the
other. These varying styles nust each be well supported, for the
health of the total effort in materials research. To deny funding to
smal ler scale research to support mgjor facilities is destructive.
Therefore, the recomendations in this report should be read and in-
terpreted for what they are: a statement as to priorities solely for
major materials facilities. The Commttee did not address, and this
report does not inply, any judgnents on the total spectrum of work
enbraced by materials research.

By the sanme token, additional panels should be convened to ad-
dress other aspects of materials research and to review previous recom
mendations in light of new information. Such panel's, by responding to
specific aspects of materials research needs, can contribute to the
| ong-range planning and to the setting of priorities for the materials
research field.

The task before the Conmittee was difficult and painful. Its
reconmendations, and its omssions, would, if they were adopted, have a
maj or effect on the future direction of materials research in the
United States, on the institutions where mgjor facilities are or nmay be
based, and, likely, on the future conpetitive status of najor segnents
of United States technology. That the Committee fully agreed to the
need to recomend priorities testifies to the cosnopolitan views of its
nenbers; that reaching agreenent on priorities was difficult testifies
to their strong beliefs in the value of particular facilities.

The National Research Council is indebted to the menbers of the
Commttee for their patience, goodw |l, and dedication to an arduous
and trying task.

Dean E. Eastnan

Frederick Seitz

Co- Chai rmen, Major Materials
Facilities Committee
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EXECUTIVE SUMMARY

The science of condensed matter, or materials research, deals with the
properties of solids and liquids and their interfaces. It is inter-

disciplinary, involving materials science, major areas of physics and
chemistry, and the earth sciences, biology, and medicine. The under-
standing of the behavior and properties of materials undergirds every
major technology; as a consequence, strength in materials research is
essential to national capacities in advanced technology and, hence, to
economic competitiveness.

Like all sciences, materials research depends on instruments,
with these instruments ranging from laboratory size, such as mass spec-
trometers, to major national facilities, such as sources of synchrotron
radiation and neutrons.

This report deals solely with major facilities. That was the
Committee ' s charge. The facilities considered were those that are
national in scope, with initial costs on the order of $5-10 million or
more, intended primarily for research on materials. However, materials
research done on a laboratory scale is equally vital to the future
strength of U.S. materials research. Support for laboratory-scale
science is complementary to, not competitive with, the support for
major facilities recommended in this report.

The relatively high costs of major facilities for materials re-
search dictate that priorities be established; and the Committee in
this report recommends priorities for major new facilities and new
capabilities at existing facilities, for materials research and related
fields. The recommended priorities involve three types of facilities,
providing synchrotron radiation, neutrons, and high magnetic fields.

Synchrotron radiation, produced when energetic electrons are de-
flected by a magnetic field, provides over a broad spectral range the
most intense source of photons now available. Such radiation can be
intensified further by orders of magnitude by using insertion devices--
wigglers and undulators--that put a series of sharp bends in the elec-
tron trajectories. Synchrotron-produced photons interact strongly with
atomic electrons, thus, offering a means of probing the details of the
electronic structure of materials.

In contrast, neutrons, which are produced by nuclear reactions,
interact most strongly with atomic nucleii. Neutrons are thus uniquely
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suited to the study of lattice dynamics and molecular configurations.
In addition, since the neutron has a magnetic moment, neutron scat-
tering offers a unique means of probing the magnetic properties of
materials. The most effective use cold neutrons, which have very low
velocities, requires that they be transported through special tubes,
whose walls reflect those neutrons with minimum loss, to large experi-
mental areas called guide halls.

High magnetic fields are essential to the study of a variety of
technical and fundamental problems. In particular, high magnetic field
facilities are essential to the development of improved superconductors
and, in turn, make it possible to construct more efficient superconduc-
ting magnets capable of achieving still higher fields.

The Committee applied the following criteria in establishing its
priorities:

o The importance of each facility for frontier research in
materials, and consideration of research needs of other
fields, including biology, chemistry, atomic and molecular
physics, plasma physics, earth science, and medical science.

o The importance of each facility for applied research in
areas of national priority; that is, economic competi-
tiveness and security.

o The availability of other, less costly alternatives for
accomplishing comparable scientific, technological, and
educational goals.

(<] The contribution of each facility to a long-term national
plan for such facilities, including considerations such as
capital investment, operations costs, and technical
feasibility.

Additional criteria that should be considered in evaluating
proposals for new facilities include:

o Technical and scientific resources at the laboratory or uni-
versity site, including schools or departments in related
areas.

o Access and ease of use by extramural academic, industrial,

or government laboratory investigators.

o Role of the facility relative to a new or strengthened
mission of its home laboratory or university.

) Potential of each facility for training scientists and
engineers.

Further, new facilities to be fully effective must be dedicated,
that is, used exclusively for synchrotron radiation or neutron based
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research. Finally, to serve the entire community optimally, the
geographic distribution of facilities should generally be taken into
account.

CONCLUSIONS AND RECOMMENDATIONS

The Committee’'s recommended priorities for major facilities--both new
facilities and new capabilities at existing ones--embody two
prerequisites:

o That they are accompanied by expanded support of smaller
materials research programs, including related instrumenta-
tion. Research on this scale continues to provide much of
the fundamental new science in the field and to train a
large fraction of our scientific and technical manpower.

o That resources must be provided to operate existing user
facilities productively. In addition, the approved enhance-
ments of major synchrotron radiation facilities at the
Brookhaven National Laboratory, Stanford University, and the
University of Wisconsin should be completed expeditiously,
since it will require several years to more than a decade
before the new facilities recommended in this report can
contribute to the research effort of the United States.

RECOMMENDED PRIORITIES

The Committee’'s recommended priorities for the development and con-
struction of facilities during the next decade include two categories:

0 Major new facilities, and
0 New capabilities at existing facilities.

These categories complement one another in function, time scale,
and required resources. New capabilities at existing facilities are
essential for scientific and technological needs in the next decade,
while the long lead times needed to construct major new synchrotron
radiation and neutron facilities require that we start now with the
planning and design of such new facilities. They also require that we
begin immediately to implement new capabilities at existing facilities.
The Committee concludes that both categories are essential for the
effective evolution of science and advanced technology in the United
States in the next decade and beyond.

The Committee also recommends the convening of additional panels
to address other important aspects of materials research.



Major New Facilities

The Committee's recommendations for the construction of major new
facilities are listed below in order of priority.

1. A 6 GeV Synchrotron Radiation Facility. This would be
designed to make optimum use of the new scientific and technological
opportunities presented by insertion devices. These devices, by pro-
viding radiation having orders of magnitude greater brightness than
currently available, will make it possible to expand on the seminal re-
search using synchrotron radiation carried out in the past decade. A
synchrotron radiation facility with a storage ring energy of about
6 GeV will offer both identifiable and unforseeable new opportunities
for research throughout the electromagnetic spectrum. It is optimal
for providing radiation from undulators at about 10 keV, where most
x-ray research is done. For example, the brightness increase will make
it possible to investigate the properties of more complex materials and
smaller samples with increased spatial and energy resolution. Site-
independent design should begin immediately, and the site selection and
construction should commence as soon as possible. If construction were
to begin, for example, in FY 87, operation is possible by FY 92.

2.  An Advanced Steady State Neutron Facility. The goal is to
achieve about ten times the flux of existing machines with a minimum
requirement of five times the flux. There are two principal reasons
for this recommendation. First, and most important, a high-flux source
can be designed to optimize beam geometry and flux distribution, so as
to yield greatly increased intensities for all experiments. An in-
crease of about ten times the flux of existing machines is an aggres-
sive but technologically feasible goal. Such a facility would ensure
the United States a leading position in this field. This is especially
important in the cold neutron range, where flux increases of an order
of magnitude can be achieved, providing new capability, for example,
for high-resolution spectroscopy and small-angle scattering studies.
Second, a new source will be a timely replacement for one or more of
our existing sources built in the 1960%. Site-independent design
should begin immediately. However, because of safety requirements, the
Committee does not expect construction to begin until about FY 89 with
completion possibly by FY 96.

3. A 1 to 2 GeV Synchrotron Radiation Facility. This facility
would be centered around insertion devices but optimized for the vacuum
ultraviolet (VUV) and soft x-ray region. This facility furnishes addi-
tional scientific and technical opportunities for research in chemical
physics, electron spectroscopy, and imaging techniques such as micros-
copy and holography.

A High-Intensity Pulsed Neutron Facility. Pulsed neutron
sources offer new scientific capabilities, especially for investiga-
tions requiring higher energy, or greater than thermal, neutrons.

Also, there are practical limits to the intensity that steady state
reactors can provide. Thus, future improvements in neutron sources,
beyond the second priority above, will probably come from alternative
approaches, the most promising of which is based on pulsed neutron
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sources. However, future actionﬂon the construction of a high-
intensity pulsed source (about 10 neutrons/cm’®-sec peak flux)
should be based upon the results obtained with lower-intensity pulsed
sources.

New Capabilities at Existing Facilities

Recent developments make it both practical and cost effective to adapt
certain existing user facilities to new purposes by adding experimental
halls, instruments, and modified sources. These additions provide an
opportunity for new frontier science; they are not simply extensions of
existing work.

The Committee's recommendations in order of priority for the
addition of these new capabilities at existing user facilities are:

1. Centers for Cold Neutron Research. Guide halls and instru-
mentation for exploiting the only cold neutron sources in the U.S.
located at the Brookhaven National Laboratory and at the National
Bureau of Standards, should be developed in an orderly fashion.

There is no cold neutron guide hall in the United States, and
such facilities are urgently needed to address the rapid expansion of
neutron applications in materials science, chemistry, and biology.
Many central problems in these sciences can only be solved using new
instruments with cold neutron beams. These centers will enable U.S.
scientists to be competitive in cold neutron research during the next
decade; and they will provide new instrumentation concepts for devel-
oping future neutron scattering sources.

2. Insertion Devices on EXxisting Synchrotron Radiation Facil-
ities. Insertion devices should be developed in an orderly fashion to
exploit about six of the remaining straight sections of existing stor-
age rings. The special characteristics of undulators as radiation
sources should be emphasized, to use our existing capability most
effectively.

