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Executive Summary

This Workshop was undertaken by the European Science Foundation, under the
umbrella of its Framework Studies into Large Research Factlities in Europe, in collabo-
ration with the European Neutron Scattering Association. It was organised locally by
the Institut Laue Langevin, and additional support from the European Community
(Training and Mobility of Researchers) and the ILL. The Workshop brought together
about 80 scientists in the village of Autrans (near Grenoble, France) in January 1996
to consider, in ten working groups, the future of neutron scattering in Europe. The
Workshop concluded with the reports of the 10 individual Group Leaders and a Panel
Discussion.

The main elements of this report are an introduction which summarizes the outcome
of the working groups and of the workshop panel, an assessment of the results by the
ESF Standing Committee for the Physical and Engineering Sciences (PESC), the
reports of the ten working groups, and a summary of a survey undertaken by ENSA.

The base line questions put to the Workshop participants were as follows:

(a) What is the 10-year forward look for neutron scattering, with particular attention
to the impact of the new techniques such as the new 3" generation synchrotron
sources?

(b) Forward look beyond 2005, with particular emphasis on new frontiers?

The conclusions of the Workshop are as follows:

1. The use of neutrons continues to evolve, both in traditional and in new fields.
Given the enormous impact of new materials in technology, no end to this process can
be foreseen. The demand for neutrons continues, and we do not see this changing in
the next 15 years. The demand for more sophisticated use of neutrons, e.g. polarisation
analysis, continues to grow, so that aggressive programmes of instrumentation
development are vital to the field.

2. Non-neutron tools for matter investigation, such as synchrotron radiation, cannot
substitute the future use of neutron beams.

3. The diversification of neutrons into an increasing number of scientific areas
continues. Examples are earth sciences, the pharmaceutical sciences, biology and
engineering.

4. The direct impact of neutrons on “wealth creation” is increasing and will continue
to do so. Examples of industrial relevance are in the fields of multilayers, polymers,
materials science, and engineering.

5. Unless appropriate action is taken, sources of neutrons, and hence the supply, are



likely to decrease in the next ten years. Given the existing and future expected

demand in Europe this makes it imperative that:

(a) full use be made by European users from the basic and applied sciences, of
the present network of medium-flux national sources and the highest-flux
sources, i.e. ILL and ISIS, and

(b) a mechanism be initiated by the ESF to co-ordinate the design and funding
requests that will allow a truly advanced European Source to be operational
within 15 years.

-
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Gerard H. Lander Hubert Curien
Workshop Chairman Panel Chairman



ESF Standing Committee for Physical and Engineering Sciences (PESC)
Inter-Committee Working Group on Large Research Facilities

ESF Assessment
‘Impact and prospects of neutron methods and neutron sources
on European science and research’

The FKuropean Science Foundation, with the endorsement and engagement of its
Standing Committees and Associated Committees, is actively pursuing its function as
the multi-disciplinary clearing-house in Europe for large research facilities and large
networking enterprises, providing information and advice from the European view
point to the decision-making bodies at the European or national scene.

Under its Framework Studies into Large Research Factlities, the Foundation initiated
and supported the ESF Neutron Source Studies (‘(ENS Studies/Task A’) in order to
investigate the impact and prospects of neutron methods and neutron sources for
European science and research, including applied research. (Task (B) under the ENS
Studies is devoted to developing and assessing the scientific case of the initiative for a
pulsed highest-flux European spallation neutron source (‘ESS project)).

The central event under Task (A) of the ENS Studies of the Foundation was the
Exploratory Workshop in Autrans, France, in January 1996, the Report of which is
hereby assessed.

The Report contains the results of the 10 Working Groups which covered the whole
gamut of science from particle physics to biology, with industrially important topics
especially in engineering and chemistry. The Conference Chairman, Dr G. Lander of
the EC Karlsruhe Establishment, and the Chairman of the Panel Discussion, Professor
H. Curien, former Minister for Science in the French Government and past President
of ESF, summarise the major points of consensus which emerged from the Working
Groups and from the Workshop as a whole.

Within ESF the Report has been assessed by the ‘ENS Panel” drawn from the ESF
Standing Committee for physical and engineering sciences (PESC), in liaison with the
Standing Committee for life and environmental sciences (LESC). This Assessment
was approved by the Board of the European Science Foundation on 12 July 1996.
ESF-PESC came to the following observations and assessment:

The structural investigation of in-animate or animate matter in many R&TD fields of the natural
or technical sciences has benefited greatly from the complementary use and exploitation of
neutron beams and of synchrotron X-rays, made available at both national and multinational
facilities. European R&D has reached a lead position in international competition. With regard
to recent developments and constraints it appeared timely for ESF to convene a meeting of
scientists working in fields where neutron scattering or competing diagnostic techniques have
been (or could be) important in order to assess the impact of neutron techniques, and the
future need for neutron sources, for European science and research, both in the relatively short
term (10 years) and the distant future. Important in such a discussion is the impact, on the

! Members of the ‘Subgroup on Neutron Facilities P. Day (Rapporteur, The Royal Institution, London), G. Ertl (Fritz-
Haber Institute, Berlin), N. Kroo (Rapporteur, Hungarian Academy of Sciences, Budapest), EW. Sluijter (Eindhoven University
of Technology), D.A.M. Weis (Université Libre de Bruxelles), H.U. Karow (Secretary, European Science Foundation)



science carried out with neutrons of the new horizons opened up by the new generation of
synchrotron X-ray sources and, in the longer term, by the emergence of new fields to which
neutron scattering could make a decisive contribution.

The assessment points of ESF-PESC is as follows:

1. The contents of the Report on the Autrans Workshop amply demonstrate and document the
vitality of science and research carried out with neutrons in Europe at the present time. In
particular, neutron scattering techniques remain a vital resource for the structural investigation
of condensed matter, including the solution of structural problems in the technical sciences or
industrial developments. It should be especially borne in mind that, in the application of
neutron scattering to the physical and biological sciences, Europe has established a clear world
lead over the USA and Japan.

2. Synchrotron radiation techniques and radiation sources cannot abrogate neutron techniques
and neutron sources (which would have been an appealing hope at financially constrained
times with regard to the much lower specific costs of soft-X photon beams as compared to
neutron beams). The specialists at the Workshop clearly concluded that even in the long term,
both techniques and advanced radiation sources including instrumentation of both categories
are indispensable to Europe’s lead in science, research and technical applications, as the two
techniques cannot replace each other (nor be replaced by third methods), but complement and
extend each other’s range and opportunities.

3. The ideas and proposals for new work presented at the ESF Workshop in Autrans further
demonstrate a continued need for high quality neutron sources and their corresponding
instrumentation in the foreseeable future. Neutron scattering techniques will make a special
impact on newly emerging interdisciplinary fields as they did for example, in the elucidation
and understanding of the previously unforeseen field of high Tc superconductors. Examples
include reproducing extreme conditions of materials important in the earth sciences, the
behaviour of polymer mixtures in flowing reactors in the chemical industry, rationalising the
procedures for making zeolite catalysts, understanding the performance of engineering
components under operating conditions, and many more. The need to carry out experiments at
central facilities will, in itself, encourage the interdisciplinary contacts essential to make
progress in such fields.

4. The Workshop also came to the conclusion that further progress in science and research will
rely on the availability of two types of neutron beam sources in relation to their time-
characteristics: neutron sources generating (quasi) steady-state beams (in specially optimised
nuclear research reactors or in accelerator driven spallation sources, generating continuous or
long-pulse neutron beams), and neutron sources generating short(est)-pulse neutron beams
(i.e., sharply-pulsed neutron spallation sources).

5. Following from the above points, one may state that the R&TD community of neutron users in
Europe is large, distinguished, vibrantly active and representative of almost every discipline in
the physical sciences, as well as molecular biology and engineering. Finding the optimum
means to address the continuing needs of this wide and strategically important R&D community
group in both the medium and long term within the scientific-technical-strategic and economic
opportunities in Europe should be a matter of the highest priority, ensuring the health of many
fields of European R&TD and the European lead achieved in the past.



6. The foregoing conclusions lead to several proposals for action by national agencies, the EU,
and the Foundation itself.

(i) Inthe medium term, means should be found to ensure the most effective exploitation of the
existing portfolio of neutron sources in Europe, both of the national medium flux type and those
centres of excellence such as ILL and ISIS having the highest fluxes available in the world in
their respective categories.

Medium flux sources remain important as regional training grounds for young researchers, for
developing novel instrumentation and conducting preliminary or speculative experiments before
they are transferred to the high flux sources where beam-time is in greater demand. In this
regard, access for scientists from other European countries should be supported by the EU.

The small number of highest flux sources provide benchmarks for the science conducted with
neutrons at the world level. Arrangements must be made by the ESF sponsoring agencies to
ensure that the fullest possible use is made of such sources, by optimising the number of
instrument days available to users and ensuring that as many beamlines as possible are
furnished with state of the art instruments. Neutrons are scarce and should not be wasted!

(ii) In the longer term it is appropriate to actively continue to define the technical specification
and design parameters of an advanced ‘European Neutron Source’ which would become
operational when the existing high flux sources reach the end of their lifetimes, say in 15 years.

(iii) The ESF-PESC Inter-Committee Working Group on Large Research Facilities is dealing with
the issues arising at the European level in the provision of facilities shared by large
communities of researchers. ESF-PESC together with its Member Organisations (which
represent the major research councils and funding agencies in Europe) is pursuing its function
as multi-disciplinary scientific-strategic ‘clearing house’ in assessing the needs of European
R&D communities with regard to large facilities. A particular issue is the provision of qualified
access of non-national users to such facilities.

In the light of this ESF is prepared to provide advice or to take action in the co-ordination of
access to regional medium-scale neutron sources operated in various European countries. An
important issue should be to promote networking between the regional sources, instrumenta-
tion centres, and user communities, through the development of helpful and acceptable
networking concepts for the participating communities, institutions, and funding organisations.

The ESF should provide the continuing focus for the scientific-strategic case of a future
European Neutron Source.

7. The Autrans Workshop demonstrated the pervasiveness and vitality of both basic and applied
science conducted with neutrons and Europe’s leading position in this field. It is for the ESF
Member Organisations and the European Union to devise mechanisms whereby this lead can
be maintained. The European Science Foundation and its Standing Committees are prepared
to collaborate on this issue.






Introduction

Background

Neutrons beams have now been in use for about 50 years. The first experiments in
condensed matter research were performed in the late 1940s, and the two pioneers in
neutron scattering, Bertrand Brockhouse of Canada and Clifford Shull of the USA
received the 1994 Nobel Prize in Physics. During those 50 years the intensity of
thermal neutron sources has increased by about a factor of 100. This 1s small when
compared with many other techniques, e.g. NMR capabilities or the rapid rise in laser
(or X-ray synchrotron) intensities after the first inventions. What has increased
enormously in the field of neutron scattering is what may be loosely called the “utili-
sation factor” of neutrons. This includes (a) source tailoring such as cold sources to
give neutrons of long wavelength that were not even considered in the early days of
neutron scattering, (b) optical elements such as monochromator, mirrors, neutron
guide, and analyser and (c) improvements in detector technology and design. In such a
utilisation factor the advances have been considerable and certainly account for
another factor of 100, (much more for cold or hot neutrons) so that, together with the
increases in flux, the experiments performed today bear little resemblance to those
performed in the 1940s. Neutron experiments are, however, still always intensity
limited.

What has not changed in 50 years of neutron scattering is the uniqueness of the
scattering cross section (see next section). It is these unique features of the cross
section that has allowed neutron scattering to prosper. But what will be the position 10
or 20 years from now?

Europe now has the two best neutron sources in the world, the Institut Laue Langevin
in Grenoble, France, a steady-state reactor, and the ISIS spallation source at the
Rutherford Laboratory near Oxford in the UK. Many other smaller national sources,
primarily reactors, also exist in Kurope. Most of these were built in the 1960s. Without
major refurbishment, facilities such as these can be expected to last ~35 years. The
problem of age, together with the escalating safety requirements, means that many of
these are expected to shut down [OECD report by the late T. Riste] in the next 5 to 15
years. What then is the future of neutron scattering?

Consequences of the neutron cross section: basis for optimism about the future
Neutrons are now used across an enormous breadth of science. The principal reason
for this is the unique features of the cross section:

(a) that it is a neutral particle and penetrates deep into materials. Neutrons react to
all known forces, except the electrostatic force.

(b) that its principal cross section is nuclear in origin. In particular, the cross section
for hydrogen is much greater than that for any other element and it is different from
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that for deuterium.

(c) that it is a heavy particle so that changes in energy may be easily measured by its
change in velocity. Thermal neutrons (25 meV) have an energy well matched to that
of elementary lattice or magnetic vibrations, whereas at the coldest end of the
spectrum (peV) the technique overlaps with the frequency range covered by NMR
techniques.

(d) that it possesses a magnetic moment which interacts with unpaired electrons in
solids, allowing the details of microscopic magnetism to be examined. Polarised
neutrons can also be exploited in their interaction with both electron and nuclear
spins.

(e) that the cross section may be readily calculated in most cases within the first Born
approximation, so that eigenvectors as well as eigenvalues may be determined.

