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PREFACE

We have organized the 'International Workshop on Science in Neutron Arena

of JHP (Japan Hadron Project)' on March 25 and 26. In spite of the busiest time of

the year toward the end of the semester, we were really happy to see many participants

in the workshop. On behalf of the organizing members, we sincerely thank all the

participants for their intensive discussions for busy 2 days. Particularly, we thank

those who are from abroad by taking the long distant oversea flight for their

enthusiastic effort supporting the realization of our Japanese long time dream of the

new spallation source, JHP or KENS II.

We are also very pleased to hear all good news from Prof. H. Sugawara of

the Director of General of KEK ( National Laboratory for high Energy Physics ) that

KEK and INS (Institute for Nuclear Study, University of Tokyo ) made a big step

toward the start of JHP, which is the unification of two institutes of KEK and INS to

the new national laboratory organization. The new organization is now discussed to

consist of two institutes, namely one for particle and nuclear physics and another for

condensed matter science. The neutron group will belong to the latter institute jointly

with the synchrotron radiation as well as meson beam utilization groups, although the

new name of the institute is not yet given. We also hear that the new organization

will start smoothly at exactly one year later and the construction of the JHP will most

likely start at 1998, one year later from the new laboratory establishment and will

possibly complete in the year of 2002. Nevertheless, we are very excited about all

these good news which we have been waiting for more than a decade.

We are deeply impressed by many exciting talks in this workshop with novel

ideas and entirely new research fields which are only considered with such an intense

pulse neutron source. We are also very excited to be in front of the similar

revolutional era at 30 years ago, when the novel idea of the triple-axis method

invented by Bert Brockhouse to measure the dispersion curves of elemental excitations

in solids such as phonons and spin-waves became real. This triple-axis method is in

full bloom now many yeas later he established when the high flux neutron reactors

were at users' hands. In exciting two days workshop, we dreamed many neutron

research works by using the high flux pulsed neutron source of JHP.

Other subjects which we were impressed are the application of the high

intensity neutron beams to the material science as well as technical aspects in order to



solve numbers of difficult problems being faced in advanced technology. Since this

field of industrial application is still very premature particularly in Japan, we believe

that it is the time to develop such a new community organizing the users from

Japanese industrial area. Therefore we strongly hope that the neutron users in

engineering department in universities will open their eyes to this new exciting field

and take an initiative to realize our hope.

We sincerely thank the KEK administration office including the BSF office

as well as the Monbusho for the all the kinds of the support for this workshop, and

once again thank all of you for the participation in this workshop at the busiest time of

the year.

Organizers of the "International Workshop on Science in Neutron-Arena of JHP"

Yasuo Endoh (Tohoku University)

Hironobu Dceda (National Laboratory for High Energy Physics)
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International Workshop on Science in Neutron-Arena of JHP
KEK, Tsukuba, Japan

March 26-27,1996

JHP NEUTRON-ARENA PLAN

H.Ikeda, M.Furusaka and N-arena working group

BSF, National Laboratory for High Energy Physics, Oho 1-1, Tsukuba 305, Japan

Japanese Hadron Project (JHP) consisted of four facilities, namely, N-arena (a high
power pulsed spallation neutron source), M-arena (meson science), E-arena (unstable
nuclear beam) and K-arena (nuclear and particle physics). JHP is based on a 200 MeV,
400 U.A linac, a 3 GeV, 200 |iA, 0.6 (1.2) MW rapid cycle synchrotron and a 50 GeV, 5
(10) |iA synchrotron. Conceptual design of N-arena, for example, a target station, a
target-moderator-reflector-assembly (TMRA) and instruments is underway now.
Systematic research and development of high efficiency TMRA is also underway.

In 1983, soon after the successful startup of KENS-I, we already had a project KENS-II,
aimed to be a 0.4 MW pulsed spallation neutron source (SNS). In 1986, KENS-II was
merged into the original Japanese Hadron Project (JHP), which comprised a 1 GeV, 400
u.A linac and a 200 uA compressor/stretcher ring. JHP consisted of four facilities,
namely, N-arena (neutron scattering), M-arena (meson science), E-arena (unstable
nuclear beam) and K-arena (nuclear and particle physics). It was a phased program and
K-arena was for second phase.

The site for the project had not been decided at that stage, but a site south to the KEK was
a strong candidate. Since we do not have any buildings, tunnels, and infrastructures like
roads, electricity, water supply and so on at that site, the total cost of the project was
considered to be rather expensive.

In June, 1995, all the parameters were reconsidered, taking into account that there were
several plans to build megawatt class SNSs in Europe and in USA. After the discussions,
the requirements for N-arena were summarized as follows: i) proton beam power: 1-MW
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class, ii) energy: between 1 and 3 GeV, iii) repetition rate: between 10 and 50 Hz, and iv)
harmonics number: do not care.

We also decided to build the whole array of accelerators and facilities at the current KEK
site, using tunnels for the current proton accelerators and experimental halls for nuclear
and particle physics as shown in Fig. 1. By using existing tunnels and facilities, it was
shown that we could build the whole facilities including a 50 GeV accelerator and the K-
arena with not so different budget as the previous plan.

Some compromises were made among the requirements for M-arena, E-arena, K-arena
and the accelerators. Eventually, the energy has been decided to be 3 GeV (Injection to
the 50 GeV ring and M-arena prefer higher energy.), the repetition rate to be 25 Hz and
the harmonic number to be four. The parameters for the accelerators have been decided to
be 200 MeV, 400 \iA for the linac, 3 GeV, 200 uA and 25 Hz for the rapid cycle
synchrotron, i.e. 0.6 MW, and a 50 GeV, 5 uA synchrotron for the K-arena. By adding
RF cavities to the 3 GeV synchrotron in the future, we could increase the frequency to 50
Hz and hence upgrade to 1.2 MW. An alternative idea is to extend the linac to 400 MeV
and increase the current to 400 uA to upgrade to 1 MW, keeping the long repetition rate.