Undulators on existing machines will be our premier synchrotron
radiation source for the next 5 years. They will also provide valuable
experience for the next generation of synchrotron radiation facilities
which will also be based upon undulators. The construction of addi-
tional insertion devices, when approved, should follow the construction
of new capabilities at synchrotron radiation facilities already in-
cluded in the budgets for FY 85 and FY 86.

3. Experimental Hall and Instrumentation at the Los Alamos
National Laboratory. An experimental hall and new instruments at the
pulsed neutron source at the Los Alamos National Laboratory (LANL)
would make the United States competitive in pulsed neutron research and
would help guide the development of future pulsed sources.

The expected flux increase at this facility is an important
opportunity to explore, at modest cost, the great promise of pulsed
neutron science for spectroscopic and structural problems-.
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4.  Upgrading of the National Magnet Laboratory. The need for
timely development of pulsed magnetic field facilities and instrumen-
tation enhancements at the National Magnet Laboratory has been demon-
strated. This laboratory, the only major high magnetic field research
facility in the United States provides a unique combination of high
fields and low temperatures. Many advances in research depend on its
continued development as a dedicated user facility.

5. Enriched Pulsed Neutron Targets. Enriched targets, by
exploiting fission events to amplify the neutron flux, can more than
double the available flux. The development and installation of en-
riched targets for use at pulsed neutron facilities would be cost
effective.

Priorities 1 and 2 for major new facilities, when they are im-
plemented, would serve as a centerpiece of this nation’s future capa-
bility for synchrotron radiation and neutron based research. Thus,
design and siting studies for a 6 GeV synchrotron radiation facility
and for an advanced steady state neutron facility should begin
immediately.

Because of the long lead time associated with an advanced steady
state neutron facility, the immediate implementation of at least one
instrumented cold neutron guide hall is necessary to provide forefront
capability.

The basis for these conclusions is expanded upon in the body of
the report. Chapter | outlines the characteristics of materials
research at universities, at governmental and private laboratories, and
in industry, including research styles, research organizational modes,
instrumentation, and the role of national facilities. It also offers a
brief summary of the status of U.S. facilities vis-a-vis those of other
countries. Chapter Il outlines scientific and technological accom-
plishments, using major materials facilities, and suggests the likely
direction of future research. It presents the scientific and techno-
logical rationale for the recommendations in this report. The Commit-
tee's conclusions and recommended priorities for national facilities
for materials research and related fields are given in Chapter III.

The Committee again emphasizes that, in response to its charge,
its recommended priorities include only synchrotron radiation, neutron
scattering, and high magnetic field facilities. Other meritorious ma-
terials research facilities were also discussed by the Committee. A
number of these are briefly described in Chapters | and IIl.



I . MATERIALS RESEARCH: FACILITIES AND MODES

Materials research is by its nature interdisciplinary, historically
calling on expertise from engineering, physics, earth sciences, and
chemistry and, recently, extending to biology and medicine.

In this chapter, we briefly describe the diverse research styles
and types of facilities, instrumentation requirements, organizations,
and modes of materials research. This is intended to set the context
for the focus of the report: major neutron, synchrotron radiation, and
high magnetic field facilities, costing in excess of about $5 million.
These are all are national user facilities, each serving a group or
groups of users whose interests often extend beyond the traditional
materials research community. This focus responds to the charge to the
committee, as stated in the opening sentences of the Preface and the
Executive Summary.

Universities, the federal government, and private corporations
are all involved in materials research. In universities, it is done in
the main in different disciplinary departments. Within the government,
it is done within facilities operated for the U.S. Department of Energy
by private contractors, such as the Oak Ridge National Laboratory, the
in-house laboratories of the Department of Defense, such as the Naval
Research Laboratory, and other laboratories such as the National Bureau
of Standards. Numerous industrial laboratories are also involved in
materials research, usually in an interdisciplinary mode, ranging in
focus from fundamental work to development and manufacturing.

UNIVERSITIES

Much of the materials research in the United States is done in small
university laboratories, consisting of a few researchers and a total
instrumentation inventory of less than $1 million. Research on this
scale continues to provide important, fundamental new science and to
train a large fraction of our scientific and technical manpower.
Universities have a crucial role in materials research. They

are a major source of new ideas and concepts that often take years to
mature, time that industry often cannot commit. And they are the sole
source of future materials scientists and engineers. Universities also
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operate special research facilities that are used by a broader research
community.

Training new scientists and engineers for materials research is
complicated by the needs of advanced technolog?; for people who are
broadly trained and fully conversant across the conventional discipli-
nary boundaries, such as, for example, condensed-matter physics and
chemical engineering.

An important task for the universities is to develop stronger
ties with industrial and governmental laboratories. Such cooperative
programs stimulate new research, promote the exchange of new knowledge
and technology, and help in thecontinuing education of mature technical
personnel at industrial and governmental laboratories.

Materials Research Laboratories

The Materials Research Laboratory (MRL) program, supported by the
National Science Foundation and the Department of Energy, is intended
to stimulate interdisciplinary materials research within universities,
of the sort not easily done under the traditional funding pattern of
individual research projects. It emphasizes coherent, multi-
Investigator projects requiring collaboration among individuals in two
or more materials-related disciplines. The MRL program has also
emphasized the development of wellstaffed and well-equipped central
research facilities, partly as mechanisms for stimulating collabora-
tion. Finally, new projects can be quickly started with MRL funding
including seed funds to assist both new faculty members and established
faculty members with novel ideas or programs who wish to change re-
search fields. MRL core support is not intended as a substitute for
individual research project funding, but may properly catalyze sig-
nificant new research initiatives. Several Materials Research Centers
at universities are funded by the Department of Energy and by other
agencies. A smaller kind of specialized program, the Materials
Research Group, is currently under consideration by NSF.

Instrumentation for Materials Research*

The status of instrumentation in university research laboratories was
examined in a 1971 study of the National Research Council (reference
23), commissioned by the National Science Foundation. At that time, a
need for $200 million in new instrumentation was identified. Only a
small fraction of the need was met at the time, leading to a more prob-
lematical situation now. Thus, in the intervening decade, the consumer

* While this discussion of instrumentation focuses on the needs of the
universities, many of the same problems are faced by governmental
laboratories engaged in materials research.
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price index rose by slightly more than a factor of three, while instru-
mentation costs inflated at almost twice that rate. The accumulated
need is now at least $1 billion, and some estimates are considerably
higher. The $1 billion estimate is what would be needed to bring uni-
versity research laboratories up to modern standards and does not in-
clude the cost of major new facilities, such as reactors or acceler-
ators. Results from a 1984 National Science Foundation instrumentation
survey (reference 24) indicate that only 16 percent of current academic
research equipment in the physical sciences could be characterized as
"state of the art." Dealing with this crisis in university instrumen-
tation is a matter of national urgency.

Small- _and Large-Scale Instrumentation. Exacerbating the short-
comings in university instrumentation is the increasing need for new
larger-scale instrumentation for small research groups, instrumentation
that is expensive by traditional standards but modest by those of the
national facilities. In some cases, the cost of such instrumentation,
typically $250,000 to $I,000,000, will necessitate considerable
sharing, usually with other investigators or groups at the same insti-
tution. Examples include electron microscopes, the new generations of
high-powered or very fast lasers, equipment for studying specialized
materials, such as molecular beam epitaxy or chemical vapor deposition
apparatus, specialized environments such as "clean rooms,” very high
powered or pulsed magnets, and dedicated 32-bit superminicomputers.

The cost of equipping many experimental stations at large user
laboratories is also in this category. For example, most of the beam
lines at existing synchrotron radiation facilities now are financed by
participating research teams from governmental, industry, and univer-
sity laboratories. These groups provide their own funding for instru-
menting ports to do particular kinds of experiments. It is expected
that about half of the additional beam lines proposed in this report
for the new and enhanced synchrotron radiation facilities will be
funded by the research participants. Future neutron facilities may
also be partly developed in this mode.

Large-Scale Computers. Over the past decade, a new and essen-
tially different kind of instrument has been added to the increasingly
complex instruments for experimental materials science: the large-
scale computer, or supercomputer. Although simple properties of simple
systems, such as the cohesive energies of elemental solids, can be cal-
culated within about 10 hours with a 32-bit superminicomputer, calcula-
tions for more complex and interesting systems require vastly larger
memory and increased computing speed. Greatly increased computing sup
port, during the next 5 to 10 years, would qualitatively affect the
usefulness of theory for the solution of materials problems.
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The need to fully use the facilities discussed here, coupled with the
generally complex nature of modem materials research, implies a much
more extensive use of technical and professional support staff in in-
dividual research groups than has been customary in the chemistry,
physics, and materials science communities in universities. Biological
scientists in universities are now well established in this mode of
operation, as are many physical scientists in industrial and govern-
mental laboratories.

FEDERAL LABORATORIES

The federally supported laboratories have widely diverse roles in U.S.
materials science and technology, in keeping with the missions of their
agencies. Thus, the national laboratories of the U.S. Department of
Energy (DOE) conduct materials research related to the development of
nuclear fission, fusion, and other energy sources, as well as to wea-
pons. As do other federally supported laboratories, the DOE labora-
tories also operate special research facilities that are widely used by
the broader scientific community. In fact, the special scientific or
measurement capabilities, as well as the major facilities, of the
federal laboratories, are the basis for their many cooperative research
efforts with industry and universities.

The materials research and development activities of the labora-
tories of the Department of Defense (DOD) directly support general de-
fense needs or particular weapon systems. Fundamental work in mate-
rials research centers on those activities areas inadequately addressed
by the private sector or activities that may have an important long-
range impact on the scientific or technological needs of future defense
capabilities. Overall, the DOD laboratories can engage, when it is
necessary, in all aspects of materials research and development, from
fundamental concepts to providing prototypes. Finally, the direct role
of the DOD in materials research is complemented by its indirect role
in broadly supporting contract R&D at academic, industrial, and govern-
mental laboratories of other agencies.