As stated above, none of these are new, but they are unigue - and the way in which
they can be exploited continues to evolve. We shall highlight some of the recent
advances, as well as those foreseen, in the following summary.

The Workshop

To discuss the future potential of neutron scattering ~80 scientists gathered in the
small mountain village of Autrans (near Grenoble, France) on 11-13 January 1996.
The ESF Exploratory Workshop was run in collaboration with the European Neutron
Scattering Association (ENSA) with additional support from the European Commis-
sion (Training and Mobility of Researchers) and the Institute Laue Langevin. The
basic tasks of the Workshop were to examine:

(a) the 10-year forward look, with particular attention to the impact of the new
techniques such as the new 3rd generation synchrotron sources, and
(b) the forward look beyond 2005, with particular emphasis on new frontiers.

The scientists attending the Workshop were divided into ten groups to cover the
various fields of science that use neutron beams. Their summaries are attached and
form the main body of this report. A list of the groups is given in Appendix B. This
group of scientists contained relatively few (16 in total) affiliated to European neutron
facilities, and the groups contained ~30 scientists who did not use neutrons primarily
in their research activities. This large number of non-neutron professionals was to
ensure that other modern techniques were well represented amongst the participants.
The 83 participants came from over 10 countries within Europe, with ~2/3 coming
from the three larger countries, France, Germany and the UK. Five came from outside
Europe. The emphasis of the Workshop deliberations was completely on science or
engineering that can be addressed by neutron techniques; no considerations were
given to either detailed instrument design or to comparisons between capabilities at
steady-state and spallation sources

" The closest reference to the present activity is that of the Shelter Tsland Workshop in 1984 [Nucl. Tnst. & Methods B 12, 525-
561 (1985)], although this document contains more details of instrumentation than the present report. Other documents are the
Report of the Abingdon Workshop on “Instrumentation and Techniques for the European Spallation Source, June 1992, RAL-92-
040 (published by Rutherford-Appleton Laboratory, UK), and “Technology and Science at higher-power Spallation sources” May
1993, published by Argonne National Laboratory, Illinois, USA, 1994.



At the conclusion of the working sessions the Group Leaders gave presentations to all
those attending. The conclusions of all the groups were extremely positive with
respect to both the short- and long-term future of neutrons.

Workshop Panel

The Workshop ended with a Panel discussion, chaired by H. Curien, former French
Minister for Research and a past ESF President, with the following as members of the
Panel: G. Aeppli (A T & T Bell Labs, USA), P. Day (ESF-PESC Observer, The Royal
Institution, London), G. H. Lander (Workshop Chairman, European Commission,
Karlsruhe, and Chairman of the Workshop), Y. Petroff (ESRF, Grenoble), D. Richter
(ENSA Chairman, KfA, Jiilich), R. Scherm (ILL, Grenoble). In addition to the above
speakers there were many contributions to the discussion from the floor. The
overwhelming consensus was that neutrons have a large role to play in future research
and technology across an ever widening field of subjects. The diversity was a
recurring theme of the discussion. However, this diversity, while one of the main
strengths of neutron research, made it difficult to propose “one” crucial experiment
that could be sold to the scientific community. Neutron scattering in most cases,
research on fundamental physics often being an exception, is characterised by small

science at a large facility. In a presentation at the beginning of the Panel discussion, D.

Richter, representing ENSA, gave the results of a recent survey of the neutron
community in Europe.” Two crucial points from this survey are:

(1) The European community consists of ~3500 users of neutrons, but at least half of
them class themselves as “casual” users, 1.e. they use neutrons for less than 25% of
their research or development work.

(2) The majority of the neutron users are not physicists, but a combination of
chemists and materials scientists.

With the presentation of Y. Petroff, (Director of the ESRF in Grenoble) the question
was brought to the fore of the relationship with the new 3rd-generation synchrotron
sources. Certainly the results emerging from these machines are very impressive,
inelastic scattering with a few meV resolution, and magnetic scattering from surfaces.
The enormous brilliance of these machines may result in a decrease of neutron
activity in some areas, but the complementarity of the synchrotron technique was
emphasised by many speakers. For many scientific questions the combination of both
techniques 1s more useful than either one of them; some specific examples are given
in the report. As has been recognised for a long time, the opening of new subjects by
synchrotron radiation is likely to increase the need for the information available with
neutrons. This question is closely related to that of “increasing complexity” in
research and development on materials and life sciences. As the complexity of the
materials and technologies increases so we need more microscopic techniques, and
both neutrons and X-rays fall naturally into that category.

# A complete analysis of this survey is being printed as a separate ESF report, but we present an abbreviated version as Appendix
C of this report

11
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Much discussion centred on the inter-relationship between the small and large sour-
ces, and the need to preserve this mutually beneficial relationship. Many of the most
important developments in neutron scattering techniques have been pioneered at the
smaller sources, then exploited at the larger facilities. However, it is inevitable that
many of the smaller sources will be shut down, and there are only two new sources
(PSI Villigen and Munich University) assured in Europe, although the pulsed source
in Austria (AUSTRON) is still seeking realisation.

Many opportunities exist for new and/or improved instrumentation at both steady-
state and spallation sources. These were discussed by a number of speakers, and are
clearly a high priority for both the scientific output and the need to encourage young
people to enter the field. In this respect a number of speakers expressed the view that
some changes in the operational procedures of the larger facilities were necessary to
accommodate more long-term research. The Collaborating Research Group (CRG)
mode at ILL is one example, and, in general, there was agreement that the large
facilities must find creative ways to fully exploit their capabilities, and, at the same
time, remain at the forefront of both instrumentation as well as research.

In concluding the Panel discussion, the Chairman H. Curien made the point that the
neutron community should be aware of the great demands on government funding
today, and the difficulty in setting priorities. He cautioned that huge projects, such as
the ANS (the large research reactor in the US that was cancelled in 1995 after almost
10 years of planning) did great harm to the public perception of the field. He urged
that reasonable (in budgetary terms) solutions be initially sought, and that a major
source rmust have the full backing of a wide and diverse European scientific
community. The Panel Chairman was optimistic that the case was a good one, but
much work remained to be done.

Conclusions of the Workshop

1. The use of neutrons continues to evolve, both in traditional and in new fields.
Given the enormous impact of new materials in technology, no end to this process can
be foreseen. The demand for neutrons continues, and we do not see this changing in
the next 15 years. The demand for more sophisticated use of neutrons, e.g. polarisation
analysis, continues to grow, so that aggressive programmes of instrumentation
development are vital to the field.

2. Non-neutron tools for matter investigation, such as synchrotron radiation, cannot
substitute the future use of neutron beams.

3. The diversification of neutrons into an increasing number of scientific areas
continues. Examples are earth sciences, the pharmaceutical sciences, biology, and
engineering.



4. The direct impact of neutrons on “wealth creation” is increasing and will continue
to do so. Examples of industrial relevance are in the fields of multilayers, polymers,
materials science, and engineering.

5. Unless appropriate action is taken, sources of neutrons, and hence the supply, are
likely to decrease in the next ten years. Given the existing and expected future
demand in Europe this makes it imperative that:

(a) full use be made by European users from the basic and applied sciences of
the present network of medium-flux national sources and the highest-flux
sources, i.e. ILL and ISIS, and

(b) a mechanism be initiated by the ESF to co-ordinate the design and funding
requests that will allow a truly advanced European Source to be operational
within 15 years.

13
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Working Group Summaries

The group “Particles and Nuclei” covered the fascinating field of physics in which
the neutron is used as a particle for investigating some of the fundamental questions
of physics. A good example is the search for the electric dipole moment on the neu-
tron, which has gone on for almost 40 years now. However, recent values of the upper
limit are close to those predicted by currently popular “grand unified theories”, so
that there is strong motivation to continue this search. Another example is neutron
decay. Since this involves all four particles of the first generation (down quark — up
quark + electron + antineutrino), many tests of the standard model are possible. An
important “flagship” experiment that would require much more flux than presently
available is the observation of the free decay of a neutron into hydrogen. This would
give a definite answer to why the universe is “left handed”. Other fields covered by
this group include nuclear physics and neutron optics. Again in these fields there are a
number of important experiments testing fundamentals of physics, and it must be
remembered that although these fields may seem exotic today, they often drive the
instrumentation and methods that can later be exploited in both condensed matter
physics as well as industrial applications. Nuclear medicine is an obvious example, as
is the development of sources for cold neutrons.

Magnetism and superconductivity is, of course, one of the traditional areas of neu-
trons in condensed matter and one might, perhaps, expect a slowing of activity. Far
from it. The discovery of heavy fermions, of high-T_superconductors, spin-Peierls
transitions, G, and all its derivatives, and the explosive growth in multilayer science,
have provided a plethora of new phenomena in the last decade that are perfectly
adapted to neutron techniques. At the more exotic end are the studies at very low
temperature, now down to 500 pK, on nuclei spin ordering, opening a completely new
field of science. The centre of activity has, of course, been in the study of high T
materials, and, together with heavy fermions, there is a realisation that the breakdown
of so-called Fermi scaling, in which the imaginary part of the susceptibility

X" (q,0) O W/q, and the emergence of behaviour in which X" (q,) O W/T heralds a
profound revolution in the way we think about electron correlations at low
temperature. It 1s quite unclear at this stage where this research will lead, but a
central goal is the understanding of the interplay between magnetism and
superconductivity. This problem was thought “understood” 20 years ago, now it
becomes one of the central problems in condensed matter science.

As with the previous section on neutron physics, activities in solid-state physics
frequently drive instrumentation, which is then used in other fields (the spin-echo
spectrometer, which extends the resolution down to the meV range, being a good
example from the past). The development of techniques to measure high-energy
excitations (>100 meV) from single crystals at ISIS, the CRYOPAD 3-dimensional
polarisation technique at the ILL, the research on *He polarisers centred at the ILL,
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but involving many atomic physics laboratories, the ultra low-temperature techniques
at HMI, and the flux lattice measurements on SANS equipment at Risg and ILL are
notable examples, and many more are projected. The development of neutrons as a
local probe with resolution 50 x 50 m?, time resolved experiments (already started at
IS1S), quasielastic SANS to investigate the dynamics of flux lattices are for the future.

Magnetism and superconductivity studies in neutron scattering are driven by new
materials and the need for more microscopic information on them, Given progress in
general condensed-matter science for the first, and in neutron techniques for the
second, the demand for neutron scattering is more than assured for the next 20 years.

For amorphous materials and liquids the principal scientific question is the descrip-
tion of the complex interactions, both static and dynamic, in the absence of long-
range order. Although advantages such as H/D substitution and the kinematics of
neutron inelastic scattering are important, the crucial advantage of neutrons is the
simplicity of their cross section in the scattering process. This well-understood cross
section allows detailed comparison with theory, and it is theory, perhaps more than
any other technique, that drives the understanding of these fields. The group
emphasises the importance of accurate neutron data; a simple example to demonstrate
this will suffice. In the description of the atom-atom correlation function, ~80% of
the significant part can be obtained from a hard sphere model, so that it 1s in the
remaining 20% that all the details of the many-body interactions are to be found.

The study of aqueous solutions, which are now moving towards biological systems,
depends heavily on the isotope substitution method, and the need to subtract data sets
that differ by only small amounts underlines the need for better statistics. In these
experiments H/D labelling is important, and the use of polarisation analysis would be
beneficial provided the present associated loss of intensity (and hence statistical
accuracy) could be avoided.

Amorphous materials are widespread in industry; some important materials are fibre
optics, amorphous semiconductors, liquid crystal displays, and magnetic devices for
magneto-optical recording. Although the research performed on these is basically
long-term and thus underpins industrial use, with higher intensity the direct
involvement of neutrons, for example by using reflectivity in monitoring the growth
of films or powder diffraction associated with new batteries, can be seen in the pro-
duction process.

The Group sees a continuing need for development and research on instrumentation.
On polarisation analysis, on the application of spin echo to SANS, on neutron Brillouin
scattering, and on more intense reflectometers using polarised beams.

Polymer and soft matter is one of the major growth areas of neutron scattering;
moreover much of the research in this area has direct industrial implications. The two



16

crucial points for the application of neutrons in this area are the ability for H/D
labelling, and the fact that the slow time scales of molecular motions are within the
range of observation of slow neutron techniques, especially of the spin-echo method.

Neutrons have already played a major role in understanding aspects of polymer
conformation and rheology. SANS remains the pre-eminent technique for establishing
the conformation of polymers. Recently, the neutron spin-echo method has been able
to demonstrate some important aspects of the validity of the widely accepted repta-
tion model, thus adding appreciably to our knowledge of the topological constraints
present in polymer entanglement. Of importance for industrial processes is
understanding the deformation and relaxation of polymer melts, and their response to
shear and strains. The latter are always present in the production of polymers, and yet
the effects on the properties of polymers are poorly understood. Neutrons shed unique
light on this problem, again as a result of the capability of H/D labelling.

Another large class of materials are surfactants and self-assembling systems. Again,
these are widely used in industry, for example in both the o1l and detergent industry.
X-rays are often very useful, but, again, the ability of the H/D substitution gives
neutrons the key role. A technique that has become of major importance is that of
reflectivity. At the moment the majority of experiments look at the specular
reflectivity, which gives the profile of the scattering density along the surface normal
into the material. With greater flux it is possible to examine the off-specular
reflectivity, which gives information on the ordering within one layer of the material,
1.e. perpendicular to the surface normal.