We already have a panel in the Ministry of Education, Science, Sports and Culture
(Monbusho) established in April 1995 which is now discussing a unification of National
Laboratory for High Energy Physics (KEK) and Institute for Nuclear Study (INS),
University of Tokyo to form a new research institute organization. The reorganization will
very likely be happening in 1997. JHP is planned to start in 1998, one year later from the
new organization establishment, and finish construction in five years, expecting first
beam around 2003.

We are now actively organizing several working groups for construction and utilization of
N-arena of JHP; (1) neutron science working group, (2) target-moderator-reflector
assembly working group, (3) neutron spectrometer working group, etc.
Our new neutron facility will be open for all scientists in the world. Neutron science
working group has arranged world-wide opportunities for discussions (the present
international workshop) about entirely new research fields to be developed in the early
next century at the intense pulsed neutron facility in JHP.
In the near future, we will organize several workshops on other aspects to be considered
before starting construction of JHP including target-moderator-reflector assembly,
spectrometers, beam-line control, etc.



JHP assembly hall

P r i n g

,>"•*«..,»'

I
0 100 200

J
500 m

3 -



International Workshop on Science in the Neutron-Arena of JHP
KEK, Tsukuba, Japan
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FUTURE OPPORTUNITIES WITH PULSED NEUTRON SOURCES

A D Taylor

ISIS Facility, Rutherford Appleton Laboratory, Chilton, OXON OX 11 OQX, UK

ABSTRACT

ISIS is the world's most powerful pulsed spallation source and in the past ten years has
demonstrated the scientific potential of accelerator-driven pulsed neutron sources in fields as
diverse as physics, earth sciences, chemistry, materials science, engineering and biology. The
Japan Hadron Project gives the opportunity to build on this development and to further realise
the potential of neutrons as a microscopic probe of the condensed state.

1. Why Neutrons?

The neutron is in many ways the ideal probe for the study of condensed matter. The neutron is
a particle which has significant advantages over other forms of radiation in the study of the
microscopic structure and dynamics of matter. Neutrons interact with matter through all four
forces; the strong, weak, electromagnetic and gravitational interactions. The strong
interaction, in particular, is a unique feature of the neutron as a probe of condensed matter.
Neutron scattering gives detailed information about the microscopic behaviour of condensed
matter which have shaped in a major way our experimental and theoretical understanding of
materials ranging from magnetism and superconductivity to chemical surfaces and interfaces. A
list of the properties of the neutron is given below, along with comparisons with other
techniques.
• Neutrons are a unique probe, allowing the simultaneous measurement of microscopic

structure and dynamics;
• Neutrons have wavelengths similar to atomic spacings thus permitting diffraction

measurements to be performed. The nature of the spallation process and the pulsed
characteristics of the beam lead to a very wide wavelength range at ISIS that typically
extends from 0.05-20 Angstroms. Diffraction experiments range in length-scale from
directly probing the wavefunction of the hydrogen atom to the low-resolution study of
macromolecules. Structural features may be elucidated over nine orders of magnitude from
10-5-104A

• Neutrons have energies similar to the energies of atomic motion, i.e. in the meV to eV
range, allowing us to probe energy scales from the peV of quantum tunnelling, through
molecular translations, rotations, vibrations and lattice modes to eV transitions within the
electronic structure of materials.

• Neutrons scatter from materials via interaction with the nucleus rather than the electron
cloud. This means that the scattering power of an atom is not strongly related to its atomic
number, unlike with X-rays and electron scattering. This has three advantages: (i) it is
easier to sense light atoms, such as hydrogen, in the presence of heavier ones, (ii)
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neighbouring elements in the periodic table generally have substantially different scattering
cross sections; for light elements in particular this is the only direct method of distinguishing
neighbouring elements and
(iii) the nuclear dependence of scattering allows isotopes of the same element to have
substantially different scattering lengths for neutrons, thus allowing the technique of
isotopic substitution to be used to yield structural and dynamical details. The use of
contrast variation where the scattering density of an H2O-D2O mixture is matched to part
of the system is particularly powerful and has been a key to many successful applications of
the technique of neutron scattering.

• Neutrons have a magnetic moment which couples directly to spatial variations of the
magnetisation of materials on an atomic scale. Unlike other forms of radiation, neutrons are
thus ideally suited to the study of magnetic structures (and hence microscopic magnetism)
and short wavelength magnetic fluctuations. In neutron scattering, magnetic and chemical
structure are detected through electromagnetic and strong interactions respectively.

• The cross-sections for magnetic and chemical structure are fortunately of the same
magnitude permitting the simultaneous measurement of magnetic and chemical behaviour
of materials.

• Neutrons perturb the system weakly thus greatly facilitating theoretical interpretation of
neutron scattering measurements and allowing absolute cross-sections to be determined.
The combination of careful experimental measurement coupled with detailed theoretical
interpretation often means that neutron scattering provides the most reliable scientific
results in areas as diverse as the short range structure of water to the strain mismatch in
superalloys used in turbine blade manufacture and the vibrations of biomolecules.

• Neutrons are non-destructive, even to complex, delicate biological materials.
• Neutrons are a highly penetrating probe, allowing the investigation, again non-

destructively, of the interior of materials, rather than the surface layers probed by
techniques such as X-rays, electron microscopy or optical methods. This feature also
makes the use of complex sample environments such as cryostats, furnaces and pressure
cells quite routine, and enables the measurement of bulk processes under realistic
conditions.