Other governmental departments and agencies also have major roles
in materials research. For example, one of the central missions of the
National Bureau of Standards, within the Department of Commerce, is re-
search leading to new or improved measurement methods and standards and
to basic understanding of the properties of materials needed by indus-
try, universities, and government. The U.S. Geological Survey, within
the Department of the Interior, has a major effort in basic and applied
materials research related to the nation's mineral resources.

INDUSTRY

Condensed matter science is unusual in that a significant portion of
basic research in the U.S. is performed in industry. This reflects the
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fact that condensed matter science supports advanced technologies in
many areas of national priority, including those of information sys-
tems, energy, health, transportation, and national security. Basic
industrial research is conducted in all sub-areas of condensed matter
science using many modes, ranging from the individual researcher to
research groups. Industrial researchers also make active use of
national facilities and collaborate in these efforts with university
and governmental researchers. Multidisciplinary materials research is
often carried out effectively at the major U.S. industrial research
laboratories.

In addition to playing a major role in basic materials research,
industry also helps define the future materials needed to advance
important key technologies. That, in turn, serves as a guide to
research at university and governmental laboratories as well as at
industry laboratories.

The largest materials research effort in the U.S. undoubtedly is
the industrial research and development effort focused upon product
lines. Because this effort often requires advanced applications of
materials for specialized uses, it generally requires a fundamental
understanding of materials. The availability of university-trained
scientific and technical personnel is essential for this extensive
industrial research and development. Collaboration by industry re-
searchers, with scientists and engineers at both university and govern-
mental laboratories, contributes substantially to technology transfer.
Recently, specialized facilities, such as microelectronics-related
facilities, have been created at universities to address both basic
research and the technology needs in, industry.

MAJOR MATERIALS FACILITIES

Within the above perspectives on the diversity and range of facilities
and practioners of materials research, the Committee describes below
the status of several major materials facilities in the United States.
These facilities are more fully described in a recent review article
(reference 22).

Synchrotron Radiation Facilities

The synchrotron radiation facilities in the United States today range
from small, virtually in-house facilities to large user facilities.
The Cornell High Energy Synchrotron Source (CHESS) is a laboratory
using a 5.5 GeV storage ring parasitically. The six end stations serve
about 250 users annually. The National Synchrotron Light Source (NSLS)
at the Brookhaven National Laboratory has two storage rings, 0.75 and
2.5 GeV, dedicated to the use of synchrotron radiation. Approximately
58 end stations, including those in a current upgrade program, serve a
growing user community, currently estimated at 400 scientists annually.
The Synchrotron Radiation Center (SRC) at the University of Wisconsin,
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currently operates a 0.24 GeV storage ring and is commissioning a 0.75
to 1.0 GeV ring. The 20 beam lines on the latter serve an estimated
150 users annually. The Stanford Synchrotron Research Laboratory
(SSRL), at the Stanford Linear Accelerator Center, uses a 3.5 GeV stor-
age ring dedicated to synchrotron radiation part of the year and in a
parasitic mode the rest of the year. Counting beam lines in a current
upgrade program, the 19 end stations serve a user community of 300
scientists. In addition, one undulator beam line is to be built on a
15 GeV storage ring at the same site.

The Synchrotron Ultraviolet Radiation Facility (SURF), at the
National Bureau of Standards, is a 0.24 GeV ring dedicated to synchro-
tron radiation use. Its 13 beam lines serve about 40 users annually.
Expanded descriptions of these facilities and a definition and history
of the user community, as well as its characteristics, can be found in
two previous reports (references 5, 8).

Of the storage rings listed above, only three--two at NSLS and
one at SRC--were designed to be sources of synchrotron radiation, and
those three were all designed prior to a full recognition of the impor-
tance of insertion devices. Consequently, they were designed to em-
phasize the radiation from the bending magnets, with capabilities for
the later addition of a limited number of insertion devices. (For a
description of insertion devices, see Chapter Il and references 5, 8,
18, 19, 20, 26.)

Foreign Synchrotron Radiation Facilities. Many synchrotron
radiation facilities exist elsewhere, offering strong competition to
U.S. scientists. These are extensively described in other reports
(references 5, 8). The principal operating sources are in England
(SRS), France (ACO, super ACO), West Germany (HASYLAB, BESSY), Japan
(Photon Factory), and the USSR (VEPP-3, VEPP-4). There are other
facilities in some of these countries, as well as in Italy and Sweden.
Construction is under way for facilities in the People's Republic of
China, and there are plans for facilities in Taiwan, India, and Brazil.
None of the facilities mentioned above is more advanced than our newest
facilities, NSLS and SRC. However, the European Science Foundation is
planning to build a 5 to 6 GeV storage ring very similar to that pro-
posed for the United States.

Neutron Scattering Facilities

There are, currently, active neutron scattering programs at five dif-
ferent national centers: Argonne (ANL), Brookhaven (BNL), Los Alamos
(LANL), National Bureau of Standards (NBS), and Oak Ridge (ORNL). The
BNL, NBS, and ORNL facilities center around steady state reactor
sources, while ANL and LANL involve pulsed spallation sources. There
are also reactor based neutron scattering programs at the University of
Missouri, the Massachusetts Institute of Technology, and other univer-
sities. This section focuses on the national centers for neutron
research.
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The BNL facility centers around the 60 MW High Fly Beam Reactor

(HFBR), which has a thermal flux of 1 x 10" neutrons/cm®sec. It

is equipped with eleven spectrometers and diffractometers, with two
more under development. The NBS facility has nine end stations, with a
tenth under development. A cold source has been installed on the BNL
reactor, and funding has been provided for installation of a large
volume cold source in the NBS reactor. The ORNL facility centers
around the 100 MW High Flux Isotope Reactor (HFIR), which has a thermal
flux of 1 x 10" neutrons/cm’-sec. It is equipped with nine scat-
tering instruments, with a tenth under development. The instruments
include a 30-meter small-angle scattering instrument that is funded by
NSF as a national user facility. The ANL facility centers around a
pulsed neutron source that produces bursts of neutrons with a peak

thermal flux of 4 x 10"  neutrons/cm®sec at a 30 Hz repetition

rate. It is now the most intense pulsed source in the world, equipped
with eight instruments, with a cold moderator available for several
beams. The LANL faC|I|ty centers around a pulsed spallation source
that, by 1986, will provide a peak thermal flux of about 1 x 10%°
neutronsicm’sec at 10 Hz. Six beam lines are now available, with

two instruments operating in the user mode. Ten or more beam lines
will ultimately be developed.

All of these centers have ancillary equipment, enabling one to
study samples in varied environments with temperatures from 0.3K to
1800K, pressures up to 20 kbar, and magnetic fields up to 80 kG. There
is extensive research by outside users at each center, with the indivi-
dual center user programs varying from informal collaborations to a
formal peer-reviewed process. In most cases, outside user experiments
involve collaboration with in-house people.

Aside from the facilities described above, there are efforts at
the various neutron centers to develop area detectors, multilayer
polarizing monochromators, focusing collimators, and neutron choppers
and polarizers, all of which are important for developing advanced
instrumentation for reactor or pulsed sources. These efforts, in
general, have a low-to-modest level of support and manpower compared
with instrumentation projects in Europe, discussed below.

Foreign Neutron Scattering Facilities. This subsection offers a
selective review of foreign neutron scattering facilities, concentra-
ting on instrumentation developments particularly in Western Europe
that have not been matched in the United States. An important key to
the European success, especially at the Institut Laue Langevin (ILL),
has been the development and use of cold neutron sources and associated
guide halls to create instruments for ultra high-resolution and high-
sensitivity spectroscopy. These currently provide energy resolutions
as much as five orders of magnitude better than those available in the
United States; they also enable studies of small-angle and medium-
resolution diffraction and other new scientific applications. As
already noted, there is only one cold neutron reactor source in the
United States, at BNL, and another under development, at NBS.
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The United States has no guide halls to improve the versatility
and flexibility of cold or thermal neutron instruments. In contrast,
60 percent of the neutron scattering instruments at the ILL (reference
7) are located in a large guide hall, and a new guide hall and cold
source are to be completed over the next 2 years. Also, there are
major efforts at ILL to develop and construct focusing monochromators,
polarizing devices, reflecting supermirrors, environmental control
systems, dedicated instruments for diffraction surveys using neutron
cameras, and more. Resides the ILL program, there is a new reactor
center, called Orphee, at Saclay near Paris, with two hydrogen cold
sources, which will ultimately commission over twenty new instruments
for neutron scattering and fundamental physics research. Expanded
guide halls with many new instruments are also under construction at
the KFA Research Reactor in Julich and at the Berlin reactor. Finally,
the Japanese government has approved funding for the complete
modernization of the JAERI IlIl Reactor at a cost of $150 million,
including a replacement of the vessel, an upgraded fuel and beam tube
arrangement, and installation of a large cold source and guide hall.

The total current operating expenditures for neutron scattering
at research reactors in Western Europe is about $80 million per year,
in FY 83 dollars, including associated reactor operation costs, roughly
triple the U.S. effort. An order of magnitude difference emerges when
one compare-s capital investment for new spectrometer development and
construction efforts. The consequences of this investment gap over the
past decade between European and U.S. research reactors are being felt
Increasingly in our inability to compete in many areas of new science
involving such techniques as high-resolution neutron spectroscopy,
small- and medium-angle diffraction, and diffuse scattering.,

The current U.S. position in pulsed neutron research and develop-
ment is better in relative terms with respect to foreign competitors
than for steady state sources. For example, the Intense Pulsed Neutron
Source (IPNS) at Argonne is presently the highest intensity facility in
the world, and the Weapons Neutron Research/Proton Storage Ring
(WNR/PSR) at Los Alamos is scheduled to provide, by 1987, an order of
magnitude increase in intensity for pulsed neutron experiments.