Experiments are now being performed on polymer/protein interfaces, and clearly
there is much room in the future for these kind of studies. Higher fluxes are
mandatory for many of the applications envisaged, as is the development of polarisa-
tion techniques for separation of the coherent and incoherent scattering, and
development of an order-of-magnitude improvement in the Q . that can presently
accessed by in small-angle scattering experiments.

Biological studies with neutrons rely extensively on the H/D contrast. Many
experiments with small-angle scattering, low-resolution crystallography, quasielastic
scattering, and reflectometry (principally on membranes) are providing invaluable
information on both structure and function in a large variety of biological systems. It
must be remembered that diversity is a key point in biology, differences between
systems are as intriguing as similarities. In the domain of molecular structure the use
of X-rays remains supreme, and neutrons have no way of competing. However,
paradoxically perhaps, the success of synchrotrons is posing more questions for the use
of neutrons. Knowing the structure of a protein is vital, but this often requires not
only knowing the positions of the “heavy” atoms, C, N, and O, but also the location of
the key H atoms, particularly in the active site of an enzyme or in the surrounding
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water molecules. Neutrons, with their ability to “see” hydrogen, both in a static and
dynamic sense, are ideally suited to answering these questions, so that synchrotrons,
far from putting neutrons out of business, will actually generate more business for
them. Business, moreover, that lies at the heart of biological function, whether it be
the hydrogen network that holds a substrate in the correct conformation for cleavage,
or the motions of the protein molecule that, through conformational flexibility, allows
access of a ligand to its binding site.

Neutrons, either by SANS or low-resolution crystallography, can tell where these water
molecules are located and start (by quasielastic scattering experiments and associated
computer simulation) to answer the question of how the movements are related to
function. Thus inelastic scattering is a unique tool for probing the internal dynamics
of biological macromolecules.

Studies in biology are extremely time consuming and intensity limited. Even the
fastest technique, SANS, usually requires many different levels of contrast variation
and the most relevant results are those at the smallest concentration. A more concrete
example is the hope to obtain data on the same crystal by X-ray and neutron techni-
ques. To perform this we are down by at least a factor of 500! Some of this may be
made up by more efficient neutron detectors (e.g. wider angular coverage in Laue
diffraction) but clearly stronger sources would have an immediate impact in biology. A
similar advantage would accrue to studies with reflectometers. At present intensities
are really not sufficient to obtain information away from the specular diffraction, and
yet this contains important information on the in-plane configurations.

Atomic and molecular aspects of new materials is a subject that continues to evolve
rapidly. More new compounds have been synthesised since 1980 than in all previous
history. The variety of these materials, many of them tailor-made, 1s enormous,
ranging from oxide ferroelectrics and superconductors to shape memory and perma-
nent magnet alloys, and from novel hydrides and hydrates to self-assembling
molecular materials. Underpinning all these new materials is a detailed
understanding of their atomic and molecular structure. Neutron diffraction has been
at the forefront of the characterisation and explanation of all the new developments
in materials in the last two decades. Examples are the neutron work on high-T
superconductors and the first definitive answers to the detailed structure of C_ .

The ability of neutrons to penetrate bulk materials leads to the advantage that
materials may be investigated under realistic conditions of temperature and pressure
that are necessary for their formation. Examples are the ageing of ceramics, and the
discharge of long-life alkaline Zn-MnO, primary batteries. High pressures up to ~20
GPa can now be routinely used with neutron diffraction, but higher pressures will
require the fluxes of the next-generation sources. Advances in optics, resolution, and
source 1ntensities gives the intriguing possibility that length scales from picometers to
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fractions of a meter may be accessed by neutron diffraction experiments, and opens up
a new horizon for the characterisation of complex materials.

Chemical reactions, catalysis and electrochemistry covers a vast range of different
chemical reactions that are addressed by inelastic neutron scattering (INS). At least
90% of this utilisation relies on the different scattering cross sections of H and D.

The sensitivity to H and the simplification of the cross section have allowed molecular
vibrational spectroscopy to become quantitative in the sense that both eigenvalues and
eigenvectors can be obtained. When combined with the Q dependence this gives
information on the shape of the chemical potential functions. These additional (i.e. as
compared to optical techniques) features allow a much more rigorous test of
theoretical models.

One of the main activities in this field is connected with catalysts. Such materials
range from complex zeolite templates to relatively simple molecules such as the
transition-metal sulphides. In all cases the key aspect of the catalytic activity concerns
the residence time and place of a hydrocarbon molecule. In combination with NMR
techniques, neutrons are alone in being so sensitive to the H vibrations. A good
example in the report is the effort in discovering why the RuS, molecule is almost 10
times more efficient than MoS, hydrosulphurisation. In this study it is possible using
INS to identify the different H species present on a catalyst, to determine their rela-
tive proportions, and to follow changes as a function of the catalyst treatment. For the
future increased resolution (to compete with optical techniques ~1 cm™ is required)
and higher intensities (so that surface states, for example, can be studied) over a wide
range of () are needed. Polarisation analysis provides the option to suppress coherent
scattering from both liquid and solid samples, and will become a valuable additional
parameter when higher fluxes are available.

Earth sciences are a relatively new area for neutrons to address. The questions asked
in earth science, like those in materials science, appear much simpler than those posed
in the mainstream fields of condensed matter physics. However, the systems examined
are much more complex. Often they are multiphase, and even with different composi-
tions of the same material. A technique that has been particularly valuable has been
powder diffraction with the Rietveld method capable of averaging over a large
sample, and the ability to distinguish between materials with different hydrogen
content. Averaging over a large sample is vital, for example, in determining the
texture and preferred orientation of geological specimens.

Pressure experiments are obviously important to simulate conditions in the earth, and,
although the majority of experiments, particularly those at the highest pressure, are
being done with synchrotron X-rays, the importance of hydrogen in minerals,
whether as part of a hydroxyl group or a water molecule, or as a free proton, makes
the neutron experiment truly complementary. At present pressures up to ~20 GPa can
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used in neutron experiments. Since the samples must by necessity be very small, the
experiments would benefit greatly from increased flux.

Thermodynamic models for the earth rely on the knowledge of the Gruneisen
parameters of its constituents. These are obtained from a variety of sources, but are
most reliably obtained from the pressure dependence of the phonon dispersion curves.
There have been some cases recently where the accepted values have been found to be
seriously in error.

One of the major aims of the earth sciences is the prediction of earthquakes and
volcanic eruptions. Given the complexity of the geology of the planet, models for
such are very coarse approximations. They are improved by better information as a
base for the computer codes. A good analogy is the prediction of the weather, which
has improved dramatically over the last two decades, due both to the quality and
quantity of the information available, as well as to the advance in computer simula-
tions.

Materials science 1s concerned with property control by changing, or at least
understanding, the microstructure. Such microstructure concerns point defects, dislo-
cations, interphase boundaries and internal interfaces with microcracks, pores voids,
bubbles, etc. Materials science is intimately related to processing methods, e.g. powder
metallurgy, mechanical alloying, molecular beam epitaxy (MBE), sol-gel synthesis etc.
Since this covers such a wide field of materials it is natural that the material scientist
uses a vast array of analytical tools; neutrons being such a tool at the microscopic level
is an important part of this arsenal. Two examples will demonstrate the variation in
properties examined. In superconductors there are basic questions relating to vortex
pinning that affect performance in the critical current that can be passed. Neutrons
can image this vortex lattice and help to determine the best methods of fabrication
for, for example, superconducting tapes. In the field of multilayers neutron reflectivity
can be used to provide unique information about the extent of interfacial diffusion,
and the direction and amplitude of the magnetic moments. These materials are also at
the forefront of technology, especially since the discovery of the giant magnet-
resistance effect. However, both these examples provide opportunities for further
work. In the case of the superconductors, the possibility of determining the dynamic
of the flux lattices, and in the multilayers the possibility of determining more infor-
mation about the lateral dimensions, from off-specular reflectivity, represent new
areas that are just possible with today’s sources. Improvements in flux levels would of
course benefit these studies enormously.

Reflectivity studies of single atomic layers are now possible with neutrons, and many
new materials such as coatings etc., can be examined. An interesting example of the
impact neutron reflectivity might have is on the problems of finding coatings for
implant materials. The latter are normally made from cobalt or titanium based
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materials and to prevent wear and adverse reactions special coatings containing
hydrogenous materials are being developed. The high sensitivity to hydrogen in the
presence of the underlying metals, would seem an ideal subject for neutron studies.

In the area of internal strains/stresses neutron diffraction is now being used
extensively. Its advantage over x-rays is the high penetrating power of the neutron and
the large scattering angles used, which allow a good definition of the “gauge” volume.
At present the minimum gauge volume is about 1 mm?”. If this could be reduced to
50x50x50 Hm’, the technique would be of great interest in a range of problems where
it cannot be now usefully applied. This is a reduction in volume of almost 10*.
Although some of this may be made by focusing techniques, there are clearly new
horizons that can be reached only with a new source.

Engineering represents a field with totally different motivations from those discussed
above. It is important to realise from the outset that it is not curiosity that drives
engineering research; it is the need to fix problems as quickly and as cheaply as possi-
ble. Neutrons may provide the most elegant and complete knowledge of a certain
materials science problem, but if the cost of neutrons is too high, and the time too
long, they will not be competitive. Because important legal issues can often be at stake
when components fail, there is a need for standards and documentation that might
seem prosaic 1n basic research. Having said that, it is quite clear that the unique
properties of neutrons are making an impact in engineering research, and there is
considerable promise for the future.

One example is research on real colloids with a view to process control and stabilisa-
tion of complex colloids. SANS machines with Q__ ~ 5x10™* A need to be available,
and because of the use of H-containing polymers it would be of great advantage if
polarisation analysis could be performed to separate the coherent from incoherent
scattering. Of course, neutrons have the advantage over X-rays that the contrast can be
changed by selective deuteration. This work has implications in the petroleum
industry, for example, where one of the issues is the use of asphaltenes, the heaviest
fractions of recovered production, and in efforts at enhanced oil recovery.

A second example concerns the non-destructive determination of the remaining
lifetime in turbine blades. This is achieved by measuring in the real turbine blade the
chemical coherency between the regions containing the Y phase, an fcc NiCr matrix,
and cuboidal inclusions of the simple cubic Ni, Al Ti. The chemical coherency of these
two phases is sensitive to strain, so that a relatively simple test provides important
mechanical information. X-rays are not used because the bulk peaks are masked by
the oxide contamination at the surface.

We have already mentioned in the Materials Science section the need to reduce the
gauge volume, down to something like (50um)’ and, if possible, this would clearly
have a large impact in the number of engineering problems that could be tackled.



Looking at rivets and welds is one. Work is presently done but often with insufficient
information content to be directly commercially viable.

Further applications of neutrons

Finally, it should be realised that there are many fields of science that involve neu-
trons but not necessarily the scattering of beams, as discussed in the bulk of the
report. Because such uses cover many different areas, as diverse as isotope production
to boron-neutron capture therapy (BNCT'), this Workshop did not have a group
addressing these questions directly. However, for completeness we add a short section
on these uses.

One obvious example is radiography and tomography. Another is transmutation
doping of semiconductors, which is big business, for example, and requires a nuclear
reactor, as do the production of many isotopes used in nuclear medicine. Boron neu-
tron capture therapy (BNCT) is now becoming quite widespread in the treatment of
certain tumours.

Neutron activation analysis is sensitive to 10" concentration of impurities, and is
therefore one of the most sensitive techniques available for detection of impurities,
especially in the semiconductor industry. Some 10* probes a year are analysed alone for
environmental public services.

An exhaustive set of such possibilities is difficult to make, and the report makes no
attempt to be all inclusive in this regard. In many cases the neutron flux needed for
these applications may not be too great (radiography is often done with small Cf
sources) but it should be realised that the development of new techniques in this field
is often performed at a larger facility. These can then be scaled down to appropriate
levels for the desired applications.
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Reporis

Particles and nuclei

J. Byrne, D. Dubbers, R. Golub, J. Jolie, P. Leconte, H. Rauch, A. Serebrov

Introduction

Neutrons provide a useful tool to treat a number of questions from the domain of
particle physics, nuclear physics, and of quantum and measurement theory. Further,
several neutron-nuclear methods exist which are or may become helpful in the
applied and industrial sciences. In contrast to the following surveys, the present article
treats mainly (but not exclusively) the non-scattering experiments and techniques
which are possible at existing and future neutron sources, and tries to explore the
future potential of these methods. The article covers the following topics:

Particle physics
Nuclear physics
Neutron optics

B o=

Neutron related particle sources

1. Particle physics

Neutrons react to all known forces, except to the electrostatic force. This is fortunate
(and unique for a long-lived particle), because, due to its long range, the electrostatic
force 1s dominant in most processes and would mask many other more subtle effects.
Therefore, neutrons are useful for a number of studies of the fundamental interac-
tions and their symmetries.