2. ISIS, a Source of Pulsed Neutrons

Neutrons have traditionally been produced by fission in a nuclear reactor optimised for high
neutron brightness. The neutrons from such steady state sources are produced continuously
and, after thermalising in the surrounding moderator, beams are emitted with a broad band of
wavelengths. Wavelength selection is generally achieved by Bragg scattering from a crystal
monochromator or by velocity selection through a mechanical chopper. In this way high
quality, high flux neutron beams are made available for neutron scattering experiments.

Steady state fission reactors dedicated to the production of neutrons for condensed matter
research produce many tens of MW of heat within the reactor core. In the most advanced,
heat dissipation in the core approaches the limits set by current materials technology. ISIS, on
the other hand, produces neutrons in a different manner. The spallation process, in which
neutrons are produced by bombarding a heavy metal target with highly energetic particles from
a powerful accelerator produces less heat and can be pulsed at will. As a result of the low
duty cycle of the ISIS accelerator, the time averaged heat production in the ISIS target is a
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modest 160 kW, but in the pulse, the neutron brightness exceeds that of the most advanced
steady state sources.

The production of particles energetic enough to produce efficient spallation involves three
stages. First, an ion source produces H~ ions which are accelerated in a pre-injector column to
665 keV. In the linear accelerator, the second stage, the H" ions pass through four
accelerating rf cavities to reach an energy of 70 MeV. At injection into the third acceleration
stage, the synchrotron, the electrons are stripped from the H' ions by a very thin (0.25 |im)
alumina foil, producing a circulating beam of protons. The proton synchrotron, of 52 m
diameter, accelerates 2.5 x 1 0 ^ protons per pulse to 800 MeV, before they are extracted and
sent to the target station. This process is then repeated 50 times a second. The spallation
target is made from a heavy metal such as depleted uranium or tantalum. The highly energetic
protons produce neutrons by chipping nuclear fragments from the heavy metal nucleus. For an
800 MeV proton beam some 25 neutrons are typically produced by each proton hitting the
uranium target.

These neutrons have very high energies and must be slowed down to be of use in condensed
matter studies. Around the target there is an array of small hydrogenous moderators
exploiting the large scattering cross-section of hydrogen to slow down the neutrons passing
through, by dint of repeated collisions with the hydrogen nuclei. The moderators are at
various temperatures, enabling different spectral distributions of neutrons to be obtained for
different types of instrument The moderators are ambient temperature water (316 K, H2O),
liquid methane (100 K, CH4) and liquid hydrogen (20 K, H2).

The characteristics of these pulsed neutrons produced by ISIS are significantly different from
those produced at a reactor:

• The pulsed nature of the source makes it mandatory to exploit time-of-flight techniques on
white neutron beams - each neutron detected is time-stamped, giving a direct determination
of its velocity and hence its energy and wavelength.

• To preserve the sharpness of the initial 0.4 ps neutron pulse, the ISIS moderators must be
small (typically 10x10x5 cm^). The resultant under-moderation gives a rich epithermal
component to the spectrum, with a high flux of high energy, short wavelength neutrons.

• The duty cycle of the accelerator ensures good signal-to-noise levels, as ISIS is essentially
'off when neutron scattering data are being collected. This allows subtle effects to be
observed.

• The use of white beams allows fixed scattering geometries to be adopted which greatly
simplifies the use of complex and extreme sample environments.

• Measurements cover a wide spectral range in both energy and momentum transfer.
Access to data over as wide a dynamic range as possible facilitates the study of increasingly
complex systems.

• The pulsed nature of the source itself naturally invokes the use of time-dependent
perturbations, kinetic processes and the exploitation of transient extreme conditions.

2.1 Other radiation produced at ISIS
ISIS also produces intense beams of pulsed muons, achieved via the insertion of a thin
graphite intermediate target into the extracted proton beam. High energy nuclear reactions
produce pions over a wide momentum band which decay into muons. In addition, pion and
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muon production at the main ISIS target also produces a rich flux of pulsed neutrinos and the
KARMEN experiment is designed to exploit this pulse structure in the investigation of
problems in fundamental physics.

3. Selected Scientific Highlights

The breadth and depth of the ISIS scientific programme make it an invidious task to single out
a small number of individual scientific highlights. Eight have been selected which emphasise
the diversity and excellence of the scientific programme at ISIS:

3.1 High Temperature Superconductivity
From detailed structural studies to flux-lattice melting and from microscopic measurements of
differences between normal and superconducting phases to penetration depth measurements
and magnetic studies of the antiferromagnetic parent phases, ISIS has played a major role in
determining a wide range of the characteristics of high temperature superconductors. The
structural and magnetic dynamics also hold important clues to the mechanism of
superconductivity in the high-Tc materials. The range and strength of the magnetic interaction
has been determined from the spin wave spectrum of La2CuC>4 throughout the Brillouin zone;
inelastic structure factor measurements have highlighted critical behaviour of oxygen modes in
YBa2Cu3C>7 at the superconducting transition temperature; and crystal field excitations have
been used to probe the magnetism in the Cu-O planes.

3.2 Surface Science
UK scientists at ISIS have pioneered the use of neutron reflection and isotopic labelling to
determine the structure of surfactant monolayers at the air-liquid interface in unprecedented
detail. One of the most exciting applications of this technique was to establish the patterns of
absorption in complex multi-component systems of commercial interest. This has led, for
example, to a detailed understanding of industrially important material properties such as
detergency. Other areas of study include the investigations of superconductor surfaces and the
examination of conformational changes in phospholipid monolayers and the investigation of
protein binding mechanisms.