However, developments abroad make current comparisons misleading.
For example, the SNS advanced spallation source under construction at
the Rutherford Laboratory in Britain, which is scheduled to be brought
on line by the end of 1984, will have neutron intensities 2 to 3 times
the current IPNS performance and will, by 1986, generate a peak thermal
flux of 5 x 10>  neutrons/cm®sec at a 50 Hz repetition rate. That
is roughly twice the total intensity of the scheduled WNR/PSR source.
This facility will ultimately have a complement of at least 15 neutron
scattering instruments. Moreover, the Japanese, who have developed a
modest flux facility at Tsukuba with an impressive array of instru-
ments, are also funding a planning and design study for a major new
pulsed source, costing $100 million in N 83 dollars, which would
slightly exceed the characteristics of the SNS at the Rutherford
Laboratory.
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User Policy at Major Materials Facilities

Since major materials facilities are intended for a large community of
scientists, it is very important 'that they be available to all quali-
fied research investigators with meritorious proposals. A number of
approaches have been used in the past to arrange participation, each
having strengths and weaknesses. Some perspectives and generalizations
from experiences to date are given below to help guide the formulation
of future policies.

Criteria. There are several extant models of user policies for
major neutron and synchrotron radiation facilities. In general, they
satisfy the following generic criteria:

1. Experimental activities, except for construction and mainte-
nance, whether they are initiated by research staff of the facility or
by outside scientists, are presented and justified in written form.
The proposals are reviewed before research is authorized and begun.

2.  Committees reviewing proposals include a Substantial frac-
tion of scientists from outside the facility.

3. Priorities are established by the facility director based on
ratings of the review committee and on scheduling considerations. The
director has the discretion to provide for the insertion of experiments
to exploit blocks of instrument time that are freed by unanticipated
events.

4. Use of a facility is not restricted to U.S. scientists, but
priority may be given to them in the event of equivalent proposals.

5.  The time assigned for an experiment is designed to be ade-
guate for the measurements, but extensive, repetitive, or confirmatory
measurements may require the submission of additional proposals.

6. Some fraction of instrument time should be made available
for use by the director at his or her discretion. This time can be
used to extend assigned periods for current experiments, to permit pre-
liminary experimentation in advance of a proposal, and for instrument
development. Approximately 20 percent of instrument time is suggested
for such purposes.

7.  Users should be provided with an adequate level of technical
support at the instrument so that they can safely and efficiently con-
duct experiments. Vacuum interlocks, shielding, and other safety de-
vices should be controlled by facility management. The design of user
facilities should make it impossible or difficult for any user at one
port to affect the beam delivered to any other port.

8.  The facility should provide a stock of standard test in-
struments, normal electronic and vacuum components, cryogenic fluids
(liguid nitrogen and helium), data acquisition computer systems, com-
monly used gases, and some minimum storage space for user owned
equipment.

9. It should be recognized that there are a range of user in-
teractions. Some users will make very short-term and straightforward
measurements, others will do long-term, interactive experiments in
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which protocols and parameters are altered as the experiment proceeds.
The different needs of these groups should be considered in designing
facility user policy.

Participating Research Teams. A concept that has been used suc-
cessfully in Several major facilities is that of the participating re-
search team, or PRT. This is a group of individuals who take communal
responsibility/for the design, construction, and operation of an in-
strument at an existing port. The PRT may also be responsible for
organizing funding for the instrument. Industrial, university, and
governmental groups have formed PRT's. It is a concept that appears to
provide a reasonably successful approach to using facilities.

The principle is that, for a specified period--2 to 3 years, for
example--the PRT has some 75 percent of the running time for that port,
outsiders being allocated 25 percent. This has the advantage that the
management of each instrument becomes much more flexible for members of
the PRT, and more effective science may therefore be done. An impor-
tant responsibility of the PRT's is to provide help for outside users.
By augmenting the local staff in this manner, the entry barrier for
naive users can be reduced. In some cases, PRT's are reviewed every
3 years for possible renewal; involvement with outside users is an im-
portant consideration in such renewals. A PRT is responsible for main-
taining the instrument. If the PRT does not find its own outside users
through collaborations, the facility director can assign an outsider to
use the PRT's line during the open time.

Maximal use of a facility may involve a mixed mode operation in
which some beam lines are operated by PRT's and some by the facility.
The consequent flexibility of operation at the scientific level justi-
fies the administrative complexity of such an arrangement.

Whatever the user policy, the experience to date indicates that
it is important to keep the level of bureaucracy as low as possible,
even if there is some loss of efficiency in using the instrumentation.
This criterion tends to conflict with that of extensive peer review of
lengthy proposals by potential users, so some balance is called for.

A mixed mode operation in which a facility has participating re-
search teams and provides instruments seems an appropriate balance. It
iIs not the intent of the Committee to spell out a rigid user policy for
future major materials facilities. Any proposals for a new facility,
however, should include a well-considered plan for utilization, taking
into account the considerations mentioned above. The aim, of course,
Is to create user policies that permit the best science in an atmos-
phere of equal opportunity for different users.




(I MAJOR MATERIALS FACILITIES: SCIENCE TECHNOLOGY

Condensed-matter science, or materials research, deals with the diverse
properties of solids and liquids and their interfaces. It is interdis-
ciplinary, involving materials science, including metallurgy, ceramics,
polymers; major subareas of physics and chemistry; as well as the earth
sciences, biology, and medicine. Interest in materials research de-
rives from fundamental science and-technology. It is an intellectually
stimulating area of science, as shown by the discoveries of fundamen-
tally new phenomena, concepts, and states of matter during the past
decade. Indeed, several recent Nobel prizes have been awarded for re-
search in condensed-matter science.

Condensed-matter science supports advanced technologies in areas
of national priority, including those of information systems, commun-
ication and computers, energy, health, transportation, and national
security. Products of condensed-matter science, such as the transistor
and the integrated circuit chip, have revolutionized our lives through
their use in television, calculators, electronic watches, personal
computers, appliances, autos, and innumerable other applications. In
Table 11.1, the Committee summarizes the connection between subareas
of materials research using major facilities and technological
applications.

SYNCHROTRON RADIATION, NEUTRON SCATTERING, AND MAGNETIC FIELDS

The spectroscopic analysis of matter involves bombardment with par-
ticles, such as neutrons or photons, with or without energy changes, or
the use of high magnetic fields. The sensitivity that can be achieved
::s_. :idmited by the intensity of the radiation or the strength of the
ield.

Neutrons

The neutron is a unique probe that interacts weakly with atomic nuclei.
The magnetic moment of the neutron makes it especially suited for ex-
amining magnetic properties of materials. By measuring changes in the
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Table 11.1. Connection Between Materials Research Subareas and Other Fields that Utilize Major

Semiconductors
Metals and alloys
Insulators
Polymers
Ceramics
Magnetic Materials
Catalysts
Adsorbates
Lamellar (layered)
materials
Composites
Biological
molecules,
macromolecules,
and membranes
Gaseous ol ecul es
and atoms
Plasmas (atoms,

Materials Facilities and Technological Applications of National Interest
Information
Systems
(computers, Energy (fossil, Health (Medical, Transportation
communications, nuclear, fusion, Biotechnology, National (ground, air,
electronics) solar,...) Environmental) Security space)
+ + + +
+ + + +
+ + +
+ + + +
+ + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+
+ + + + +
+ + +

ions)

* In addition to bulk-materials, thin films, interfaces,
are of major scientific and technological importance.

and surfaces of several

of the above materials

8T
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momentum and energy of neutrons scattered by matter, direct information
can be obtained on the structure of matter as well as its states of
excitation.

For example, neutrons slowed to relatively low velocities--"cold
neutrons"-- have been used to *'look" at the Shapes of molten polymers.
The technique is based on the fact that hydrogen and its heavier iso-
tope, deuterium, scatter neutrons differently. Polymers are prepared
in which hydrogen atoms are replaced by deuterium; isotope substitution
does not alter the molecular configuration. Thus, when two polymers--
ordinary and deuterated--are then exposed to a beam of cold neutrons,
the actual size and configuration of the polymer can be deduced by com-
paring the different forms of neutron scattering from the two polymers.

Increased emphasis on research using cold neutrons is dependent
on the availability of "guide halls,"” which are large experimental
areas in which high resolution neutron spectrometers can be placed.
This is possible because of the development of "guide tubes,” which
allow the neutrons to be transported many meters to the guide hall
without significant loss of intensity.

Neutron beams can be either continuous or pulsed. Continuous
beams are obtained from nuclear reactors, using controlled nuclear
fission of uranium surrounded by suitable neutron moderators and re-
flectors, such as D, and beryllium. Pulsed neutron beams are gener-
ally produced from short bursts of high energy protons or electrons
from an accelerator impinging on a heavy metal target, such as uranium
or tungsten, to generate bursts of very high energy neutrons. This
target is surrounded by a moderator-reflector assembly that is ana-
logous to, but generally smaller than, that in a reactor, so that rela-
tively short bursts of thermal and fast neutrons are produced at rates
of 10 to 100 pulses per second.

Svynchrotron Radiation

Synchrotron radiation is a unique source of photons, by virtue of its
high intensity, brightness, stability, and broad energy range, ex-
tending from the far infrared to the %-ray region and beyond. It is
created when charged particles within an electron accelerator are de-
flected by a magnetic field. The intensity of the synchrotron radi-
ation can be further increased with the use of insertion devices. The
simplest of these is the wiggler magnet that puts a relatively sharp
kink in the electron trajectory of the synchrotron, thus increasing the
radiation from that point. A more sophisticated device called an undu-
lator in effect puts in a series of kinks so arranged that the light
from each adds up in phase, giving an enormous increase in the inten-
sity that can be achieved. Although synchrotron radiation represents a
drain of energy in an accelerator, it was eventually recognized to be a
source of intense radiation for new classes of experiments, first in
solid state physics and then in other sciences.

Measurement of the momenta and energy of synchrotron-produced
photons, which interact strongly with electrons, provides information
on structure and excitations. Such excitations range from molecular
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vibrations, measured in the infrared, to the ejection of electrons from
the innermost electron shells of atoms by photons in the x-ray region
of the spectrum.

Such capabilities are very important for many fields. For ex-
ample, synchrotron radiation is a major tool in probing the geometry
and electronic structures of surface and solid-solid interfaces. In
particular, photons from synchrotron radiation are used for photoelec-
tron spectroscopy, in which electrons are ejected and their energy and
angular distribution then measured.