Before going into any detail, let us recall some simple facts about neutron physics.
Measurements in physics often rely on the sensitivity of the apparatus to small chan-
ges in energy, momentum, or polarisation of the particles involved. The possibilities
of neutron physics here are remarkable, and have been improving steadily over the
past years. They are likely to continue to do so as no saturation effects due to limita-
tions of principle are in sight.

Shifts in neutron interaction energy of 10" electron volts are detectable today. This
energy corresponds to a Bohr frequency of one cycle per month. For purposes of
comparison, a typical atomic Bohr frequency is of order 10'* per second. Changes in
neutron momentum corresponding to a lateral deviation in the neutron trajectory of
several Angstrom over a distance of ten meters can be resolved experimentally. And
the direction of neutron polarisation can be controlled with an accuracy of less than
10° radians.

Table 1 lists a number of observables accessible to neutron particle physics, and also
the scientific questions addressed by their measurement. In Table 1, the numbers in
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parentheses indicate that the experiment:

is finished

is feasible with existing neutron sources

1s being continued at existing sources, but would profit strongly from better sources
has been done and will be continued only if better sources are available

oLk o=

is feasible only with better neutron sources

Cases (2) and (3) describe the program of the next 10 years, while cases (4) and (5)
point to the program beyond the year 2005.

Many of the topics listed in Table 1 came to life only during the eighties, and were by
no means anticipated. Examples are: neutron-antineutron oscillations, which turned
out to be allowed in the left-right symmetric grand unified theories; the axion as a
possible solution to the strong CP-problem; three generation quark-mixing; the links
between cosmology and neutron-particle physics, from which the total number of
particle generations was deduced for the first time; the unexpectedly large parity
violating (i.e. left-handed) amplitudes in various neutron optics and nuclear fission
experiments; the question of the existence of right-handed weak currents in our left-
handed world; and others. Therefore, by extrapolation, it is a rather safe prediction
that in neutron-particle physics there will be new and unanticipated topics ahead.

In some cases more specific predictions can be made. The search for a neutron electric
dipole moment, for example, has been going on for forty-five years, and the upper
limit on this number is now at 10*° e cm. A non-zero electric dipole moment would
violate time reversal symmetry. The experiment has seen a gain in sensitivity of one
order of magnitude every seven years. Several theories on the possible sources of
time-reversal violation (which is known to exist in nature) have already been
eliminated by this experiment. It is likely that progress in the search for a neutron
electric dipole moment will continue at the same pace. Therefore, a further batch of
very prominent theories will go the test bench of the neutron electric dipole moment
within the twenty years ahead, among them the left-right symmetric grand unified
theories. Also, the current explanation (provided by the late A. Sacharov as early as
1967) why, after the big bang, matter dominated antimatter - the so-called baryon-
asymmetry problem of cosmology - will by then see a yes/no decision. These models
require a neutron electric dipole moment of 10* e cm.

Another evident case is free neutron decay. In the past ten years, the accuracy in the
measurement of neutron decay data has increased by more than one order of magni-
tude (from 7% to 0.2 %). Therefore, the question arises as to whether more neutron
decay data are necessary. There are three main application of neutron decay data:
Firstly, the verification of quark model predictions on the size of the effective weak
quark-lepton coupling. These predictions, which are crucial for instance in the context
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of the present “proton-spin crisis”, are good to only several percent. Hence, at present,
no better neutron data are needed in this sector. Secondly, neutron data today provide
the only means to derive the weak cross-sections which determine, for instance, the
abundancies of primordial elements, the temperature of the sun, solar neutrino fluxes,
production of neutrino, W*, Z”, and other weak events in particle physics experiments.
In these fields, for a long time the neutron data contributed the largest error to the
pertinent calculations. Today, in the big-bang element abundancy calculations, the
leading error is due to the imperfectly known baryon to photon ratio, but, still, the
error from the neutron data is almost of the same size. So, here also, better neutron
data are not of the highest importance today, but would be comforting. However, the
field of cosmology keeps moving, and the observational distinction between the
standard big-bang model and inflationary big-bang models would require a higher
overall accuracy for the element abundancies than is presently available.

The third and today most important use of neutron data is for tests of the current
standard model of particle physics. At the large accelerator centres, the standard
model 1s intensely tested in the sector of the second and third particle generations.
Neutron decay, on the other hand, involves all four particles of the first generation
(down quark " up quark + electron + antineutrino). In the Standard Model, only two
parameters are needed to describe neutron decay. As there are many observables in
free neutron decay, the problem is strongly overdetermined. Therefore, many tests of
the standard model are possible, and these are listed in Table 1. These tests are
generally more stringent than similar tests derived from high energy experiments, in
particular the tests on the existence of right-handed currents, on the unitarity of
quark mixing, and on flavour symmetry. They should be continued to the highest
possible accuracy.

To this day, less than half of the possible neutron decay parameters have been
addressed by experiment, and only a few of them with high precision. So it is another
safe prediction that neutron decay experiments will be with us also during the decades
to come.

The same is hoped for the neutron charge experiments. The standard model does not
require charge quantization, i.e. does not require a zero neutron charge, while grand
unified theories usually do. The question of a neutron charge (present limit: <10*'e)
should therefore be tested as stringently as possible. (If the neutrino should have a
non-zero Dirac-mass, then a violation of charge quantization scaling with B-L should
exist, with B = Baryon number, L. = Lepton number. In this case, the hydrogen atom
should be exactly neutral, while the neutron should not.)

Also, the beautiful parity violating neutron optics experiments are likely to continue,
especially if they can be extended to liquid hydrogen or helium targets, where they
promise unique information on the elementary quark-quark interaction.
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Table 1

Observables in Neutron-Particle Physics Experiments and
related Physics Questions

Observables with status numbers (3) to (5) need stronger sources.
(For details see text)
* Flagship experiments with new neutron source

Observables Status Physics Questions
Neutron particle properties

Mass: mn/mp

(4) Model independent value
(4) of electromagnetic interaction strength o

A/m,
Charge (4) Charge quantization,
Grand unified theories (GUTs)
Magnetic monopole moment (4) Grand unified theories
Magnetic dipole moment (M Quark Models
* Electric dipole moment (3) Time-reversal violation, GUTs, baryon-
antibaryon asymmetry of universe
Electric polarizability (4) — Quark-confinement potential
Magnetic polarizability (5) |
Neutron B-decay o
Lifetime (3) Strength and structure of weak lepton-
quark interactions, as input for: big
bang cosmology, astrophysics and solar
physics, quark models,
and for tests of the Standard Model of
Correlation coefficients: particle physics on:
B-asymmetry (3) 1 Right-handed currents
neutrino-asymmetry (3) Unitarity of quark mixing
B-neutrino-correlation (3) Conservation of weak vector current
further correlation coefficients (5) Flavour symmetry
B-helicity (5) | | _Limits on scalar and tensor admixtures
triple neutron spin-correlations (3)] GUTs, Time reversal violation,
triple electron spin-correlations (2) | baryon asymmetry of universe

Energy spectra

of electrons, protons,

of various correlation coefficients,
and of inner bremsstrahlung

* Neutron decay into hydrogen

(3)
(3)
(5)
(3)

Weak magnetism in electroweak interaction
Second class currents
Radiative corrections

Yes/no experiment on right-handed currents



Observables Status Physics Questions

Neutron interactions

Scattering lengths:

Neutron-electron (4)  Neutron intrinsic charge distribution
Neutron-proton (1)| |Quark models
*Neutron-neutron (5)| [isospin invariance

Parity violating effects

Spin rotation in non magnetic medium (3)

Neutron polarising action of

nonmagnetic medium (3)

Neutron-proton y-asymmetry (4) — Quark-quark electroweak interaction
Neutron-proton y-circular polarisation (4)

Asymmetry in nuclear fission (3)_ Mesoscopic manifestation of PNC

* Time reversal violation in neutron

optics (5)  GUTs, baryon asymmetry
Capture:

Neutron-proton capture cross-section (1) Nucleon-nucleon interaction
Spin-dependence of neutron-proton capture  (2)

Neutral current interactions of

neutrinos

Neutrino oscillations (4)_ Neutrino mass, GUTs, closure of universe
Searches for heavy neutrinos (AI

Neutrino helicity (2)  Left-right symmetric GUTs

Neutrino cross-sections (4)  Electroweak interaction

Other Rare processes

Neutron-antineutron oscillations (4)  Left-right symmetric GUTs
Axion searches (1) }— Strong CP problem, closure of universe
Searches for e*e” resonances (1)

Neutrino experiments nowadays are done mainly at accelerators. They will certainly
profit from future high intensity spallation sources, but are unlikely to come back to
the reactor neutron sources.

Four neutron-particle physics experiments have been selected as flagship experiments
for future neutron sources, and have been marked (*) in Table 1. All of them are on
crucial questions of particle physics or cosmology. Three of them are new proposals
and are feasible only at a high current spallation neutron source. The expected event
rates and the scientific impact of these experiments are discussed in the papers
prepared for the scientific board of the European Spallation Source project.
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2. Nuclear physics

Nuclear physics questions are addressed both at reactor neutron sources and at
accelerator neutron sources. Mostly slow neutrons (< 1 eV) are used at reactors, while
fast neutrons (up to many GeV) are used at accelerators.

At reactors, nuclear physicists possess a small number of highly sensitive and unique
instruments, which have a broad spectrum of scientific applications. These instru-
ments are in high demand, in spite of the fact that during the past decades many
nuclear physicists have drifted away from low energy nuclear physics. This demand 1s
due to the fact that these instruments and methods have been, and are still, improving
at a high standard of sophistication.

Low energy nuclear physics essentially works on what could be called mesoscopic
physics: the description of a quantum system with an intermediate number of
interacting particles at low temperature. The theoretical problem is formidable, but
the signals from this system, the nuclear radiation spectra, are copious and readily
detectable. Therefore, many modern concepts like giant resonances or quantum chaos
have first been developed in nuclear physics. The eighties have seen a rather
unexpected revolution in nuclear physics: many of the often extremely complex
nuclear energy spectra can now be fully described with rather simple algebraic for-
mula, much like the Balmer formula for the atomic spectra. These formulae have
emerged from bosonic and boson-fermion supersymmetric formulations of the
nuclear dynamic problem. Many of the relevant measurements to check these formu-
las have been done at nuclear reactor instruments, because neutron capture spectra are
more complete than those induced by other nuclear reaction, which latter usually
impart much angular momentum to the system. With more sophisticated detector
arrangements, more investigations in this field of principal scientific interest will be
done in the future.

Studies on radioactive nuclei have boosted the interest of nuclear physics by extending
the scope of the models to a very wide range of combinations of neutron and proton
numbers N and Z. These short-lived nuclei are indeed real nuclei which cope fully
with the nuclear interaction stability problem which is solved in an extremely short
time, compared to the decay time. Intense neutron sources offer a unique possibility
for producing high intensity, very neutron-rich fission products. Spallation produced
radioactive nuclei cannot compete because they appear in a highly excited state which
tends to decay by neutron evaporation.

Another field of science which profits greatly from these neutron-nuclear instruments
is astrophysics. The heavier elements are synthesised by neutron capture both within
the cores of red giants (slow process) and in supernova explosions (fast process). There
are two types of nuclear instrument at reactors which together cover almost all
unstable isotopes visited both during the fast path - these are the nuclear fission
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instruments - and during the slow path - these are the in-pile neutron capture instru-
ments. With them many details of the element production process can be deduced -
the relevant temperatures, times, neutron and electron fluxes, and so on. But,
especially the fast element production process is still largely unexplored, and more
experiments on these questions will be done with new fission product sources
currently under development.

The ultra-high resolution crystal spectrometers for gamma rays developed at research
reactors have found applications in fields of science other than nuclear physics, such
as particle, atomic, solid state and astrophysics. Their resolution could be further
increased by cooling the in-pile target. Further, in the future, a high intensity cold
neutron beam should be equipped with multidetector arrays for coincidence
spectroscopy to study multiphonon excitations, scissors modes, pair breaking, Fermigas
behaviour, and temperature effects in nuclei. Such an installation could also have a
large potential for industrial applications.

The possibilities of medium energy neutron-nuclear physics are far-reaching and
have been explored in a three volume LANL-study by A. Michaudon and collaborators
(LA-UR-94-1320).

3. Neutron optics

Neutron optics and magneto optics deal with the study of transmission, reflection,
refraction, diffraction and interference effects of neutron de Broglie or spin wave
functions interacting with macroscopic materials and/or magnetic fields. Some topics
of neutron optics are already included in Table 1. Table 2 gives a list of further topics
addressed with neutron optics. About half of the topics listed have not yet been
studied and would strongly profit from a better neutron source. No saturation can be
seen 1n this very active field, and many exciting topics lie ahead. In recent years, some
of the now classical neutron interferometry experiments have been repeated in the
emerging field of atomic beam interferometry.