3.3 High Energy Spin Dynamics
The generalised magnetic susceptibility %"(q,(n), which is directly proportional to the neutron
cross-section, describes all that can be known about the microscopic spatial and temporal
correlations of the magnetic moments of electrons in materials. The combination of intense
beams of high energy neutrons and instruments with excellent resolution, intrinsically low
background and wide dynamic range at ISIS has allowed, for the first time, the high energy
spin dynamics of a large variety of magnetic systems to be studied directly. They range from
fundamental studies of the co-operative spin dynamics of this complicated many body problem
through measurements of the interaction strength in high T c materials feeding back into
theories of superconductivity to the behaviour of hard magnets of commercial interest

3.4 Fullerenes
Carbon 60 is the prototypic fullerene. ISIS has been pre-eminent in the elucidation of its
crystal structure, revealing a rich variation as a function of both temperature and pressure.
These results currently challenge the best microscopic theories. Elastic and inelastic neutron
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scattering studies have also provided some of the essential experimental details in the
investigation of the novel superconducting fullerenes and fullerides such as

35 Hydrogen bonding
Hydrogen bonds and peptide links are the very glue of life, holding long biomolecular chains in
their biologically important secondary and tertiary structures. At ISIS, model polypeptide
systems have been investigated on account of this important role in biological systems and
since they offer the opportunity of observing fundamental effects in structurally simple
molecules. The force-fields derived from model biological systems are in fact similar to those
recently proposed for inorganic hydrogen-bonded systems such as potassium bicarbonate,
where the hydrogen in the bond occupies one of two asymmetric potential wells. Tunnelling of
the proton distributes the wavefunction unequally between the two wells. This has now been
seen directly using Neutron Compton Scattering, a method newly developed at ISIS. Results
from the molecular quantum-crystal hydrogen dramatically demonstrate the potential of this
technique.

3.6 High pressure research
Variation of pressure uniquely probes the structure of matter. Application of 10 kbar can
produce more massive changes in the atomic structure and bonding of a material than several
hundred degrees change in temperature. Changes in pressure lead to drastic variations in
electronic and magnetic properties and induce phase transitions that are important to our
understanding of fundamental physical and geological processes. Pressure measurements
provide some of the most stringent tests of current models of interatomic potentials. The
special fixed time-of-flight geometry at ISIS has been extensively exploited in the complexity
of sample environments such as high pressure cells which have attained pressures an order of
magnitude higher than previously available with neutrons. This has enabled not only accurate
equation of state measurements to be performed but also, for the first time at these pressures,
precise structural characterisation through Rietveld profile refinement. Recent studies of
deuterated ice up to ~250 kbar have overturned our previous understanding of the O-H
potential. Work on the novel mercury-based superconductors at ~ 100 kbar (where T c has
increased to 160 K) has led to new insights into the behaviour of superconductors.

3.7 Disorder in superionics
Fast ionic conductors have applications in a number of areas, including fuels cells and battery
materials. Considerable interest has been focused on the mechanism of fast ion conduction in
glasses and in prototypic crystalline materials such as Agl.
Neutron scattering has helped to determine the locations of the conducting modifier ions when
network modifier material is incorporated into the random network of a glass-former. In order
to understand the high conductivity properties of such materials it is essential to determine
where the conducting ions are located. Crystalline superionic conductors generally exhibit
substantial local atomic disorder manifest as diffuse scattering in reciprocal space which is
ideally studied on pulsed sources. Measurement of such scattering in Agl has given the most
precise direct and quantitative description of the ionic conductivity in this prototypic material.

3.8 The function of water in complex systems
Water plays a fundamental role in many chemical and biological systems: it acts as the
microscopic medium in which many chemical and biochemical interactions occur and, by virtue
of its ability to form a physical and electrostatic screen around reactants, controls their
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interactions which involve water from all the other interactions in what is structurally a
complex and disordered medium. Use of neutron scattering techniques at ISIS is
revolutionising this situation. By isotopically labelling either the water itself, or else relevant
parts of appropriate molecules, it is possible to investigate directly the immediate environment
around specific sites on those molecules. This technique has recently been applied to an
investigation of the hydration shell around the charged head group of the neural transmitter,
acetylcholine, in aqueous solution. These highlights all represent world-leading science
performed at ISIS that has substantially impacted some of the leading areas of current scientific
research.

4. The Need for More Intense Neutron Sources

Neutron scattering is still very much an intensity limited technique. As sources have developed
in strength, the sophistication of the experiments possible has increased. Measurements of
total cross-sections in the 1930s and 1940s gave way to differential scattering in the 1940s and
1950s which allowed structure to be explored. The high flux reactors of the 1960s and 1970s
allowed dynamics to be studied and cold sources exploited; the 1980s saw limited use of
polarisation analysis and the exploration of high energy and wide dynamic range studies on
pulsed sources. All of these developments required increase in source strength as well as
investment in instrumentation and techniques. The highest flux sources now allow time-
dependent variations of the simple experiments to be performed, and more sophisticated
techniques such as double difference isotopic substitution experiments to be performed with
favourable isotopes, giving previously unobtainable structural information about the liquid
state.

The expansion in the use of neutrons in recent years has come from chemists, biologists and
material scientists seeing the potential of these techniques, in addition to the original physics-
based community who developed them. Future user communities are interested in complex
systems — aqueous solutions, polymers, biological systems, advanced materials such as zeolite
catalysts and superconductors, non-invasive measurements of real engineering components ~
and in answers to complex questions related to the kinetics and time dependent processes in
these materials. Future measurements will be performed with higher precision and better
resolution in a shorter time — opening up the ability to study routinely parametric dependence
on temperature, pressure, composition, magnetic or electric field, and following the kinetics in
real time rather than simply increasing the throughput of experiments.