Magnetic Fields

High magnetic field research is important for the fundamental under
standing of a broad range of materials properties. Scientific advances
in such diverse areas as superconductivity, permanent magnet research,
and semiconductor science, all benefit from research based on the
availability of intense magnetic fields. The attainment of such fields
is ultimately connected to useful applications, development and indus-
trial commercialization. Each time a higher magnetic field strength is
achieved, it is quickly exploited by the scientific community and is
accompanied by a requirement for yet higher field strengths. This new
demand often requires a combination of high fields and low tempera-
tures, or the combination of high magnetic fields with ancillary mea-
suring equipment such as precision optical systems.

Superconductivity is the research area most strongly linked to
high magnetic fields. An understanding of superconductors, which could
form the basis for new and improved high field magnets, depends upon
experiments carried out in some of the highest available fields.
Therefore, the availability of present-day high field facilities is
closely linked to the development of future facilities. High magnetic
fields are also essential for probing those fundamental properties of
superconductors that can be used to test microscopic theories, in-
cluding theories based on the concept of electron pairing.

Basic Principles And New Problems

Against this background, it should be recognized that a family of basic
principles and techniques underpins the field of materials research.
Some of these have already been well exploited and are well understood.
For example, the existence of lattice vibrations of short wavelength in
metals was settled decisively with the use of neutrons some 25 years
ago. Likewise, the electron energy band dispersions of solids and sur-
faces have been determined directly using photoelectron spectroscopy.
Extended X-Ray Absorption Fine Structure (EXAFS) has been employed ex-
tensively to determine site-specific atomic structure for parts-per
million impurity concentrations and adsorbates. However, the applica-
tions of x-ray and neutron scattering to biology and polymer science,
as well as to other aspects of materials science, are just beginning.
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Effective, increased use of such techniques for improved understanding
of fundamental biological processes will require the establishment of
additional mechanisms for bridging between physical and biomedical
scientists.

As theoretical concepts and processes for Synthesizing materials
advance, new problems come to the fore. Many involve the acquisition
of detailed information regarding structural and dynamic properties
that can be provided with the techniques employing neutron scattering,
synchrotron radiation, or strong magnetic fields. Although it is im-
possible to forecast exactly how these techniques will be used to solve
such problems, the Committee can predict confidently that there will be
new problems a decade from now that will be especially amenable to
approach with the equipment available at major materials facilities.
The value of having equipment with advanced capabilities available to
solve as yet barely discernible problems should not be underestimated.
To indicate the breadth of applicability of such facilities, a partial
list of available techniques is summarized in Table 11.2.

Many problems that are well defined now cannot be explored ade-
guately because the appropriate instrumentation or facilities are not
available in the United States. Examples include the determination of
the dynamics of intercalate species in single crystals of intercalated
graphite having semiconducting properties. This problem can be
approached using neutron scattering, along with nondestructive deter
minations of the concentration of electronic impurities in the range of
0.1 ppm using an x-ray microprobe.

In the following sections we discuss areas of science in which
new major materials facilities can be expected to make further impor-
tant contributions. More extensive summaries are described elsewhere
(references 1, 2, 5, 7, 8, 18, 20).

SYNCHROTRON RADIATION RESEARCH: PAST AND FUTURE

Research with synchrotron radiation began in the 1960's and has grown
dramatically in the past decade. Whenever a synchrotron radiation
facility offering an increase in brightness, typically by a factor of
from 10 to 10,000, became available, new types of research became pos-
sible. Furthermore, experiments carried out with such new equipment
have usually demonstrated how new science could be developed if still
higher brightness was available.

Four Generations

We have gone through three generations of such increases in brightness;
the fourth is at hand. The first was associated with synchrotron radi-
ation from the bending magnets of storage rings built for particle or
nuclear physics. The second came with the construction of new storage
rings specifically intended to produce synchrotron radiation (reference
1). These are now in operation or soon will be. The third emerged
with the realization that insertion devices, wigglers and undulators



TABLE 11.2.

AV

Facilities

Elastic scattering*

Bulk crystallography
Surface crystallography
Molecular cystallography
Small angle scattering
Polarized scattering
Magnetic scattering
Diffuse scattering

Quasielastic scattering
Diffusion
Reorientation
Critical dynamics

Spectroscopy and elemental
analysis
Inelastic (E,k) scattering
— electrons
— phonons
— magnons
Absorption, reflection,
fluorescence
Absorption spectroscopy
— EXAFS
— SEXAFS
- PED
Photoelectron spectroscopy
— core level
— valence level
— ARPES
— yield spectroscopy
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Photon stimulated desorption

Photo chemistry
Activation analysis

— thermal neutron activation

— prompt g -ray

— fast neutron activation

— nuclear track

Imaging and microscopy
Microscopy
Microprobe
Depth profiling
Topography

Techniques Available at Synchrotron Radiation and Neutron

Photons
Soft X-ray
Neutrons X-ray and VUV
X X
X X
X X
X X
X
X
X X
X
X
X
X X
X
X
X X
X X
X X
X X
X X
X X
X X
X X
X
X X
X
X
X
X
X
X X
X X
X X



TABLE 11.2 (continued)

V. Imaging and microscopy (continued)

Lithography
Interferometry
Radiography
Autoradiography
Holography

V. Radiation effects
Radiation damage
Isotope production
Transmutation doping

Photons

Soft X-ray
Neutrons X-ray and VUV

X
X X
X X
X

X
X X X
X
X

* Many of the elastic and inelastic scattering techniques can be time
resolved and/or spatially resolved with increased resolution and
usefulness as the brightnesses of future sources are increased.
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(see references 5, 8, 17, 18, 19), would enhance the intensity of
synchrotron radiation. These devices have been, and are being, added
to the present generation of storage rings, although not yet to the
maximum possible degree. Unfortunately, the appreciation of the role
insertion devices could play came too late to influence in any major
way the design and construction of our present generation of storage
rings.

The fourth generation of synchrotron radiation facilities, now
technologically possible, involves the construction of new storage
rings designed to maximize the brightness of the radiation from inser-
tion devices. Such rings offer brightness increases by factors of from
50 to more than 100 over the best synchrotron radiation sources we have
today or that we can achieve by adding new insertion devices to ex-
isting facilities. No dedicated facility that can produce undulator
guality radiation in the %-ray region exists at present. Using the
orders of magnitude increase in brightness that will be achieved with a
new 6 GeV facility, we will be able to conduct entirely new types of
experiments, some of which will open up major new research areas.

Synchrotron radiation has already contributed to many aspects of
materials science as well as to other fields. Some of the more impor-
tant contributions are outlined below. More extensive descriptions may
be found in references 5, 8, 18, and 20, and in the references therein.

The simplest experiment, and one of great importance, centers
about the measurement of photoabsorption by atoms, molecules, and
solids. The continuum of synchrotron radiation allows easy access to
the core levels of many atoms and has revealed a variety of many-body
phenomena, including giant collective resonances, so-called Fano
(interference) line shapes, "missing” spectral lines, and the "spike"
shape of some absorption edges in metals. These have contributed to a
better understanding of many-body effects in both atoms and solids.

At energies above the absorption edges in solids, the extended
x-ray absorption fine structure (EXAFS), which is produced by inter.
ference effects in the scattering of the ejected core electron, gives
precise information concerning the local geometry of the absorbing
atom. When increased brightness is available, the EXAFS technique can
be extended to detect elements in bulk samples and submonolayer adsor-
bates on surfaces that are present in concentrations of parts per mil-
lion. EXAFS gives site-specific, geometrical information regarding
atoms in samples of many types, such as coal, alloys, catalysts, and
biological molecules. In most cases, the structural information
obtained with the EXAFS technique was unattainable previously. Ex-
amples include geometrical information concerning the active site of
the important nitrogen-fixing enzyme, nitrogenase; information relative
to the active sites of important catalysts; structural parameters of
impurities in coal and oil that make processing difficult; and studies
of the role of impurities in determining important mechanical prop
erties of materials.

Photoemission spectroscopy is widely employed at synchrotron
radiation facilities. It provides independent information on initial
and final electron states. Moreover, the anisotropy exhibited by
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atomic and molecular photoemission spectra gives information concerning
atomic wave functions that is different from that obtained from absorp-
tion spectra.

Photoemission from molecules exhibits shape-dependent resonances
that are studied in the gas phase and then used to determine the orien-
tation of molecules on surfaces. The continuum of synchrotron radia-
tion makes possible various forms of so called "yield spectroscopy,” in
which the absorption of photons is signalled by secondary events. In
this way, one can, for example, selectively examine absorption in the
region of a surface by monitoring the yield of Auger electrons. Simi-
larly, one can determine the onset of bulk absorption by monitoring the
emission of characteristic Xx-rays. Brighter synchrotron radiation
sources have permitted angle-resolved photoemission experiments that
give electronic band structure, including symmetry, directly from the
data. These experiments yield fundamental energy band information for
Solids, surfaces, and adsorbates, and thereby provide the basis for a
more complete understanding the electronic properties of matter.

While EXAFS and photoemission spectroscopies have been pursued
since the advent of x-ray and VUV synchrotron radiation based research,
x-ray scattering and direct imaging technologies are just beginning to
be Carried out with the newest generation of insertion devices and
storage rings. In spite of the limited time in which they have been
available for exploration, these facilities have already shown that
they can be used to obtain significant results. This gives us con-
fidence that research based on synchrotron radiation will benefit
dramatically from the next generation of facilities employing insertion
devices. The scattering of x-rays by monolayer adsorbates and freely
suspended thin films that are two monolayers thick has already been
successfully demonstrated. In addition to opening the techniques of
x-ray crystallography to the world of surfaces, thin films, and inter-
faces, synchrotron radiation has permitted exploration of the scienti-
fically important phenomena associated with two-dimensional phase
transitions.

The increase in intensity offered by the newest storage rings has
enabled the study of bulk crystals that are as small as 1 um3 in
size, thus permitting the determination of the structure of many im-
portant materials, such as zeolites, that can only be grown in the form
of very small crystals at present. The use of anomalous %-ray scat-
tering promises to help solve the difficult problem of determining
scattering phases that has plagued crystallographic studies of impor-
tant large macromolecular systems. The pulsed nature of synchrotron
radiation has been used successfully to study the technologically im-
portant process of laser annealing of silicon as well as the scienti-
fically important problem of muscle action in animals. The initial ex-
periments in which synchrotron radiation is used for angiography have
shown real promise of improving this medically important diagnostic
procedure dramatically (reference 8).