Table 2 does not include the many Bragg and inelastic scattering crystal optics
methods that have been developed in condensed matter physics over the years.
However, we want to mention a number of intriguing neutron optics methods for
efficient beam tailoring which have been proposed in recent years and which may
some day become interesting for condensed matter studies. For a pulsed neutron
source, for instance, about one order of magnitude gain in monochromaticity can be
obtained when travelling magnetic wave focusing is applied. An even higher gain is
expected from a “monochromatizing machine”, which uses back-reflection from
perfect crystals, magnetically gated crystals, and Zeeman energy transfer by neutron
magnetic resonance irradiation. Further, new spatial and temporal Fourier
spectrometers will allow measurement of the autocorrelation functions of the



wavefunction and the related neutron momentum and energy distribution functions.
Another series of new high resolution neutron scattering methods, mostly using

sophisticated spin precession schemes, has been developed and is listed towards the
end of Table 2.

Table 2
Neutron optics and magnetooptics

Wave optics: Squeezed states, classical and quantum vibrations, localisa
tion in disordered media, chaotic billard, tunnelling times,
phase topography, linearity and unitarity of quantum
mechanics, in-crystal coherence phenomena, diffraction on
macroscopic objects.

Spin optics: 4" symmetry of spinors, spin superposition, neutron Joseph
son effect, neutrons with “<g,> >>1", spin bistability,
anomalous Larmor precession, dressed neutrons.

Topology: Aharonov Casher effect, scalar Aharonov Bohm effect, Berry
phases.
Gravitation: Phase shifts, tidal forces, Coriolis force, Michelson-Morley

experiments, inertial vs. gravitational mass, negative effective
neutron mass.

Quantum optics: Zero-point fluctuation effects, quantum statistics phenomena,
spontaneous polarisation.

Time optics vs. space optics: Fresnel time lens, time analogue of Fourier Spectroscopy and
of spin echo, beat optics.

Devices: Crystal resonators, neutron accelerators, spin magnetometry,
NRSE, NRSE-SANS, MIEZE, FOTOF, UCN-microscopy,
supermirrors.

4. Sources

For existing neutron sources, a number of interesting proposals on neutron beam
tailoring like bunching, cooling, focusing and storage have been made. Further, several
concepts for better ultracold neutron (UCN) sources have been developed which play a
decisive role in several neutron-particle physics experiments, as well as in some
neutron optics projects. These concepts includes besides the existing UCN turbine, the
superthermal UCN source, the thin-film source, the frozen deuterium source, and the
rotating crystal source.

A new concept of a high-flux on-line positron source based on pair creation has been
developed, which promises orders of magnitude higher positron fluxes than presently
available. This source is to be used in solid state physics, surface science, atomic,
particle and applied physics. - Extremely monochromatic gamma and electron sources
are also of interest. Also, one can extract a high intensity beam of fission products
from a neutron source. Plans for the postacceleration of such a beam are under
discussion. They have been described in detail in a recent proposal by the PIAFE
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collaboration’. There is not the space here to describe all these proposals. Table 3 gives
a list of secondary beams that can be extracted from reactor or accelerator based neutron

sources.

Table 3

Particle beams from reactor or accelerator based neuiron sources

Neutrons 107 to 10*7 eV

Gammas extremely monochromatic
Electrons extremely monochromatic
Positrons very high intensity
Neutrinos 4 kinds, separated in time
Muons 2 kinds, polarised

Pions 3 kinds

Fission Products

" “PIAFE project - physics case”, in print Lecture Notes in Physics, Springer Verlag
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Magnetism and superconductivity

G. Aeppli, J. Flouquet, M. Gunn, J. Kjems, G. Lonzarich, H. Ott, M. Steiner, C. Vettier

The group of experts agreed that it should concentrate on assessing essentially three
issues:

* Identification of key topics in the future of condensed matter physics
* Identify frontier experiments, i.e., aim at exploring the unpredictable
* Identify the necessary technical improvements with respect to neutron scattering

In order to achieve a reasonable assessment of these topics that are obviously centred
around basic research, the group’s discussion addressed four questions stated below.
One additional question was related to the possible use of neutrons by industry in
view of applications of magnetism and superconductivity.

- Review of previous accomplishments mainly including the last ten years
- Perspectives of the next 10 years?

- Longer term perspectives?

- Impact of alternative experimental techniques?

- What can neutron scattering offer to industry?

The group’s discussions are summarised below.

1. Introduction and review of previous accomplishments

Due to the simple cross section for the scattering of thermal neutrons, experimental
data can be interpreted very easily and compared directly with quantities obtained
from theory. Both the Broglie-wavelength and the energy of thermal neutrons are
matched to the length and energy scales in condensed matter and, therefore, not only
the statics but also the dynamics may be studied in detail.

The basis for any further consideration of a magnetic material is the knowledge of the
magnetic structure. Providing this information, even in complex systems, is the
fundamental contribution of neutron diffraction to magnetism. In more general
terms, the direct measurement of an order parameter and the accompanying fluctua-
tions has made neutron diffraction a uniquely informative probe of magnetic phase
transitions and related critical phenomena. Indeed, because magnetic materials
provide among the best realisations of simple physical models, neutron scattering
experiments laid the foundations for much of our present understanding of phase
transitions and co-operative phenomena in condensed matter.
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To understand the observed static properties on the basis of a microscopic concept of
interaction and anisotropy energies determining the Hamilton operator, a direct
measure of these energies is needed. Inelastic neutron scattering is the only method to
provide, on a routine basis, this information very directly through the measurement of
excitations, like magnons or crystal field excitations, in a wide range of frequency and
momentum space. The corresponding excitations of the lattice, the phonons and their
density of states are equally accessible.

The most recent technical advances may be summarised as follows. For the magnetic
structure determination the use of polarised neutrons yields a qualitative step forward
in the amount of information obtainable by neutron diffraction: the 3d- polarisation
analysis, as realised by the CRYOPAD at the ILL/Grenoble, yields unequivocally
magnetic structures including the moment direction even for complex systems. In
many technologically relevant magnets, like Fe and Co, the excitation energies range
beyond 100 meV and thus can be studied only if the usual range for inelastic neutron
scattering 1s significantly extended. This has been achieved by the Aot source at the
ILL and, in particular, at ISIS with its spallation neutrons. At both facilities the high
energy excitations in Fe and Co have been studied and the changeover from collective
to single-particle excitations has been found. As a last example for the progress in
neutron technigues, the invention of neutron guides and their recent improvement by
supermurrors must be mentioned. These guides can transport neutrons over long
distances from the end of the moderator to areas, where enough space is available for
the instruments and where the background is very low. Without supermirrors, the
neutron guides were only effective for long wavelength neutrons. Now this procedure
is possible for 1 - A neutrons and it will increase the flux available at the end of the

guide.

The following recently achieved scientific highlights will sharpen the more general
comments given above. The important contribution of neutron scattering to the
understanding of the high temperature superconductors (HTSC) ranges from the
structure to the dynamics of these systems. The determination of the average struc-
ture by neutrons has not only served as a basis of all considerations about the
mechanism of HTSC but has led to the production of better quality samples. The
relation between superconductivity and magnetism in cuprates has been investigated
and led to phase diagrams again fundamental for any explanation of HTSC. The
unique possibilities of neutron scattering have enabled a detailed study of the lattice-
and spin dynamics. This has yielded very important information about the electron-
phonon coupling, the extraordinary large energy scale of the spin fluctuations and
about the characteristics of the superconducting state via the investigation of the spin
gap in the normal and the superconducting state. The observed disappearance of the
flux lattice in high magnetic fields at T << T might have important consequences for
possible technological applications of the HTSC (see also Materials Science section).
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Neutron scattering has been important in studies of the space- and time-dependent
correlations in correlated electron systems. Again, the simple cross section is
essential for the interpretation of neutron scattering data. Outstanding results are the
proof of the importance of correlations for the spin dynamics and the
antiferromagnetic character of the spin correlations. If these correlations lead to static
magnetic order, neutron scattering has shown that this order is often characterised by
very small ordered moments. The superconductivity present in some of these systems
is of exotic character. This has been proven, e.g., by a study of the flux lattice in UPt_.

Since many years, a classical field of neutron scattering has been the study of model
systems for statistical physics in 3 and lower dimensions (2 and 1 dimension).
Recently, the differences between classical and quantum ground states in one
dimensional chains without long range order have been in the centre of neutron
studies. The existence of a special disordered quantum ground state in integer-spin
1d- Heisenberg antiferromagnets has been demonstrated, in agreement with a
prediction made by Haldane. The properties of the predicted Haldane gap have been
verified by polarized neutron scattering experiments in CsNiCl, and NENP. In
corresponding S = 1/2-systems no gap in the excitation spectrum is expected and the
excitations are not single magnons as in classical systems. All these predictions have
been verified in KCuF,. In higher dimensions, the highly frustrated antiferromagnets
in 2 dimensions have been found to be disordered, too. The spin dynamics appears to
be of spin-liquid type, quite similar to the behaviour of Haldane systems. For a
particularly exciting example of such a transition in CuGeO,, neutron studies of the
transition have helped to clarify the underlying mechanisms.

In the last few years, neutrons have also become an invaluable new tool for the investi-
gation of very small samples. Polarised neutron reflectometry is well suited to
determine the magnetic ordering and the moment direction in thin films and
magnetic multilayers. The fact that neutrons do penetrate deeply into matter allows
the study of interfaces and their influence on the magnetic behaviour, providing
information very important for any technological application of multilayers.

Another exciting recent development has been that high energy neutrons are now
available with sufficient flux at spallation sources like ISIS to make detailed
experiments in the limit where the impulse approximation is valid. In this limit,
neutrons measure the momentum distribution n(p), a quantity, which should allow to
measure for example the superfluid fraction in *He by a determination of the amount
of atoms in the n(0) state. Such experiments on quantum liquids have begun to yield
reliable data in recent years, but no definite results for n(0) have been obtained yet.

This review of some highlights of recent neutron scattering experiment is incomplete
without mentioning the experiments probing the ordering of the nuclear spins in
Cu and Ag, fcc antiferromagnets at temperatures below 70 nK and 500 pK,
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respectively. These frontier experiments, previously thought to be impossible, show
that the potential of neutron scattering in conjunction with extreme conditions has,
by far, not been explored to the limits. Nuclear ordering is a consequence of the
weakest interactions in a solid. Its observation is one small step towards answering the
question what the ultimate ground state of electronically non-magnetic metals might
be.

2. Primary research topics in the next 10 years

It is needless to say that outlooks on hot topics in research over a period of 10 years
must be speculative at best. Nevertheless, the present situation in magnetism and
superconductivity allows for the following layout of ideas.

2.1. The beginning of a revolution: novel conductors

It 1s becoming clear that the peculiar “normal” state properties of the cuprate
superconductors (e.g. P = T) are not restricted to this class of materials alone. There
are now several systems (e.g., Cerium and Uranium compounds, some d-metal
incipient magnets and spin density wave systems) which exhibit similar behaviour
with the apparent common feature of being close to a critical point at zero
temperature.

This has recently been linked with the behaviour of X '(¢,) and its limiting behaviour
as W - O

o’
X'(gw=7%
q

where O = 3 = 1 corresponds to Fermi liquid behaviour. Because the experimentally
observed exponents do not necessarily fulfill the latter requirement, these materials
are termed “non-Fermi liquids”. In the case of the cuprates, it is found that

()
"(q,0)=—%
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so 0 = 1and 3= 0. Neutrons play a significant role in uncovering both this behaviour
and the nature of any new phases “nucleated” in the neighbourhood of the critical
point. In the cuprates and some heavy-electron compounds, superconductivity of an
unconventional nature 1s nucleated whereas, in some other materials, the character of
the new phases has not yet been identified.

In connection with these phenomena in fermion systems, it is conceivable that
“bosonic” analogues may exist in structural transitions at zero temperature: The
phonons should become a “marginal” Bose liquid and the lifetime T(q) should behave
in an unusual manner.

For this type of experiments the following developments and improvements of the
experimental infrastructure are essential. New polarisation filters will be of great help
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in measuring the extended spectra to accurately measure the power laws allowing for
the identification of the particular type of non-Fermi liquid.

High magnetic fields would allow to drive exotic superconductors with a relatively low
upper critical field HCQ(T = 0) into the normal state at sufficiently low temperature.
This would give access to study this particular zero-temperature critical point. High -
pressure cells, compatible with the requirements of neutron scattering would allow to
probe the zero-temperature critical point in simple Peierls systems such as Todine
(unbinding of the I, molecules) or metal-insulator systems such as Xenon, which is
believed to be a simple “band-crossing” transition.

2.2. A new frontier: the ultra-low temperature “phase diagram” of the
periodic table

With the new possibility of performing neutron scattering experiments at extremely
low temperatures, an as yet untackled question may be asked: What is the ground state
of the pure metallic elements? How are these ground states grouped in the periodic
table?

Materials at low temperatures may be magnetically ordered or have adopted a
superconducting state. However, there are general arguments that, if nothing else
intervenes, they either become superconducting due to the Kohn mechanism which
states that even a purely repulsive interparticle interaction has attractive regions
somewhere in the Brillouin Zone, or they adopt a state which is different from that of
Fermi liquid. In an ideal system this may occur due to interactions with the transverse
parts of the electromagnetic field - the photons.

However, it is most likely that coupling to the nuclear spins will intervene or, indeed,
the pure dipolar interaction of the electrons’ spins may dominate, for instance, if the
nuclear spins are zero. The former may lead to nuclear magnetic ordering or to
nuclear Kondo effects, perhaps with effective masses of the order of 10° bare electron
masses, with all the complications that the latter promises.