5. Conclusion

Neutron scattering is a vibrant and vital technique which contributes greatly to our
understanding of an increasingly diverse set of problems in physics, chemistry, materials
science, earth science and biology. The realisation of the JHP is a timely step in the ongoing
development of this important tool.
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NEW SCIENCE AT THE EUROPEAN SPALLATION SOURCE

John L. Finney, Science Co-ordinator, European Spallation Source

Department of Physics & Astronomy, University College London, Gower Street,
London WC1E 6BT, UK.

ABSTRACT

The European Spallation Source is a trans-European project aimed at the ultimate
construction of a next-generation pulsed spallation neutron source that will deliver 30 times
the beam power of ISIS. The reference design for the proposed source has been set, and work
is in progress to develop an updated scientific case for the construction of the source early in
the next century. Together with improvements in instrumentation, effective flux gains of over
two orders of magnitude are likely in some areas, opening up major new opportunities for the
exploitation of neutron studies in fundamental, strategic, and applied science.

1. The Origin of the ESS Project.

Following the report of a Neutron Panel set up by the European Commission, which
identified a likely serious underprovision of neutrons as we move into the next century, a
series of workshops took place in 1991-92 which examined the technical feasibility and
scientific case for a next generation pulsed spallation source. The outline design specification
of the proposed source offers 30 times the beam power of ISIS, which is currently the world's
most powerful such source. Subsequently, the European Commission funded the present
European Spallation Source (ESS) project to study the issues relating to the machine and
target station for such a source, while the European Science Foundation is supporting the
development of the scientific case for the ESS. Dr Herbert Lengeler (Jlilich) is the Project
Leader concerned with the machine and target station issues, with myself responsible for the
science case development.

2. Present Status of the Machine and Target Station Study.

Frequent meetings have been taking place of the three technical groups concerned
respectively with the linac, rings, and target station, and to date there have been four General
Meetings of the Project. The chosen reference design for the proposed 5MW, 50Hz, ~l\is
proton pulse length source is:

• a 1.334GeV H" normal-conducting linac;
• two proton accumulator rings operating in parallel at 50Hz;
• two target stations with liquid mercury targets and horizontal proton injection. One

target will operate at 50Hz at a power level up to 5MW, the other at lOHz & 1MW.

In addition, a number of options are being investigated at a lower level of detailing. These
include a superconducting version for the high energy part of the linac, a combination of a
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0.8GeV linac and two rapid cycling synchrotrons at 3GeV, a tantalum plated stationary target
and a rotating split target.

3. Development of the Science Case.

This is being co-ordinated by the ESS Science Working Group, the membership of which is
drawn from eight European countries. The science case study has two arms: one relating to
instrumentation concepts and development, the second concerning the development of the
scientific case itself.

3.1. Instrumentation Issues.
Four 'Instrument Working Groups' have been set up to consider the development of
instrumentation concepts that will optimise the exploitation of pulsed spallation sources. The
four areas chosen - large scale structures, single crystal excitations, large unit cell
crystallography, and high resolution inelastic scattering (including spin echo) - correspond to
those where there is still some perception that pulsed sources have not yet fully proved
themselves. These groups are co-ordinated by Dr Colin Carlile at ISIS.

These instrumentation teams also take the lead in developing the possible instrumentation
suite for the two targets, in collaboration with the Science Theme Co-ordinators (see below)
to ensure optimal matching with scientific demands. The first target station will deliver high
intensity (4MW) with a 20ms time frame, while the second is optimised for high
resolution/cold neutrons (1MW) with a 100ms time frame. Four reference moderator types
are foreseen: ambient, high intensity; ambient high resolution; cold, high intensity; cold, high
resolution. The present state of the reference instrument layout has some 44 instruments.
Although these are distributed approximately equally between the two target stations,
extensive use of guides gives us the opportunity to increase the instrument complement on the
lower frequency target station. The generic instrument types set out in the present zeroth
iteration are being refined, leading to an appropriate selection for the reference design. The
detailed moderator performance will be tuned to match the final reference set of instruments.

3.2. Science Case Development.
The Science Working Group has set up a mechanism which is designed to encourage wide
participation of the European neutron community in constructing the scientific case. Thus, a
number of' Theme Co-ordinators' have been given the overall responsibility for preparing

ESS Theme Co-ordinators.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10

Solid state physics & magnetism
Glasses, amorphous and disordered materials
Molecular sciences
Polymer physics & chemistry; colloid science
Biology, biotechnology, and biomedical
Engineering
Solid state chemistry
Earth & environmental science
Fundamental physics
Muons

M. Steiner, HMI, Berlin.
R. McGreevy, Studsvik, Sweden.
F. Fillaux, Paris, France.
P. Cummins, Unilever Port Sunlight, UK.
P. Timmins, ILL, France.
P. Withers, Cambridge, UK.
J. Rodriguez-Carvahal, Saclay, France.
D. Price, London, UK.
D. Dubbers, Heidelberg, Germany.
A. Schenck, PSI, Switzerland.
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the building blocks for the final scientific case. Each co-ordinator is preparing, in
collaboration with a small team and in consultation with those in the community who want to
contribute, a scientific case in a designated scientific area. Using this material as input, the
draft case will be put together at a workshop to be held in late May 1996. The final case will
be completed over the following summer, and presented to the European neutron scattering
community at the first European Neutron Scattering Conference in Interlaken in October
1996.

4. The Scientific Potential of the ESS.

Predicting the future development of science is a difficult and dangerous game. A look-
forward into the 1990s from the 1970s is unlikely to have predicted high temperature
superconductors, fullerenes, or the advances we have seen in biotechnology. It is, however,
perhaps easier to extrapolate trends. Moreover, experience has shown that improvements in
available intensities, or increases in resolution, of factors of five and above have always led to
major advances. Third generation synchrotron sources provide an obvious example of this
from condensed matter science, while the Hubble space telescope shows not only how
enhanced resolution has resulted in new astronomical results, but has also demonstrated that
in the right circumstances, high costs will be accepted to gain such a resolution increase.