Summing up, the first three generations of synchrotron radiation
have already provided us with a revolution in the capabilities for
using photoemission and EXAFS techniques and have demonstrated great
promise for employing scattering and imaging to advance many areas of
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science and technology. Insertion devices, particularly undulators,
will advance the areas approachable with the use of photoemission and
EXAFS techniques further and provide dramatic new opportunities for
scattering and imaging.

The topics described above indicate what can be done with the
newest sources of synchrotron radiation. More important are the even
more complex research problems that can be undertaken with new storage
rings that are designed specifically to use insertion devices.
Examples are given below.

Condensed-Matter Physics

A major fraction of research using synchrotron radiation, both z-ray
and soft %-ray, has involved the field of condensed-matter physics.
There is a large number of new applications that cannot be addressed
because of limitations of sources or instrumentation, or both.

Photoemission Spectroscopy. Photoemission spectroscopy is the
primary technique for studying the electronic structure of solids, sur-
faces, adsorbates, and interfaces. On the basis of experiments being
carried out at the new synchrotron radiation facilities, we can foresee
what can be done with yet brighter sources. Angle-resolved photoemis-
sion provides understanding of the electronic band structure, including
the band structure of the surface. The sample may be a crystal or an
ordered overlayer. The resolution of angular and energy distributions
has been increased with sources of higher brightness and have revealed
new structures. Additional resolution is mandatory for the study of
any material with a large unit cell, either in the interior or, on re-
constructed surfaces. Recently, measurements of spin-polarized photo-
emission have been carried out with synchrotron radiation. When com-
bined with angle resolution, this procedure allows determination of the
band structure of magnetic materials, including the spin labels for the
bands. This is a technically difficult experiment. In particular,
polarization detectors are notoriously inefficient. Brighter sources
are mandatory if this technique is to be used widely.

At higher photon energies, one enters the region of x-ray photo-
emission in which the binding energies of core levels and the density
of states for the valence electrons may be probed. Commercial equip-
ment for this type of measurement with a resolution of approximately
0.5 eV at fixed photon energies is available. A synchrotron radiation
source of the next generation would offer both higher resolution and
higher sensitivity than anything possible today, thereby improving the
utility of this already useful spectroscopy. Of perhaps greater sig-
nificance is the extension of photoemission spectroscopy to procedures
providing time and space resolution. This would make it possible to
study surface reactions and to carry out microprobe studies of
photoemission.
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Surface Science. Other techniques for the study of surfaces also
are benefitting from higher brightness sources. One is surface EXAFS,
in which an absorbed x-ray excites a surface atom or molecule and a
fluorescent x-ray or an Auger electron is then detected. The spectra
give precise geometrical information on the location of the surface
species. Photoelectron diffraction gives similar information. Both
these techniques provide gains in surface sensitivity as the source
brightness increases, and allow the study of surface species at ever
great dilution. Finally, the new areas of photon-stimulated desorption
of species from the surface requires sources of higher brightness.
Both neutral and charged atoms and molecules, in their ground and ex-
cited states, can desorb from surfaces during photoabsorption. This
may be the most site-specific surface phenomenon known. The photon
flux used must be high because of the possibly small humber of desorp-
tion sites and the low probability of release.

X-ray Scattering. X-ray sources of higher brightness are
ushering in a new era in x-ray scattering. One can now work with sur-
faces, thin overlayers, and even freely suspended membranes. The crys-
tallography of reconstructed surfaces can be determined, as can that of
monolayer adsorbates. Thus, the crystallographic technique responsible
for determining most of the known bulk structures can be extended to
surfaces and thin films with insertion devices. This can be done as a
function of temperature, to follow the structure and dynamics of quasi-
two-dimensional melting. In fact, the study of phase transitions in
two dimensions is providing important tests of theories of the behavior
of the two-dimensional world of surfaces and thin films. Magnetic
x-ray diffraction has been observed recently on the 54 pole wiggler at
Stanford and promises to be comparatively routine when the brightest
available x-ray wiggler sources can be used. Magnetic diffraction can
provide much information concerning the magnetic structures of solids
when an x-ray undulator on a 6 GeV source is available, and thus will
complement traditional neutron studies, especially for materials for
which only small samples are available. In some cases, surface
magnetism may also be studied.

Inelastic X-ray Scattering. One field almost completely neglec-
ted in the first three phases of the evolution of synchrotron radiation
has been inelastic x-ray scattering as related to the dynamic prop-
erties of the system being studied. The brightness of the radiation is
most important for such research. Inelastic scattering of x-rays can,
in principle, be used to probe both the electronic properties, such as
those of plasmons, as well as collective atomic properties, such as
lattice vibrations. However, achieving the 10%  to 10° eV energy
resolution needed will require the brightness provided by insertion
devices and by major new instrumentation.
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Atomic and Molecular Physics and Chemistry

Gas-phase photoemission has contributed extensively to our knowledge of
atoms and molecules. Early studies emphasized the "static" study of
excited states, the decay channels being inferred from line shapes. As
the brightness of sources increased, the decay products, such as ions,
electrons, and photons, could be detected. Finally, coincidence exper-
iments began to be carried out, leading to more precise information re-
garding the nature of the excited states. Gas-phase experiments always
require high brightness sources, for the sample is necessarily dilute.

The next-generation sources will permit several new classes of
experiments. We already can work with gases at high enough resolution
to excite single vibronic levels in molecules. These excited states
can then be probed by high-resolution laser-spectroscopic techniques.
Moreover, when source brightness becomes adequate, a molecule in an
excited state can be made to interact with another molecule, bringing
in an era of state-to-state photochemistry. These experiments are not
possible with present sources because none have adequate brightness.
Moreover, the time structure is not favorable.

The next-generation source will have pulse lengths shorter by a
factor of about five relative to those now available. Such time struc-
ture will permit fluorescence spectroscopy from excited states on a
time scale of a few picoseconds--shorter than the radiation pulse it-
self. This capability will, for example, make it possible to determine
structural and dynamic properties of large molecules in solution and to
study atomic and molecular reactions on surfaces. It will also be pos-
sible to use molecular beam techniques.

Biology and Medicine

EXAFS and x-ray crystallography involving synchrotron radiation have
been applied to biological systems in the past. EXAFS has been useful
for obtaining detailed information on large biomolecules such as hemo-
globin. It is especially useful for molecules with a functionally im-
portant minority constituent, such as a metal atom in an enzyme. With
increasing source brightness, it is possible to work with larger mole-
cules having fewer active elements per unit volume. Time-dependent
studies in which the structural response of the active site in the
molecule to a chemical perturbation is determined become possible.
Time-dependent x-ray absorption spectroscopy has already been used to
follow the Fe absorption edge as the iron in myoglobin recombines with
CO after laserinduced flash photolysis of carboxymyoglobin (references
25, 26). This was done on a 300 sec time scale with an existing
storage ring. Better time resolution is possible, but EXAFS
measurements on such a time scale await a source with higher
brightness.

In studying x-ray damage to biological molecules and crystals, it
has been found recently that the reciprocity law breaks down, and less
damage results if the radiation dose is delivered at high rates for a
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short time. Therefore, higher-brightness sources offer the opportunity
to work with smaller crystals, including those of molecules difficult
to crystallize. They also make it possible to collect more data before
samples become so badly damaged as to impair resolution.

Element-specific imaging represents the principal foreseeable
application of synchrotron radiation to medicine. One form of coronary
angiography used today involves the imaging of the coronary arteries in
real time by K-edge absorption of iodine which is added to the blood.
The classical technique is invasive, and provides relatively low reso-
lution. In-vivo angiographic studies of animal hearts with synchro-
tron radiation are noninvasive, fast, and provide higher resolution.
Studies on human hearts are planned and, if they are successful, should
provide novel approaches to studies of atherosclerosis and, eventually,
to clinical applications. A high-field wiggler would represent the
only foreseeable source for such work with present machines, but
bending-magnet radiation from a 6 GeV ring could facilitate applica-
tions of this technique.

Earth Sciences

The earth sciences provide opportunities for the application of syn-
chrotron radiation in connection with microprobe analysis. Such ana-
lysis is now carried out with electron microprobes. Synchrotron
radiation can also be used in x-ray diffraction studies at high
pressures. Higher brightness than is now available will benefit such
research.

Imaging and X-ray Microscopy

There are several methods for achieving element-specific imaging, all
at a relatively primitive stage of development. These include micro-
probe analysis, microscopy with zone-plates, and contact "lithography."
As source brightness grows and the coherence of the radiation from soft
x-ray undulators increases, microscopic holography and soft x-ray dif-
fraction will become feasible. Both processes promise to give three-
dimensional images of microscopic biological elements with a spatial
resolution down to about 50 Angstroms. Available new sources will
allow demonstrations of these techniques, which can be applied to study
phenomena within a single cell. An undulator on a next-generation
storage ring will make it possible to carry out useful and wide-ranging
studies on such systems, employing radiation that "sees" only one
element at a time.

Electron microscopy cannot be applied readily to living cells.
However, holographic imaging techniques may make it possible to work
with living cells, or at least with cells that have been processed less
than is now the norm in electron microscopy. The imaging can be
carried out on a millisecond time scale and with submicron-resolution.
The source needed for such imaging, an undulator on a 1 to 2 GeV next-
generation storage ring, will have coherence properties similar to
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those believed achievable with VUV and soft x-ray harmonics of visible
and UV lasers. In fact, at shorter wavelengths, the undulator should
provide higher average-power than laser based sources (reference 27).

The foregoing selective examples show that synchrotron radiation
is used for many purposes by scientists from a variety of disciplines.
Research groups are combining the use of synchrotron radiation with
other techniques, such as molecular beam epitaxy, pulsed lasers, and
electron energy loss spectroscopy.

The versatility and power of research based on the character-
istics of synchrotron radiation have emerged in the past 15 years.
With the new capability provided by insertion devices, primarily
undulators, the future impact of these devices will be even more
profound.