Since it is now possible to reach 100 UK or lower for neutron scattering and so many
new possibilities are opened up, the principal requirement for this type of investiga-
tions will be, of course, the quality of the samples that are being studied. Part of these
experiments may safely be classified as “new frontiers” experiments.

2.3. Statistical physics: investigating magnetic model systems
In some non-conducting materials there is no magnetic ordering at low temperatures
although there are magnetic moments present. This basic reason for the lack of

magnetic order in insulators is either a low dimensionality of a “frustrated” lattice, or
both.
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In the first case, there are interesting questions as to the crossover to higher
dimensional behaviour at very low temperatures. For instance, weakly coupled
antiferromagnetic Heisenberg spin-1/2 chains which order three dimensionally at
sufficiently low temperatures. The spin waves in such a system will look like unbound
spinons on a short length scale and ordinary spin waves on a larger length scale.
Hence, the form factor should be highly anomalous. Doping one-dimensional integer
spin chains is already producing interesting results. Here one wishes to test whether,
by analogy with the cuprates, doping all spin liquids produces a superconductor. The
exploration of three-dimensional coherence at low temperatures will be interesting.

In the category of frustrated systems, the main efforts will be in trying to find low-
spin, extremely frustrated lattices (like Kagome or pyrochlore) and in discovering new
ground states for both the quantum and classical limits.

2.4. Major intellectual challenge: understanding the metal-insulator
transition

The recent work on the cuprates has initiated a re-examination of previously known
oxide systems such as V O, and also, at least implicitly, has lead to the discovery of
new materials such as the glant magneto-resistance L.a manganates. This trend will
continue in the short term in classifying the puzzling diversity of “generalised Kondo
systems” which include La-Mn-O, EuS, and the Nickel/Cobalt analogues of La,CuO0,.
In the longer term, a very promising direction would be to synthesise and investigate
oxide heterostructures where the dopants reside in different layers than the oxide,
where the carriers would reside. This strategy to maximise the mean free path in
semiconductor heterostructures has lead to the discovery of the fractional quantum
Hall effect. We may therefore expect some surprises.

2.5. Quantum liquids and solids

’He is considered to be the simplest Fermi liquid since there is no crystal lattice.
However, there are no measurements of the discontinuity of <n _> at k , which would
be a crucial test of the validity of the Fermi liquid theory. At low temperatures *He is
the classic unconventional superfluid. Experiments that check certain detailed features
of the normal state still need to be made; the same 1s certainly also true for the
superfluid phase.

In solid Helium-4, a long-standing theoretical prediction is that impurity motion, both
vacancies and *He, in *He will be coherent quantum mechanically. This would be an
exciting new experimental area.

2.6. Miscellaneous

The previous five subsections describe some possible future directions in condensed
matter physics that are related with magnetism and superconductivity. Other relevant
areas of interest are listed below.



1. Technologically and scientifically the phenomena related with flux lattice or glass
or liguid in extreme type II superconductors like the cuprates, are of current interest.
Both the mapping of the [H,T]-phase diagram and investigations of phase boundaries
in this diagram are being studied very actively with a big contribution from neutrons.
Better data with higher resolutions with muons as well as neutrons are needed,
however, and we may thus expect studies of the dynamics of the lattice.

2. Driven/non-equilibrium systems

Spatial effects are not easily visible without neutrons.

Possible experiments might be: (i) monitoring the equilibration of T < 0 nuclear spin
systems, concentrating on the q-dependence, (ii) studies of driven spin-wave systems
and “spin wave turbulence”.

3. Current fluctuations at T in superconductors or at T = 0 in incipient
superconductors, by examining the diamagnetic fluctuations.

3. Longer term perspectives of neutron scattering

In comparison with our suggestions regarding major contributions of neutron
scattering to contemporary condensed matter physics, any prognosis for the longer
term future is necessarily even more speculative. Nevertheless we have made a list of
prototype experiments that appear as attractive possibilities and we identified the
absolute need for neutrons to become a feasible local probe and to allow new
experiments on ultrashort time scales. This latter requirement is dictated by general
trends in basic and applied research in physics of condensed matter and chemistry and
the advances that have recently been made in the use of other investigative tools, in
particular synchrotron radiation and scanning microscopic methods, opening new
possibilities on nanometer scales and picosecond time periods.

At the end of this subsection we list the technical requirements that seem necessary to
envisage these speculative proposals.

3.1. Prototype experiments

* Measure S(q,W) of quantum Hall states

* Verify a Wigner crystallisation in doped semiconductors, search for the state of a
Fermi glass

e Study the dynamics of the flux lattice with high resolution in type 1l superconductors
* Spectroscopy of bound states in flux line cores

* Spectroscopy in Wand q of energy gaps of superconductors

* Mapping of the Fermi surface of new, chemically complicated materials

* Time resolved experiments probing the kinetics of phase transitions or observe the
switching of magnetic domains in small systems

* Studies of lifetime effects of electronic excitations, S(q,t) in metals

* Dynamics of systems out of equilibrium in general (e.g., ferrofluids)

Needless to say, this list cannot be regarded as exhaustive.

37
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3.2. Neutrons as a local probe
Here we see the following developments that should be continued or initiated.

* directly image a neutron beam on a small 50x50 pm? spot and combine it with a
scanning device. This could provide a near field neutron microscope as a bulk probe.
- Use this new tool for a local imaging of magnetic structures (random field problem
in antiferromagnets)

- Search for correlations between structural and magnetic defects

- Study magnetic order and corresponding excitations in small particles

* Develop the possibility of neutron scattering with phase information
- Use 1n studies of incommensurably modulated structures

* Develop a local imaging via NMR or ESR-type experiments as a function of
frequency and space co-ordinate via scattering in large magnetic field gradients and
combine with SANS for gaining information in q space

- Use as a probe for bulk inhomogeneities in chemical composition of materials with
high quality requirements

3.3. Future technical requirements and developments

Essentially all these proposals require higher neutron fluxes at the location of the
samples to be investigated than is commonly available at present. This may, of course,
be accomplished by the construction of a new and more powerful neutron source,
without which the field of neutron scattering will fail to attract the talent required to
exhaust its potential We believe, however, that in parallel, more sophisticated solu-
tions for the technical infrastructure should be sought at existing neutron sources
without delay. This includes new neutron moderators that should and can be developed
and we also see potential for further improvements in neutron mirrors. What is
definitely needed are high intensity beams of polarised neutrons and we suggest that
developments of more efficient polarises and transmission filters are encouraged and
supported.

Any plan for a new source should definitely allow for time structured neutron beams
(pulses) of high intensity. Devices for neutron focusing and beam scanning ought to get
high priority in future development programs. Equally important are new Aigh
resolution position sensitive detectors. As an ultimate goal one might set the detection
of single neutrons with clever SQUID arrangements. This, of course, would require
an experimental environment of extremely low background, naturally also beneficial
for many other applications. Parallel to these advancements in direct experimental
infrastructure, more sophisticated software for data acquisition and analysis should be
high on the agenda of future development programs. Already under the present
circumstances, more information per neutron is probably available. In addition to all
this, endeavours to adapt extreme experimental conditions like high magnetic fields,
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high pressure, very low or high temperatures etc, to neutron scattering instrumenta-
tion, are required to allow the advantages of neutron scattering to be exploited in
future pioneering investigations of condensed matter and physics in general.

4. The role of neutrons in magnetism and superconductivity

(Comparison with other Experimental Tools)

Studies of magnetic properties of solids require the observation of bulk properties on
a macroscopic scale and the measurement of magnetic couplings and correlations at a
microscopic level. The determination of the macroscopic bulk properties is important
because 1t provides an estimation of the relevant energy scales through an averaged
value of the dynamical response X"(q,0) and excitation spectrum. Furthermore, such
measurements can be performed easily and quickly on any sample with a very high
accuracy. A first and simple comparison can be made with model calculations yielding
estimates for the dynamical response of magnetic systems and magnetic contributions
to thermodynamic properties such as the specific heat and magnetic susceptibility.
Similarly, comparisons with some macroscopic quantities like the thermal expansion,
magnetostriction and transport properties are essential. However, a complete
understanding of the magnetic properties implies the experimental characterisation
of X" (q,W) over a wide range in q and W. This can only be achieved through the use of
microscopic probes.

We can distinguish several types of local probes for the study of microscopic
properties:

* local probes (NMR, EPR, Méssbauer, X-ray absorption)

* real space probes (scanning tunneling spectroscopy, topography)

* sophisticated techniques like quantum oscillation methods (de Haas van Alphen)
* scattering techniques (neutrons, X-ray, visible light).

The neutron and X-ray scattering techniques are the only ones to cover some range in
q and Wand are the probes of choice to investigate static and dynamic correlations.
Visible light scattering is too limited in q space. The NMR method gives a q-averaged
value of X" (q,W) in the limit W= 0. Other methods like spin dependent X-ray absorp-
tion and magnetic X-ray dichroism are efficiently used to probe magnetic properties
(electronic band structure determinations, observation of magnetic moments) but are
rather restricted to thin samples.

Today, 1t can be said that neutron scattering is the only scattering probe that allows a
full determination of X" (q,W) over a range in q and W that is of interest for

magnetism in solids.
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Nevertheless, the static part can now be studied using synchrotron X-ray sources
(magnetic X-ray scattering, spin-dependent X-ray absorption and dichroism).

Resonant magnetic X-ray scattering and dichroism provide access to details in the
electronic band structure (orbital momentum versus spin, exchange splitting, density
of states at the Fermi level) that cannot be obtained from neutron experiments.
Magnetic X-ray scattering is advantageous when studying small samples, surfaces or
when high g-resolution is needed to analyse critical phenomena. Up to now, no real
ab-initio determination of magnetic structures has been made with X-rays, however.
It is fair to say that neutron diffraction (with and without polarised neutrons) will
remain the probe of choice for magnetic structure determination for about 5 to 10
years. It is likely that by then, the X-ray methods will have developed to a state where
they can be competitive for general magnetic structure determination. X-rays are
inherently more surface sensitive and can be used to investigate micro-crystals.
Certainly, these two methods (neutrons and X-rays) have to be combined to study
static microscopic magnetic properties. Similarly, neutron topography is an excellent
imaging method to investigate magnetic domains in bulk samples but is to be
complemented with synchrotron X-ray topography. However, neutrons remain and
will remain the only probe to study spin dynamics and magnetic fluctuations as a
function of q and Win the HeV to HeV range, which is of interest to the physics of
magnetism. Finally, we repeat that most neutron experiments that can be performed
in a wide variety of extreme conditions (very low temperature, high pressure, high
magnetic fields) are, as a major advantage, easy to interpret because of the simple
coupling between neutrons and magnetisation densities.

5. Industrial applications of neutrons in magnetism and
superconductivity

We expect that the special subgroup evaluating the situation of Neutron Scattering
and Industry has covered this topic in detail in their report and therefore we keep this
sub-section short. Our proposals for the use of neutrons for industrial applications
follow directly from our discussion of future technical developments mentioned above.

The industrial use of neutrons in magnetism and superconductivity has tended to deal
with problems related to basic knowledge of involved mechanisms and structures,
including microstructure, rather than dealing with product development and process
optimisation. If more direct involvement of industry is to be developed, we believe
that quick turn-around services in areas of key industrial interests need to be established.

Examples of the use of neutrons are:

* Neutron depolarisation characterisation of magnetic and superconducting films.
* Magnetic stiffness and anisotropy from measurements of spin wave excitations and
the corresponding evaluation of parameters J and A.



* Determination of magnetically ordered structures, field induced polarisation
patterns, particularly on small scales.

e Studies in view of optimisation processes for hard magnets, superconducting wires,
local magnetic structures for recording devices, magnetoresistive and magnetostrictive
devices etc.

Areas that could be further developed for industrial use in the near term future are
real space imaging, alone and in combination with spectroscopy (neutron absorption
or activation). The focus should be on real space imaging of bulk samples because
synchrotron radiation is superior for applications involving surfaces.

More sophisticated experimental techniques in radiography and tomography would
widen the industrial use in thin film characterisation. What 1s further needed are
detectors, software and system set ups suited for high productivity that matches the
industrial needs for cost effectiveness.

Real time resolution in millisecond or less time frames would allow on line studies of
domain reversals and domain boundary dynamics both in magnetic and
superconducting devices. Industrial usage could also come from the development of
the near field neutron spectromicroscopy using the suggested focusing devices in
combination with effective high resolution detectors. For this, high intensity primary
neutron sources are indispensable. Finally we expect that also the MR-type imaging
with neutrons mentioned in section 3.2. would be of interest for innovative industries.

a1



42

Amorphous materials and liquids

F. Barocchi, N. Cowlam, R. McGreevy, J.E Jal, FJ. Mompean, W.G. Stirling, J. Teixeira,
P. Verkerk

1. Iniroduction

A knowledge of atomic structure and dynamics is an important prerequisite in
understanding the properties of amorphous materials and liquids for pure science.
The need to determine the microscopic interactions among the constituents particles
in a condensed system, and the understanding of the connection between the
microscopic properties and the interaction itself, is of central importance. In
particular, in the liquid state the interaction must be known at all ranges, which
makes the determination more difficult. The understanding of the connection
between forces, structure and dynamics in the liquid state is also important for
understanding the role of these properties in the determination of the macroscopic
behaviour, and of relevant questions such as the physics of the liquid-solid phase
transition, of the glass transition, of supercooled liquids, and of the metal - non metal
phase transition and therefore also in determining solid-state properties.