On the neutron front, we all know that neutron scattering is an intensity limited technique - a
limitation which is, in fact, one of its strong advantages, allowing high penetration, and
relatively simple treatment of the scattering process (in comparison, for example, to x-rays).
The major gain in flux and brightness from the ESS retains all these advantages, but allows us
to compensate in significant measure for the intensity limitations. The higher flux will allow
better resolution, which will be exploited throughout condensed matter studies as it has been
in astronomy and microscopy. Smaller systems will be amenable to study. This does not just
open up the early study of new materials, where quantities produced are initially generally
very small, but also allows us to extend our studies into inherently 'smaller' systems, such as
the stress around a crack tip, and more dilute solutions. Much shorter experiments will be
possible. Not only does this open up dramatically kinetic studies of both physical changes and
chemical reactions, but also allows much better exploitation of extreme environments.
Furthermore, the shorter experiment times that will become possible on 'standard' sized
samples makes possible a whole range of systematic studies as functions of, for example,
temperature, pressure, concentration, magnetic and electric fields. Where presently neutron
time limitations prevent little more than demonstration experiments - for example in aqueous
solutions at one temperature and pressure - the ESS will allow presently unfeasible coherent
studies of important phenomena that will improve very significantly our understanding of
important processes. Modern materials science is characterised by increasing complexity of
the new materials that are increasingly designed for very high performance. Understanding
their crucially-important structure-property relations requires probes that can handle their
structural - and dynamical - complexity. The ESS will offer the wide (Q,co) range, good
resolution, and high signal/background that is needed. Finally, the high flux will allow for the
first time the routine use of polarisation analysis, not only for magnetic studies, but also to
separate coherent from incoherent scattering in a wide range of condensed matter studies.

The final science case will set out areas of opportunity which can exploit these - and perhaps
other - 'generic' advantages of the ESS. Some examples are presented below to illustrate some
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of the possibilities in selected areas. The choice is necessarily extremely restricted; the final
case will be comprehensive.

4.1. Opportunities in Biology and Biotechnology.
The ESS study in this area covers Pharmaceuticals, food science, biomedical applications,
proteins and nucleic acids, biological and model membranes, and biophysical chemistry.

High resolution crystallography of large biomolecules such as proteins has hardly been
exploited to date. A few demonstration experiments have been performed, particularly to
locate important hydrogen atoms related to function, but the data collection times required on
existing sources have precluded significant development of the approach. We estimate that,
with ESS, full data sets to good resolution will be possible for reasonable sized proteins in
perhaps two to three days. The ESS intensity will also allow smaller crystals to be studied,
crystal size having so far been a major problem for the technique. In addition to locating
functionally-implicated protons, hydrogen bonding schemes and water structures will be
locatable. From the few studies that have been undertaken to date, errors have been found in
hydrogen bonding schemes assigned on the basis of x-ray results, while detailed solvation
networks have improved significantly our understanding of biomolecule-water interfaces.
More carefully-selected studies will open the way to improving our understanding of binding
specificity, and the solvent-involved mechanisms that are implicated in protein stability and
denaturation.

In reflectivity studies, in-plane organisation of membranes will be approachable. Reduction in
data collection times will allow short-time kinetic studies. For example, in recent work at
ILL, phase separation of a solution of non-polar molecules was observed to have a significant
time-dependence, which present sources are inadequate to study.

The ESS will open up the whole area of biomolecule dynamics. Again, only a few
'demonstration' experiments have been possible so far, suggesting tantalising possibilities
relating to protein activity, stability, and the importance of the coupling to the dynamics of
the solvent. Systematic studies are required - often on proteins prepared in small quantity by
genetic engineering techniques - not only on aqueous systems, but on mixed solvent systems
used increasingly in bioengineering production. The selective isotopic labelling now possible
through bioenginering techniques will facilitate studies of domain motions, side chain
dynamics, and active site changes in enzymes, changes in ligand - and receptor - dynamics on
ligand binding, and the effects on dynamics of functional mutations. Furthermore, the flux
from ESS will open up for the first time the use of coherent inelastic scattering to study
correlated motions in proteins and nucleic acids.

4.2. Opportunities in Fundamental Physics.
ESS Theme Co-ordinators are proposing a number of 'flagship problems' that can only be
tackled using a source such as the ESS. Three particularly exciting 'flagship experiments'
have been proposed by the Fundamental Physics team. The first of these uses neutron optics
to tackle the baryon asymmetry problem. The only viable explanation we presently have of
the almost complete non-survival of antibaryons from the big bang is Sakharov's proposed
violation of CP symmetry, which is essentially equivalent to the violation of time symmetry.
Using ESS, the present sensitivity for time-violating amplitudes can be increased by order of
magnitudes, with a strong possibility that a decisive answer can be given to both the question
of the matter-antimatter asymmetry of the universe and the question of grand unification.
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Secondly, the time structure of the ESS beam is well-adapted for neutron-neutron scattering
experiments to test isotopic spin in variance, and thus ESS may well be able to make a
significant contribution to our understanding of the strong nuclear force. Thirdly, utilising the
pulsed time structure, and the intrinsically low background characteristic of short pulse
spallation sources, it may be possible to prove for the first time that nature does not possess
an intrinsic handedness, and that there is exciting new physics beyond today's standard model.