NEUTRON SCATTERING RESEARCH PAST AND FUTURE

Worldwide neutron scattering facilities and research applications have
grown dramatically during the past decade. The most notable example is
the emergence of the British/French/German center at the Institut Laue
Langevin at Grenoble. But the Grenoble facility is only part of a
major transformation of the field throughout Western Europe and more
recently in the United States and Japan.

A New Generation Of Instruments: Europe And The United States

Over the past 25 years, the unique characteristics of the neutron as a
probe of condensed matter has transformed much of our fundamental un-
derstanding of the physics and chemistry of materials. In keeping with
this, a new generation of cold and thermal neutron instruments has been
developed during the last decade, particularly in Europe. These have
extended the wavevector range and energy resolution for neutron experi-
ments by orders of magnitude. And they have, in turn, made possible
new research in physics and chemistry and greatly expanded the appli-
cations of neutron scattering to new areas--materials science, poly-
mers, and biology. Thus, the neutron scattering community in Europe
has tripled in the past decade, and, more recently, the neutron scat-
tering community in the United States has nearly doubled. This growth
has also been stimulated by the emergence of higher-intensity pulsed
neutron sources which by providing higher neutron energies have created
new opportunities for neutron scattering research (reference 7).

The emphasis at current steady state reactor centers in the
United States has been primarily on forefront research rather than on
the development of instrumentation. This has been dictated, in part,
by the U.S. neutron funding profile. By necessity, and in contrast,
the pulsed source programs at Argonne and Los Alamos have emphasized
development of pulsed source instrumentation and techniques, although
important research has also been accomplished there.

Early neutron scattering research focused primarily on the ex-
ploration of basic issues in condensed-matter science. These issues
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included phonon and magnon dispersion relations, the structure of
hydrogenous materials, crystallographic and magnetic structures in
simple solids, and phase transitions in model systems. In the past
decade, the range of systems under examination has broadened consid-
erably, and the scientific issues have often become much subtler.
Neutron scattering has thus become an essential tool, providing unique
structural and dynamical information central to the elucidation of the
physics, chemistry, and other attributes of systems that are typically
of interest to very broad communities. This change in character is
evident in the outstanding accomplishments involving the use of
neutrons in the last decade at major centers around the world.

These accomplishments include elucidation of (a) the structures
and transitions in magnetic superconductors, (b) the physics of dis-
ordered magnets including metallic glasses, percolating alloys, spin
glasses, and random field magnets, (c) the structures and excitations
of incommensurate systems, especially those involving one-dimensional
mass and charge density waves, (d) tunneling modes in chemical systems,
including deuterated solid methane and hydrogen trapped by impurities
in metals, (e) stoichiometric rearrangement and diffusion mechanisms in
fast ion conductors, (f) early stage nucleation of voids in metals, (g)
single polymer chain configurations in bulk polymers as well as com-
posite polymer materials, (h) the spatial organization of macromolec-
ular assemblies such as ribosomes, and (i) the location and exchange of
hydrogen in proteins.

Finally, there have been important contributions to basic par-
ticle physics, including the determination of an upper limit on the
electric dipole moment of the neutron, an upper limit on the occurrence
of nonlinear terms in the Schrédinger equation and limitations on the
incorporation of gravity in the Schrédinger equation. In all of these
cases, neutrons have played an essential role.

In spite of major contributions to these and other impressive
accomplishments, the current state of the U.S. neutron facilities is
unsatisfactory. The broadening of the scientific base of neutron scat-
tering necessitates the development of new capabilities at existing
facilities with a new generation of instrumentation. Further, by the
mid-1990's our existing reactor sources will be 25 to 30 years old, so
that their long-term viability becomes a serious issue. In addition,
many experiments of current interest turn out to be signal- or
resolution-limited, so that greatly increased fluxes are required.
This can be achieved by developing a new steady state reactor and a new
pulsed spallation source.

Against the above summary of past accomplishments, the Committee
describes areas of materials research and other fields in which neu-
trons can be expected to make important future contributions if ad-
vanced instrumentation and new facilities are developed in the United
States.
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Condensed-Matter Physics

A major fraction of neutron scattering research traditionally has been
directed toward condensed-matter physics. Concomitantly, there is a
continuous stream of interesting and important physics problems for
which neutrons provide essential information. There are, however, a
guite large number of problems in condensed-matter physics of immediate
importance that cannot currently be addressed in the United States be-
cause of limitations on instrumentation or flux. This class of prob-
lems is discussed below with emphasis on four research areas.

First, as a result of rapid progress in the techniques of mate-
ials fabrication, a remarkable variety of lamellar materials can be
synthesized. In all of these, there are important structural and lat-
tice dynamical questions that often can be addressed only with the use
of neutron scattering. Examples include artificial multilayer mate-
rials such as GaAs/Ga,Al,_,, and CuNi. High-resolution studies
of superlattice effects in phonon dispersion relations are surely
needed. Other important low-dimensional systems include graphite
intercalation compounds of which very high quality but rather small
(about 0.5 mm?® ) single crystals have recently been produced, and also
hexatic smectic liquid crystals. Studies of in-plane dynamics of the
intercalates and of excitations in hexatic phases would yield funda-
mentally new results. A related and rapidly-growing area of research
centers about the determination of the structure and dynamics of ad-
sorbed species of molecules, especially hydrocarbons on high surface
area substrates. All such studies would require high resolution and a
copious flux of cold neutrons.

Second, in studying highly disordered magnets involving competing
interactions, such as spin glasses and random field magnets, it has
been found that important new effects occur in the time domain; for ex-
ample, the system gradually freezes into a metastable state with de-
creasing temperature. Moreover, pronounced hysteresis effects that
depend on the prior history of the sample are observed. This class of
problems, which promises to grow in importance over the next decade,
requires use of the very high energy resolution provided by the spin-
echo technique.

A third new area of materials research relates to the study of
nonequilibrium phenomena such as spinodal decomposition in supersatured
alloys and turbulent flow in anisotropic liquids. The advent of wide
angle position-sensitive detectors and modern data acquisition systems
provides important new opportunities for such studies. Using a next-
generation reactor source, one may expect to collect complete powder
diffraction or small-angle scattering patterns with reasonable statis-
tical accuracy for periods of time between 0.01 and 0.1 sec. This will
allow probing the early time behavior of such systems.

A fourth area of research that has always been severely limited
by both flux and instrumentation is the scattering of polarized neu-
trons. Polarized neutron techniques allow separating magnetic and
nuclear scattering as well as coherent scattering and incoherent scat-
tering arising from nuclear spins. An order of magnitude increase in
flux, with improved polarizers for neutrons of short wavelength, would
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make many new experiments possible. Examples include studies of the
excitations in magnets above the thermal transition temperature, eluci-
dation of the spin dynamics in rare earth materials with mixed
valences, separation of the magnetic scattering in spin glasses, and
studies of magnetic defects in antiferromagnets.

There are, of course, always many important materials where, in
spite of the best efforts of crystal growers, small sample size limits
or prevents the full range of useful neutron experiments. Examples
include Nb;Sn, Nbs;Sb, MEM(TCNQ),, ErRh,B,, as well as others
mentioned above. An order of magnitude increase in flux would bring
many such problems into reach.

Finally, the increased neutron flux in the epithermal range will
enable access to important new information on high-energy magnetic ex-
citations in transition metals, actinide compounds, rare earth metals,
and intermetallic compounds. Experiments involving the determination
of the single particle momentum distribution in He® and He® as well
as other light atom systems can also be anticipated.

Materials Science

Polymer and Colloid Science. The availability of small-angle
neutron scattering (SANS) facilities has led to revolutionary advances
in polymer science over the past decade. As indicated earlier, the
substitution of deuterium for hydrogen makes it possible to extract
information concerning the global molecular geometry of polymer mole-
cules in the presence of high concentrations of other polymer molecules
having the same chemical structure but differing isotopic compositions.
There are at present no other experimental methods for making such mea-
surements. Results have stimulated significant advances in under-
standing that, in turn, have led to new experiments. These SANS exper-
iments have been carried out primarily on an instrumented cold neutron
guide at Grenoble, although useful work has been achieved at new U.S.
facilities. Important accomplishments include measurements of the con-
formation of single molecules in dilute and concentrated solutions and
in amorphous bulk polymers. The state of miscibility of polymer blends
and the state of aggregation of polymeric superstructures can also be
characterized.

Extensive exploration of molecular interactions and phase dia-
grams over a range of temperature, concentration, and pressure will be
required in the future. Those experiments will be dependent on greatly
increased fluxes to achieve realistic data collection times. There is
also a compelling need for studies of the dynamics of polymeric systems
in real time--including phase transformation rates, deformation rates,
annealing, and conformational changes. Measurements at lower wave
vectors (gq) are also needed to enable one to look at progressively
larger polymeric molecules. Such new applications require modern SANS
instruments located on cold source guide tubes with copious fluxes.

So far, only a limited number of low-energy inelastic scattering
experiments have been reported in polymers. Here one is especially in-
terested in low frequency motion in which long sections of the polymer
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molecule move in concert. Real advances require the development of
spin-echo spectrometers, which also incorporate high-q resolution,
along with back-reflection spectrometry having high-energy resolution.
Quasi-elastic neutron scattering instruments covering an extended q
range, from 0.01 to 2 Angstroms", could, for example, provide an
integrated understanding of the high-frequency motions that determine
the chemical and electrical properties of polymers, and the low-
frequency motions that dominate their mechanical and transport
properties.

Metals, Alloys, Ceramics. The start-up of the high-flux, SANS
instrument at Grenoble in the 1970's, along with earlier ground-
breaking work at Julich and Saclay, marked a turning point in the use
of neutrons for studying structural and related problems in metals and
alloys. These instruments made it possible to examine heterogeneities
in bulk samples at small wave-vectors without multiple scattering. Im-
portant failure mechanisms in these materials are associated with the
formation of small voids, often located at grain boundaries. These in-
clude radiation damage, hydrogen charging effects, high temperature
fatigue, and creep. In the past, the small size of these pores and
their low fractional volume made it difficult, if not impossible to
obtain statistical information or to follow the growth and linkage
leading to failure. Such studies are vital to test competing theories
in these areas.