Neutron scattering has been, and will remain, one of the most important tools for
these studies. In comparison with other probes and techniques (i.e. X-rays (diffraction,
EXAFS and XANES, XPS,...) and electrons) neutrons have several unique properties
that make it ideal for the study of amorphous materials and liquids:

e The neutron interacts with the atomic nucleous which is very small compared with
thermal neutron wavelengths (~ 1A). As a consequence the scattering is isotropic and
well described using the Born approximation.

* Typical neutron scattering cross-sections are such that the penetration depth of the
neutron into the material is measured in centimetres. It is therefore an ideal tool for
studying materials in bulk.

* Different isotopes of the same element have different neutron scattering lengths in
magnitude and sign. This means that it is frequently possible to optimise neutron
scattering experiments by the use of isotopically substituted samples to produce
excellent contrasts between the constituent parts of the sample, but also to determine
the individual pair distribution functions by varying the isotopic composition of
chemical identical samples.

* The ability of neutrons to detect light atoms, (particularly hydrogen) in the
presence of heavy atoms, e.g. in a heavy-atom hydride.

* The neutron has a magnetic moment which interacts with magnetic moments in
the sample. Neutrons are ideal for studying magnetic correlations in materials.

* Thermal neutrons have the appropriate energy and sufficiently large scattering
cross-section to facilitate the measurement of inelastic and quasielastic scattering. This
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allows phonons, magnons and diffusion to be studied in condensed matter.

* Diffraction experiments are easily normalised to absolute cross-sections (i.e. using
vanadium as a reference).

* A key feature of neutron scattering techniques is their ability to probe directly the
Fourier transforms of the van Hove correlation functions G(r,t).

e The range of characteristic times and lengths covered by neutron scattering
overlaps extensively with those covered by computer simulations.

The fact that neutron scattering is the direct way in which we can probe the
microscopic structure and dynamics, and that neutron scattering results can be
compared directly with those of simulation, make neutron scattering the
complementary technique that underlies macroscopic observations for
amorphous materials and liquids.

2. Significant past achievements

Studies of liquids underpin an enormous range of scientific and technological areas
ranging, for example, from understanding the fundamental interactions between
atoms in terms of interatomic potentials, to understanding the basic interaction
between molecules and ions in relation to the highly complex materials found in the
earth sciences or biology. Industrial applications such as fibre-optics, amorphous
silicon (in large displays), or amorphous magnetic recording tapes illustrate the impor-
tance of today’s technology.

The single most important feature of the application of neutron scattering techniques
to the study of liquid and amorphous solids is the large range of different kinds of
topics that have been studied. These have included molecular liquids, molten salts,
water and aqueous solutions, glasses, condensed gases, collective and individual mo-
tions in simple liquids and alloys, mixtures (noble gas, alloys, composite systems),
modelisation and simulation, quantum liquids, amorphous metals, liquid and
amorphous semiconductors, molten semiconductors, liquid interfaces, quasicrystals,
clusters and colloids (as model systems), porous media, sol-gels, polymers, fast ion
conductors, new ceramics.

Whereas neutron scattering is acknowledged to have made distinctive contributions to
the study of every type of material or scientific field listed above, it is nevertheless
possible to identify and highlight some cases for which the contributions of neutron
scattering studies have been fundamental.

2.1. The determination of the precise form of the microscopic interaction
among the elementary constituents of a condensed liquid phase is of basic interest for
the understanding of the microscopic static and dynamical properties of these systems.
Neutrons give the possibility of measuring quantities which are directly connected to
the space-time microscopic distribution, i.e. the dynamic structure factor S(Q,0) and
its moments, in particular the zeroth frequency moment S(Q).
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In the case of S(Q) precise measurements are needed in order to connect the structure
factor with the details of microscopic interaction because approximately 80% of the
significant part of the S(Q) is due to the excluded volume effect , i.e. are well
reproduced by only considering hard-spheres interaction potential models. Therefore
only approximately 20% of the measured quantity is related to the intermediate and
long-range portion of the microscopic interaction, which is relevant to determine the
properties in the liquid and dense phase properties. Recently, precise experiments and
calculations on classical systems like argon and krypton have elucidated the role of the
pair microscopic interaction in these systems. From this point of view also simple
quantum systems like D, have been studied, and comparison between experiments
and quantum mechanical path integral Monte-Carlo calculations have shown classical
behaviour. This illustrates that only a few % may be attributed to many body interac-
tions, which at present are unknown. S(Q) is therefore a sensitive measure of the
microscopic interaction in dense fluids; however, higher precision measurements must
be pushed; the order of 0.5% must be achieved.

Recently, new studies of the S(Q,w) in simple fluids have been performed at small
angles allowing a measure of the properties of dilute and dense gases in the small Q-
region for the first time by means of new instrumentation. This gives the possibility
of studying in more details a new (Q,0) region with a more direct link to the
microscopic properties, particularly the role of the microscopic interaction in
determining the dynamic and transport properties in a simple model system.

2.2. The study of static and dynamic structures of various kind of liquids

For liquid metals, liquid semiconductors and glasses, the availability of high-quality
neutron-scattering data has been a stimulus for theoretical calculations. These have
included ab-initio calculations of liquid structure and more recently the Car-Parinello
method has been applied to calculate the structures of a range of liquids.

Extensive experimentation has also led both to the validation of theoretical
approaches, singling out the universal features of the transitions to glassy states, and
to the unravelling of the microscopic details of the low-energy spectrum of these
systems 1n a significant number of cases.

2.3. The study of aqueous solutions has steadily developed from the original work
on simple ions in solution (although there are many questions still to be resolved here)
to systems of interest to physicists, chemists, biologists and geologists. The technique
of isotopic substitution remains the key to these studies as it allows the structure
around specific atomic sites in the liquid to be probed directly without recourse to
models. Some examples include ionic co-ordination in polyelectrolytes (of significance
in new materials for batteries), water conformation around hydrophobic molecules
and DNA in solution (both of biological importance).
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2.4. The study of liquid helium 3 and 4 is also an exciting and high-quality field
where a significant series of recent experiments is that on (normal) liquid helium-3.
The reasons for this are twofold. First, liquid *He is the only readily accessible Fermi
liquid; experiments on stellar matter is rather difficult, whereas the electrons in a
metal are much affected by the periodic potential of the ionic cores. Second, the
immense absorption cross-section for thermal neutrons (of order 10,000 barns) makes
these measurements an experimental tour-de-force. Nevertheless, detailed informa-
tion is now available on the elementary excitation spectrum of liquid *He (spin fluc-
tuations, zero-sound collective mode, quasiparticle-quasihole continuum) at saturated
vapour pressure, under applied pressures up to 20 bars, and when diluted with *He
atoms. This was truly an international effort with experiments at ANL and ILL
carried out by scientists from France, Germany, Sweden, UK, USA.

Another significant experiment is to observe a direct “signature” of Bose-condensa-
tion in superfluid *He at large momentum transfer Q. Final-state effects, combined
with the unavoidable impact of instrumental resolution, make it impossible to see a
clear Bose-Einstein “spike”, superimposed on the normal fluid scattering.

However, theoretical advances allow a deconvolution of the experimentally observed
S(Q) at large Q into its constituent parts. New elegant systematic experiments have
shown the power of these analytical techniques applied to excellent new data of high
precision. It is now accepted that there is a Bose-condensate in pure “‘He with a value
of about 9% (+/-1%) at low temperatures (<<1K). This is an important result for
condensed matter physics and is indeed a triumph for neutron inelastic scattering.

As a conclusion we have to note the close interplay between neutron diffraction
experiments and theories for the structures of liquids. This has been a long-
established feature of the important Liquid and Amorphous Solids series of Interna-
tional Conference and traditionally a field where European scientists have played
a major role.

3. Contribution of other techniques

Many experimental techniques contribute to the study of liquids and amorphous
materials. Notable among these are very high-precision specific-heat measurements,
torsional oscillator measurements, light scattering, x-ray diffraction studies of S(Q),
thermal conductivity and other transport properties, quantum evaporation and NMR.
All of these contribute to particular aspects, but neutron scattering addresses the
underlying structures and elementary excitations. There is no reason why the current
situation should change, in which different techniques support and complement each
other.

A good example of complementarity can be done with the emergence of inelastic
scattering of X-rays. Once it is widely available (or at least to the same degree as
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neutron inelastic scattering!) it will open a new horizon in which small molecular
systems, for example, will be contemplated experimentally through the response of
the nuclei (via neutron scattering) and through that of the electrons (via photon
scattering). In small molecular systems, it is tempting to envisage, for example,
challenging experiments on the breakdown of the Born-Oppenheimer approximation.

Nevertheless, neutron scattering will continue to be a technique of central impor-
tance, especially as new and refined techniques (much finer instrumental resolution,
sophisticated polarisation methods) become available.

4. Future scientific prospects for liquid and amorphous materials

Four kinds of improvements in the current provisions for neutron scattering
experiments, have been identified by the Group as being both desirable and feasible
with relatively modest injections of funds over the next 10 years. These improvements
can be made at the existing neutron facilities and in many cases will involve exten-
sions of programmes of improvement which are already underway. They are :

4.1) the continued need for neutron data of better statistical accuracy

4.2) the extension of neutron scattering experiments to more complex liquid and
amorphous systems,

4.3) the study of small samples and small volume elements,

4.4) the development of neutron experiments with more complex geometry and
sample environment.

The division between these headings is somewhat arbitrary and there is
correspondingly some degree of overlap.

4.1. The need for neutron data of better accuracy

The search for neutron data of better quality has been the driving force in the subject
since its earliest days. The quality of neutron data determines the confidence with
which comparisons can be made between experiment and theory. The quality and
extent of the neutron data also influences the progress of theoretical advances. The
need for neutron data of better statistical quality is felt most strongly in the following

areas :

* Precise measurements of S(Q) leading to the interatomic pair potentials ((r).

» Statics and dynamics of quantum fluids.

* Systems composed of small molecules.

* MD calculations on 10,000 atom arrays also, ab-initio calculations of liquid structu-
res by parallel computing methods and the combination of diffraction, RMC and MD.



4.2. The extension of neutron scattering experiments to more complex systems
of liquid and amorphous materials

Neutron data of better statistical quality is obtained by having higher neutron count
rates and lower background levels. Such improvements can lead to measurements of
better quality on simple systems but they also extend the range of more complex
systems which can be effectively addressed by neutron experiments. These include:

* Hydrogen containing materials e.g. metallic (batteries) and biological (membra-
nes)

* Heavy ions in water, contact with Earth Sciences group.

e Multi-component fast ion conductors.

* Multi-component glasses and metallic glasses

* Complex fluids.

4.3. Small samples and small volume elements

The traditional need for large samples in neutron scattering, (at least in comparison
with X-ray and electron diffraction techniques) has always been seen to be a
disadvantage of neutron methods. However the use of focussing monochromators and
efficient multidetector arrays has meant that this perceived problem has been greatly
reduced in recent years. This is particularly true in small-angle-scattering and in
reflectometry, where milligram samples can now be measured routinely. There is a
need to extend this advantage to the following fields:

* Structures and dynamics of liquids and glasses in restricted media.
* Composite crystalline and amorphous systems
* Solid state amorphisation in the regime of small volume fractions.

4.4. More complex sample environment

As discussed above, the low absorption of neutrons by matter expedites the
development of complex sample environment. This has led to the growth of real time
in-situ neutron experiments and there is considerable scope for development in the
future. Measurements will be made of the changes produced by external agencies
including stress, electric and magnetic fields and optical stimulation. In the case of
pulsed neutron scattering, there is an additional advantage, because these can be
applied to the sample in phase with the neutron pulses. Chemical reactions can also be
studied as they take place, by exposure of the samples to the appropriate liquid and
gaseous reactants, exploiting the advantages of neutron scattering methods
summarised above.

At present, experiments involving chemical reactions are often limited by the time
scales of the reactions (within available temperature ranges) in comparison with the
characteristic times for data acquisition on existing neutron instruments. The advent
of the “next generation” neutron sources will therefore significantly increase the
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range and scope of these real-time experiments which can be undertaken. In future
many more scientific, technological and industrial processes will be studied by in-situ
neutron experiments. Some examples can be given:

* Study of binary alloys, multicomponent systems or molecular systems as a function
of extended regimes of pressure, temperature, magnetic and electric field.

* Polarisation analysis for the study of magnetism.

* Polarisation analysis for the separation of the coherent and incoherent scattering
cross-sections.

e Structural studies of anisotropy in planar samples.

* Glass transition and laser melting.

5. Prospects for neutron scattering techniques on liquid and
amorphous materials

Sections 2 and 4 above have illustrated that neutron scattering has contributed, and
will contribute, substantially to the study of an exceptionally wide range of
amorphous and liquid materials. There is every indication that this process will conti-
nue both in the short and longer terms. There is a large and experienced user
community in Europe, in the field of liquid and amorphous materials, including world
leading groups in many of the specialist areas.