4.3 Opportunities in Earth Sciences.
Earth Sciences present what is essentially a new frontier for neutron techniques. Over the past
few years, exploitation of existing sources has been increasing steadily, with results of these
initial forays demonstrating the major potential of the technique with the increased flux the
ESS will provide. A flagship problem that ESS will allow earth scientists to tackle is the
nature and composition of the Earth's core. Surprisingly, perhaps, this is presently unknown,
data being limited to seismic results. In order to understand these and to facilitate reliable
modelling work, the community is in urgent need of equation of state information of possible
core phases (such as Fe3C FeSi, FeO) at temperatures above 1300K and pressures up to
20GPa.

Understanding ore genesis requires studies of structures and reactivity of multicomponent
melts and their crystallisation. An understanding of water - and other fluid - budgets in
mantle conditions is needed. Where, how, and why water is released is geologically
important, as is the structural role of the hydrous component in understanding rheology, and
hence earthquakes; this information ESS will be able to provide. Moving away from the
Earth, the ESS will lead to major advances of the study of planetary materials, ranging from
the 'simple' ones such as H2, CH4, H2O, NH3, and HF, to more complex, small-volume new
materials such as Ar(H2)2-

4.4. Opportunities in Solution Chemistry: 'Liquid State Crystallography'.
Through-solvent interactions are fundamental to chemistry - and chemical processing and
engineering, biology, and bioengineering. For example, the stability and interactions of
proteins depend crucially on solvent-involved forces. Yet these interactions - and their
modulation by changed solvent conditions (such as added ions, temperature, pressure, pH) -
are very poorly understood.

Demonstration experiments are possible now, with significant progress having been made in
the past few years in understanding ion hydration, and the hydration of the non-polar groups
implicated in the so-called hydrophobic interaction thought by many to be crucial in the
folding and stability of proteins. For example, we can, using second difference
hydrogen/deuterium substitution methods, obtain orientational pair correlation function
information that gives unprecedented detail on non-polar group hydration structures. We can
also follow the solute-solute correlations - which relate directly to the potential of mean force
- as functions of concentration, temperature, etc. Unfortunately, further advances in these
fundamental studies with major applied relevance are unlikely without a significant increase
in neutron intensities to allow (a) systematic studies as functions of temperature,
concentration, and changed solvent conditions, and (b) extension of the studies to lower
concentrations. The results from demonstration experiments so far are enticing, both on
simple molecules in solution such as alcohols and tetrahydrofuran, and on molecules of direct
biological relevance such as acetylcholine; the ESS is needed before we can exploit these
incredibly powerful techniques to really solve problems. According to one eminent chemist
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(Professor David Feakins), our understanding of solutions is rather in the state that our
knowledge of molecules would be if we only had, say, the thermodynamics and kinetics of
reaction to guide us. With respect to solution chemistry, we are perhaps in a state similar to
that of crystallography around 1930. The ESS will open up a completely new area of liquid
state structural chemistry of crucial importance to wealth creation and the quality of life.

4.5. Opportunities in Engineering.
Engineering exploitation of neutrons has seen a significant increase over the past few years,
in particular in studies of residual stress. Further expansion to realise the potential of neutrons
in real engineering problems requires as a priority a significant cost reduction per experiment.
This ESS will provide, in addition to much enhanced flux to both enhance the quality of data
and allow probing of smaller gauge volumes. An Engineering Test Centre will be created,
which will enable the realisation of engineering questions within a commercial time frame
and cost. In addition to the 'standard' residual stress measurements using optimally-designed
instruments (most current work is on diffractometers designed for other uses), ESS will be
expected to make contributions to improved process control in colloid engineering, to enable
non-invasive measurements of strain and temperature in running gas turbine engines, and to
allow measurement in real time of the stress around a weld pool. The work of the Centre will
be relevant to a variety of important areas, including improving structural materials and their
processing, soft solids (food and medicine), enhanced oil recovery, and understanding
materials deterioration.

4.6. Other Opportunities.
The above has highlighted just a few of the areas in which ESS will make possible new
science. There are very many more, as will be seen from the final science case due in Autumn
1996. In polymer science, neutrons are an increasingly essential tool in many rapidly-growing
areas of industrial interest. Examples where ESS will make new studies possible include
interactions of proteins, polymers, and surfactants at liquid-liquid and liquid-solid interfaces,
structures of a wide range of modified surfaces leading to the preparation of surfaces of well-
defined functionality, obtaining the information needed to tailor smart complex fluids based
on polymers, and understanding for the first time the kinetics of crystallisation. In physics, the
whole field of neutron Brillouin scattering of liquids, and of glassy and polymeric materials,
will be opened up, with the potential to lead to improved understanding of the important
regime between the hydrodynamic and the kinetic. Ultra-slow muon beams will be possible,
which will allow |J.SR for the first time to probe magnetic field distributions and dynamics,
and surface diffusion, in surfaces, thin films, and multilayers. In solid state chemistry, we will
be able to achieve really short time-resolved studies of chemical reactions, phase
transformations, and relaxation phenomena exploiting the particular advantages of the
neutron over x-rays for structural chemistry .

5. Conclusion.
The ESS will present dramatic new opportunities to the condensed matter, fundamental
physics, and engineering communities, in areas ranging from the applied, through the
strategic, to basic fundamental studies. The areas selected above hopefully give a taste of the
kind of exciting possibilities that we plan to make available to the next generation of
scientists, technologists, and engineers early in the third millennium.
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ABSTRACT

In this contribution I summarise a number of recent experiments at the Los Alamos
Neutron Science Center (LANSCE) that have contributed to strategic and applied
research. A number of new tools have been developed to address these problems,
including software that allows materials texture to be obtained during Rietveld refinement,
Bragg-edge diffraction, resonant-neutron and proton radiography. These tools have the
potential to impact basic as well as applied research. It is clear that a new, more powerful
neutron source such as the planned Japanese Hadron Project will be able to use these and
other techniques to contribute in a direct way to important industrial technologies.