Another important use of SANS has occurred in the study of
clustering and precipitation phenomena in alloys as well as in the
investigation of internal oxidation. Here, again, important tests of
theory, such as scaling laws, are occurring. Activities by U.S. scien-
tists in this growing field which uses SANS facilities recently devel-
oped in this country, as well as the Grenoble instrument in Europe when
available, to obtain additional sensitivity or resolution, are already
making major contributions.

In spite of the progress that has already been made, the applica-
cation of SANS to the study of microstructure and distributed damage in
real engineering materials is at an early stage. There is a need to
investigate the formation of voids and precipitates in steel and other
structural alloys from a very early stage of development, emphasizing
size and volume fraction. The exploitation of this and other major
opportunities in the next decade will require the development in the
United States of much higher intensities of neutrons of long wave-
length, along with more efficient and effective collimation and area
detection systems.

The attainment of much higher intensity SANS instruments will
also permit the kinetics of processes such as precipitation, phase
decomposition, and grain coarsening to be followed in real time, on a
scale of about 0.1 set or greater, under realistic conditions of tem-
perature and stress. Higher sensitivity and resolution, as well as
longer neutron wavelengths, will be needed to test models of damage
accumulation that lead to failure of materials and of structures. Such
capabilities will also be important for new areas, making possible, for
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example, in-situ studies of densification of ceramics at various stages
of processing.

Other recent advances include the rapid development of high-
resolution powder diffraction equipment at pulsed neutron and reactor
sources. This not only permits the determination of the structure of
materials such as complex ceramics and catalysts, which cannot be
obtained in single crystal form, but also makes possible the study of
residual and interaction stresses as a function of depth in metals and
multiphase materials. Energy-dispersive pulsed source techniques have
proven to be particularly useful in many of these studies. It is clear
that such investigations will increase in importance in the next
decade, particularly as much higher neutron intensities become avail-
able, allowing the stresses in smallervolume elements in structural
materials, and more complex structures, to be probed.

Chemistry

The most exciting opportunities for applying neutron scattering to con-
densed-matter chemistry in the next decade will require the development
of instrumentation with very high resolution and high sensitivity for
both elastic and inelastic scattering. In dynamic studies, this is
particularly true for low energy cold neutron spectroscopy (0 to 20
meV) and quasi-elastic scattering, in which the use of neutrons pro-
vides unique information relative to other approaches. There is a
growing interest in fundamental studies of rotational processes and in-
teractions, tunneling phenomena, and ionic and molecular diffusion
mechanisms in solids, as well as of molecular species bound in homo-
geneous and heterogeneous chemical media. The study of the dynamics of
such systems on an atomic and molecular scale is of great importance,
for example, in gaining understanding of the behavior and activity of
catalysts and chemical, absorbents, as well as of intercalated and
layered materials. The studies will require energy resolutions between
0.1 pV and 0.1 meV, depending on the dynamic modes or processes being
investigated.

Future applications of high-energy neutrons to determine vibra-
tional spectra using pulsed or reactor sources will require consider-
ably higher resolution as well as spectral measurements for variable
wave-vector transfers. Experiments carried out under these conditions
require much higher neutron fluxes to allow accurate measurements of
line shapes and spectral intensities. This will, in turn, be necessary
to test dynamic models of molecules bound in chemical systems. More-
over, many of the future applications of neutron scattering in chem-
istry will involve the measurement of high-resolution difference
spectra, in which the signal from the species of interest is small in
comparison with that from the surrounding medium. This small signal,
coupled with the often small sample sizes, will accentuate the need for
higher neutron intensities and new instruments. Measurement of dif-
ference spectra will make it possible, for example, to study the
bonding, diffusion, and interaction of molecular species adsorbed in
supported catalysts, as a function of the size of the catalyzing metal
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particles. Systematic studies using different catalysts, supporting
substrates, and impurities are also of great interest.

In chemical crystallography, one of the requirements for neutron
research in the next decade will be the extension of powder diffraction
studies to ever higher resolution, so that more complex structures can
be determined under wide ranges of temperature and pressure, for ex-
ample, in ionic conductors, ceramics, catalysts, and even organic
solids. High-resolution instruments will also be required to evaluate
the details of disorder in complex stoichiometric and nonstoichiometric
materials. For example, such new instruments will aid in the deter
mination of the effect of incommensurate arrangements of oxygen and
metal atoms in ceramics on the chemistry of these materials, such as
titanates and niobates. In addition, studies of small single crystals,
less than about 1 mm®, of many new materials, including ceramics and
inorganic complexes, will be required. Finally, there is a growing in-
terest in real time, in-situ studies of atomic rearrangements occurring
during solid state chemical reactions. All of these emerging applica-
tions require higher-intensity beams and greatly extended use of high-
efficiency detectors and multidetector analyzers.

In the area of molecular liquids, the investigation of the rela-
tionships in dynamical behaviors of complex solutions, colloids, and
micellar systems by small-angle neutron scattering and inelastic scat-
tering will require high-resolution instruments currently unavailable
in the United States, including considerably more intense sources of
cold neutrons. This research is essential for understanding how the
properties of such systems are affected by the concentration, com-
plexing agents, and constituents of the surrounding medium.

Biology and Medicine

Studies of the structure and dynamics of biological molecules and
molecular assemblies will continue to be of major interest during the
next decade. The use of neutrons and photons has provided much of the
major understanding that we presently have of the molecular structure
of biological substances, and continued development of these uniquely
useful probes is essential.

The principal growth in the use of neutrons will be in the wave-
length range from 3 to 20 Angstroms. Shorter wavelengths are appro-
priate for the study of macromolecular crystals at the atomic level.
Good facilities for such measurements presently exist at the Brookhaven
National Laboratory and at the National Bureau of Standards, although
additional facilities and higher intensities would be welcome.

There is a major need for further instrumentation and development
in the area associated with cold neutron research. This domain will
include structural studies of macromolecular assemblies at low resolu-
tion, possibly through the use of crystals but certainly with solu-
tions. Selective deuteration methods will be extensively used. Such
approaches have been used successfully in studies of the structure of
lipoproteins, ribosomes, nucleosomes, and DNA-dependent RNA polymerase
from E. coli. The analyses of many other macromolecular assemblies
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that may be amenable to neutron analysis now lie on the horizon, in-
cluding studies of the RNA-protein complexes involved in processing
messenger RNA and in controlling secretion. The higher-order structure
of chromosomes is also of great interest and could be studied with neu-
trons of long wavelength.

Similarly, the study of biological membrane structure and the in-
teractions of membrane components has provided a fertile area. Method-
ological refinements will permit a wider range of experimentation to
probe both macromolecular interactions and membrane structures. Prob-
lems concerning the solvation of macromolecules, the formation of com-
plexes between enzymes and substrates, and the interaction of ions with
macromolecular surfaces are being pursued using scattering from solu-
tions. Finally, recent applications of inelastic neutron scattering to
macromolecules in solution suggest the possibility of obtaining funda-
mental thermodynamic parameters associated with macromolecular prop-
erties, and observing alterations in dynamic states that are correlated
with functional changes in biological molecules. While this is a new
area, success could lead to a greatly expanded use for inelastic scat-
tering spectrometers that measure energy changes in the range from 0.01
to 100 meV. Thus, the needs for the coming decade in the neutron area
are principally focused on the development and exploitation of instru-
ments for cold sources.

Earth Sciences

Greatly improved energy-dispersive diffraction capability is required
in the field of earth sciences. Here high-resolution diffraction of
minerals at very high pressures, simulating geological stress condi-
tions, is extremely important. Higher intensity pulsed sources will
prove useful by permitting smaller samples and higher pressures to be
employed. As in chemical crystallography, an order of magnitude in-
crease in the flux from a steady state source would make it possible to
greatly reduce required crystal sample volumes and open up a much
larger number of mineral samples to investigation.

RESEARCH WITH MAGNET FACILITIES: PAST AND FUTURE

High magnetic field research is important for a fundamental under-_
standing of a broad spectrum of material types and properties. Scien-
tific advances in such diverse areas as superconductivity, permanent
magnet research, and semiconductor science have all benefited from
research based on the availability of intense magnetic fields. The
attainment of such fields has, in general, been preceded by, and
intimately connected with, applications developments and industrial
commercialization. Each time a higher plateau of magnetic field
strength is achieved, it is exploited quickly by the scientific com-
munity and is accompanied by the requirement for yet higher field
strengths. The comgination of high fields and low temperatures is
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particularly important, along with ancillary measuring equipment such
as that associated with precision optical measurements.

The Francis Bitter National Magnet Laboratory is the primary high
magnetic field research facility in the United States. Direct current
(dc) fields in the 20 tesla (T) range are available using Bitter mag-
nets. To reach higher fields, hybrid magnets utilizing both super
conducting and resistive coils are required. Using such procedures,
the National Magnet Laboratory has achieved a steady state field of
30.4T. The ultimate limit for dc hybrid magnets appears to be 35 to
45T, beyond which pulsed magnetic field systems are needed. The
National Magnet Laboratory currently offers nondestructive pulse sys-
tems to 45T. Higher pulse fields, perhaps up to 100T, appear to be
achievable using advanced technology. In addition, the National Magnet
Laboratory provides limited high-field, low-temperature facilities as
well as high field facilities coupled with a variety of ancillary mea-
surement equipment.

A great deal of progress in a number of areas has been made using
relatively low fields, of the order of 1 to 2T, but the number and
types of useful experiments that can be performed increase dramatically
with higher field strengths. For example, the Zeeman splitting of a
single electron in a field of 1T is the energy equivalent of only 1.4K.
Increasing the field to 100T raises the splitting to 140K, which is
comparable to typical exchange and crystal field energies in many mag-
netic systems. This raises the possibility of inducing large changes
in the electronic structures and behavior of both magnetic and nonmag-
netic systems simply by applying of such large fields. Some recent ex-
amples of exciting high magnetic field experiments are studies of the
fractional quantized Hall effect at semiconductor inter