The first requirement for the future health of this field of study is the access to
neutron instruments which can be optimised for the study of liquid and amorphous
materials. Note that this does not necessarily imply that all of these neutron instru-
ments should be devoted exclusively to the study of liquid and amorphous materials,
but that they should be capable of being optimised for this purpose.

The unique feature of the experiments on liquid and amorphous materials is that they
normally involve an absolute measurement of intensity, rather than of relative
intensities. This determines what constitutes an optimised instrument for the
measurement of liquid and amorphous materials. The existing neutron instruments
for the study of liquid and amorphous samples must therefore incorporate in the near
future the appropriate features as listed below:

* higher neutron flux on the sample

* alow level of background scattering at small values of scattering vector Q

* low background scattering levels generally, in order that complex equipment for
extreme sample environment can be used effectively, e.g. high temperature, high
stability furnaces which may have sophisticated systems of internal heat shields, high
pressure, high electric fields...

* high temporal stability for experiments with long counting times in which small
differences in scattering from different samples are measured, e.g. as in isotopic
substitution.
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* the development of multidetectors and position-sensitive detectors to permit
individual measurements of great precision to be made on few samples or
alternatively series of shorter, but statistically reliable, measurements as function of
sample composition, temperature, pressure or applied field.

* simultaneous development of data acquisition electronics and programs for data
analysis to keep pace with the expected improvements in instrument design.

The group has then identified the following areas in neutron scattering, as being
sufficiently important to be the focus of development: both in the short and long-term
beyond 2005.

5.1. The continued development of polarisation analysis for both steady-state
and pulsed neutron sources to alleviate the current poor provision of polarised neutron
beams for the study of liquid and amorphous solids.

5.2. The application of neutron spin-echo as a small-angle neutron scattering
instrument (using DC magnetic field) leads to the measurement of the real-space
correlation function for systems with large correlation lengths, and may enable one to
measure time-dependent effects in correlation lengths with a time resolution of a few
seconds.

5.3. Neutron Brillouin scattering: at low Q the maximum energy transfer is limited
by the incident neutron velocity. If this velocity is lower than that of certain excita-
tions in the material (i.e. the sound velocity), then important information is missed.
Typically this missing information falls in a region where the behaviour is
intermediate between that described by local microscopic theories and that described
by macroscopic continuum theories (i.e. hydrodynamics). Our understanding of this
region is poor. It is not well probed by other experimental techniques and is currently
at the limit of what can be achieved with computer simulations. Neutron Brillouin
scattering will provide complementary information to that available from light-
scattering methods.

5.4. Neutron reflectometry, focussing optics, high intensity, large Q range:
great progress has been made recently in the study of liquid metal surfaces by X-ray
reflectometry at synchrotron sources. Neutron reflectometry offers considerable
advantages in the study of surface segregation in liquid metal alloys, but the range of
scattering vectors which can be covered with existing instruments is too small for the
neutron method to be competitive with X-ray measurements. It will be necessary to
develop high-intensity neutron reflectometers with focusing optics, or instruments for
simultaneous X-ray and neutron measurements for this work, and these will have
application in many areas of study of thin-film samples.
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5.5. Mesoscopic physics, large structures, slow dynamics: the study of clusters is
identified as a growth area in the scientific plans of many of the EC partners, and
represents a link between the study of liquid, amorphous and nanocrystalline
materials, as well as the one with molecular physics. Special high-flux neutron instru-
ments will be needed to study the structures and properties of free clusters in beams.
The ability to make “neutron invisible” substrates will be exploited in the study of
deposited clusters, where the total sample volume will be significantly below the
present practical minimum levels.

6. Industrial perspectives

The following list of topics in the field of liquid and amorphous materials were
discussed by the group as being of potential industrial interest

* optical fibres doping, coating

* thin film sensors, non-linear optics

* ionic conductors

* amorphous semiconductors

* polymer electrolytes, rubber electrolytes for batteries

* metallic glasses

* ultra easy glass formers - superplastic materials aerospace applications

* hydrogen absorbers, batteries

* metallic glasses as precursors of nano-crystalline materials, hard and soft magnetic
materials

* in-situ studies of processing in ceramics, mixed crystalline/amorphous systems
* SiN for coatings

* amorphisation of crystalline materials under heavy doses of radiation

* studies of stability and leaching in glasses for storage of radioactive materials

* replacement of hostile liquids, CFC replacement

* neutron radiography, transport of liquids inside porous media.

7. Conclusion

The group has highlighted several areas of the science of liquids and amorphous

materials.

The main problem for us is to determine the microscopic interaction among the
constituent particles in a condensed system, and the understanding of the
connection between the microscopic properties and the interaction itself. Usually
this requires investigations over a wider range of parameters than is common at
present, including extreme conditions. The information will be obtained from the
derivatives of S(Q) and S(Q,0) with respect to these parameters (concentration,
temperature, volume and pressure, electric field, magnetic field.)



51

This demand for information, produced by this trend towards complexity in the
amorphous materials and liquids field, will not be met by any single experimental
technique, but

neutron scattering will be an INDISPENSIBLE PART of a series of complementary

techniques and in certain cases could be THE most appropriate technique.
This requirement has to be satisfied by :

* more, or improved, instrumentation on existing sources (in the future up to
2005)

* new, more intense neutron sources with specially optimised instrumentations
(beyond 2005).
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Polymers and soft matter

J. Charvolin, J. Colmenero, P Cummins, K. Mortensen, D. Richter, B. Thomas, G. Weill

General Overview

Soft matter encompasses a very large class of molecular materials such as polymers,
thermotropic liquid crystals, micellar solutions and lyotropic mesophases of
amphiphilic molecules microemulsions and colloidal suspensions. As materials or
complex fluids they have wide applications related to macroscopic properties such as
viscoelasticity, surface tension ... which control many practical phenomena such as
rubber elasticity, detergency, adhesion or lubrication.

In trying to relate these macroscopic properties to the chemical and microscopic
structure, it has become progressively clear that these various systems share a number
of underlying similarities such as a large number of degrees of freedom, weak inte-
ractions between structural units, delicate balance of enthalpy and entropy, large
thermal fluctuations, macroscopic softness, sensitivity of the phase diagrams to
external constraints.

Static and dynamic neutron scattering have been key techniques in studying these
basic properties and revealing in model systems some of their universal structures and
scaling laws. The unique role of neutron elastic or dynamic structure factor results not
only from the adequacy of the momentum and energy transfer to the characteristic
lengths of these systems and to the characteristic time of their fluctuations but also,
and often mainly, from the manipulation of the contrast by specific deuteration of one
component, a fraction of one component or a part of one molecule. This unique
feature which permits to distinguish one molecule or one component among the
others, through the determination of partial structure factors , has no equivalent in
other techniques for organic systems containing no heavy element. This will appear
more and more as a specific advantage, considering that the optimisation of the
systems for practical use is not only related to the fine tuning of the chemical struc-
ture of one component but also to an increasing number of components including
additives in their formulation. Ultimately there is a need for analysing the systems
under mechanical and thermal constraints close to that of actual processing condi-
tions.

Even in the few simple systems where the contrast is sufficient for X-rays to compete
(polymer solutions, periodic structures) neutrons keep the decisive advantage of
negligible multiple scattering, and simplicity of absolute intensities determination. In
experiments under constraint, the high penetration allows the use of complicated cell
geometries.
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While the principle of deuterium labelling opens the way to a parallel use of
deuterium quadrupolar NMR for selective dynamical measurements, it only provides
information on local motions analogous to incoherent scattering, whereas the large
scale motions require the time space correlation of coherent scattering. The specific
role of neutrons in the present and future studies on polymers and soft matter is
detailed below for characteristic systems and situations.

Polymers

Conformations and interactions: Small Angle Neutron Scattering (SANS) has been the
basis of the verification of the validity of the universal scaling law approach to
polymer solutions from dilute to concentrated. It remains the privileged method of
characterisation of the dependence of the characteristic length scales with the
chemical variability. The interplay of electrostatic interactions and conformations in
salt free solutions of flexible polyelectrolytes remains poorly understood and needs
careful separation of the different partial structure factors.

Molecular rheology deals with the microscopic understanding of viscoelastic properties
in term of a distribution of q dependent relaxation times in the linear viscoelastic
regime as well as chain deformation in the non newtonian regime. Among recent
successes 1s the observation of reptation from spin echo experiments (1, below)

1. Neutron spin echo and reptation

One of the basic problems in the dynamics of soft matter concerns the impor-
tance of geometrical or topological interactions which are directly related to the
large scale molecular and supra molecular structures. In polymer dynamics e.g.
they manifest themselves as “entanglements”, while in the case of amphiphilic
structures they show as large scale fluctuations induced steric interactions. In
this respect one of the recent large successes concerning the dynamics of dense
polymer systems was the microscopic observation of topological constraints in
polymer melts and concentrated solutions by neutron spin echo (NSE)
spectroscopy.

Depending on the time scale of observation, the dynamics of polymer melts is
governed either by elastic behaviour or viscous flow. This viscoelasticity relates
to the topological constraints which are imposed by the mutually
interpenetrating chains. In the famous reptation model these entanglement
constraints are pictured in terms of a tube of localisation following the averaged
chain profile and confining the chain motion to the curve linear tube. Studying
the dynamic structure factor of a single labelled chain in a polymer melt by
means of NSE recently, it became possible to observe directly these tube
constraints : They cause the time dependent dynamic structure factor not to
decay continuously but after an initial fast decay, corresponding to wiggling
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motion in the tube, to exhibit a temporal plateau signifying the spatial limits of
motion. From the dependence of this relaxational arrest on the momentum
transfer the distance between entanglements can be directly deduced. These
distances observed on a molecular scale agree very well with those tube
diameters derived from dynamical mechanical measurements on the basis of
the reptation model, proving thereby the basic assumption of this Nobel-Prize
winning model.

Now that the first observations of such topological interactions on a molecular
level in polymer melts have been made, the route is open to microscopical
clarification of the molecular nature of an entanglement as well as to an explo-
ration of its impact on rubber elasticity.

and of non affine deformation of chain in stretched elastomeric networks (2, below).

2, Chain labeling and rubber elasticity

Similar to staining in microscopy hydrogen-deuterium exchange provides the
unique possibility on a molecular level to label and to observe a single chain
molecule among equals. More than 20 years ago, by this technique a neutron
small angle scattering experiment proved the Gaussian coil structure of long
chain polymers in the melt and the amorphous state. After this basic and
decisive experiment which chose among many different theoretical approaches,
and in particular showed that the idea of screened excluded volume interaction
in the melt was correct, this technique nowadays 1s routinely employed to obtain
information on chain conformations in dense systems often under the influence
of external fields like e.g. in fibres during spinning, in strained elastomers or in
polymer systems under shear.

The experiments on labelled chains in an elastomer matrix aim at a molecular
understanding of rubber elasticity. They facilitate the detailed observation of
the microscopic deformation of network chains under external strain. Recently
the effect of topological constraints, which give rise to the viscoelasticity in
melts, on rubber elasticity have been addressed. Scattering curves parallel and
perpendicular to the elongation contain in a subtle way the microscopic degree
the affinity of deformation and in this way also information on the presence of
topological constraints. It turns out that those constraints are deformed
subaffinely following a square root power law of the microscopic strain.

Neutron scattering offers a molecular view of the deformation processes in
networks which are important for the design of new materials. On the other
hand, the discovered correlation of topological hindrance and deformability of
rubbers is also a highlight of basic research bringing forward a better
understanding of elasticity.



Of more conceptual and practical importance is the deformation and relaxation of
polymer melts in elongational flows close to processing conditions in non linear
regimes. It is now observed in quenched partially relaxed systems but should be
observed in real time experiments (3, below).

3. The response of polymer melts and suspensions to shear and stress
The microscopic response of macromolecular materials and suspensions to
external fields like stress and shear is presently only poorly understood. This
situation exists, despite the fact that polymeric materials are typically exposed to
both major stress and shear during the manufacturing processes and when used
in the final product.

Macroscopic information establishes that both mechanical and optical properties
of polymeric materials are critically sensitive to such fields. By experience,
various methods have been introduced in manufacturing, including, for
example, oscillatory pressures in injection moulding. It is also well known, and
widely utilised, that the properties are improved by specific control of the
orientation of the polymer chains and many products use highly oriented
polymers for improved performance.

Shear and stresses may influence both the macromolecular conformation, the
molecular crystallinity and the compatibility in polymers. The latter may relate
to both different polymers within a blend, or to compatibility between
amorphous and crystalline domains within the same polymer. It is also known
from studies on model systems, that both shear and uniaxial stress may align
crystalline mesophases into a mono-domain material with major changes in the
rheological properties. The crystallinity is highly dependent on molecular
alignment, which may be induced by uniaxial stress. The impact of such
properties on commercial products is, however, still unexplored.

In the coming years we foresee that there will be great demand for scattering
experiments in situ with for example shear, stress or pressure. This includes
both studies of model systems with well defined sample and sample environment
like simple shear obtained either in an oscillatory mode between two parallel
plates, or in Couette cells. But also in-situ studies while the polymer is flow