1. Introduction

The neutron scattering community is justifiably proud of the contributions it has made to
basic research in many areas of science. Information obtained using neutrons has
contributed strongly to our basic understanding of phenomena in diverse systems of
interest to physicists, chemists and biologists — think, for example, of how little we
would know about excitations in quantum fluids, the spin-density-wave state of
chromium, electronic back-donation in the bonding of organometallic compounds, or the
conformation of proteins and DNA in nucleosomes without neutron scattering. However,
illustrious as this history of neutron scattering may be, it is not the only type of
contribution neutrons have made to our modern scientific and technological enterprise.
Increasingly in recent years, we have witnessed the application of neutrons to later parts
of the R&D cycle, to problems that have been called "strategic research" and even in areas
that are "applied research" or "product development". The purpose of my talk at this
meeting is to illustrate this aspect of research at spallation sources, using examples of
work that has been done at the Los Alamos neutron Science Center (LANSCE). As you
will see, some of this work is driven by the fact that our principal funding agency, the
Office of Defense Programs within the U.S. Department of Energy, has a mission need to
master the science behind certain technologies. Even so, most of the examples I have
picked are equally relevant to the industrial sector and are appropriate fields of study for
spallation sources that are not fortunate enough to have such a clear mission.

2. Structural Materials

2. / Improved Welding Techniques

My first example is from a general area that has attracted attention at the majority of the
world's spallation sources — residual stress. The failure of welds in beryllium is a long-
standing problem. Processing conditions affect the failure of these welds and it is
believed that the residual stresses in the region of the weld are sufficient to enhance
cracking and failure. A step weld with an aluminium shim is one solution to this problem
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but the mechanical performance of the interpenetrating Be and Al microstructure that
develops around the shim is poorly understood. Since this is a composite mixture
neutron diffraction is uniquely placed to study the mean phase strains during a load test.
Elastic strains in this region were studied by Dave Carter and Mark Bourke at LANSCE
with material representative of the weld in a unixial compression test. Strains for the two
phases perpendicular to the applied load are shown in Figure 1. In a single-phase material
one would expect a tensile strain as a result of perpendicular expansion, governed by
Poisson's ratio. Indeed, this is true at low stress for both Be and Al. At higher stresses,
however, the aluminium develops a compressive (not tensile) strain perpendicular to the
load. Why is this? The jury remains out on this question, but a model which includes the
constraint on the aluminium imposed by the intercalated beryllium (which has a Poisson's
ratio close to zero), gives the right trends. Clearly, without data of the type which
neutrons can provide, one would have little chance of improving Be welds from bulk
mechanical measurements alone — trial and error would be almost the only recourse.

BeAl: Measured strains perpendicular to the load
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Figure 1: Elastic microstrain measured close to a beryllium-aluminium weld in a direction perpendicular to
the applied compressive stress. The measurement was on the Neutron Powder Diffractometer at the Manuel
Lujan Jr. Neutron Scattering Center (MLNSC) at Los Alamos.

2.2 Texture

Another area in which neutron scattering is beginning to make significant contributions to
applied research is in the measurement of texture — or preferred grain orientation — in
polycrystalline materials. An important step in enhancing the tools for this type of
measurement has recently been made by Bob Von Dreele at LANSCE. Bob has
succeeded in extending the GSAS code (the Generalized Structure Analysis code that he
and Allan Larson wrote to obtain structural parameters from diffraction data) to enable
texture to be extracted as part of Rietveld refinement. Thus, pole figures no longer
involve the measurement of a single Bragg peak at many sample orientations, but can be
obtained from all of the peaks at once, even if many of them partially overlap their
neighbours. Not only does this permit much faster measurement, but it also opens up the
possibility of measuring
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Figure 2: X-ray and neutron pole figures of upset-forged tantalum showing the difference between the surface
and bulk textures.

texture easily in materials, such as high temperature superconductors, with complex
crystal structures.

There are many examples of successful texture measurements at LANSCE, ranging from
comparison of the textures of deep-drawn, spin-formed and cold-rolled uranium, to a
study of textured titanium matrix compounds that will be used in the engine of the
Advanced Tactical Fighter aircraft to reduce its weight by over 40 pounds. In the former
case, neutron scattering showed that a proposed, low-waste process for forming uranium
produced similar texture to a less benign manufacturing protocol, while in the latter it
demonstrated that the texture of Ti wires was retained when the wires were rolled together
to form a plate. In both of these cases, retention of a particular texture during processing
is key to achieving desired mechanical performance.

In a very detailed study of tantalum processed by a technique known as upset forging,
neutron scattering was able to obtain texture information which, when combined with
known elastic constants, allowed a Los Alamos computer code (known as the Los
Alamos Polycrystal Plasticity code) to predict the form of the anisotropic yield stress.
The development of texture during processing could be followed for this high-temperature
corrosion-resistant metal, and correlated with improvements in hardness. One point
which emerged clearly from this study was the advantage of the neutron's ability to
penetrate and probe the structure of bulk materials. Figure 2 shows x-ray and neutron
pole figures for the (001) direction. The x-ray figure clearly shows only three (111)
directions while the corresponding neutron results have 9 peaks of this sort, indicating
that the average bulk texture is not the same as the surface texture. In fact, our texture
program at Los Alamos uses neutron, x-ray, and electron diffraction as complementary
probes to sample bulk, surface and local texture in a way that gives a much more complete
picture than any of these techniques could give alone.
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2.3 Phase Transformations

Texture is one property of materials which can strongly affect performance in real-world
applications, varied or evolving phase composition is another. At LANSCE, we have
developed a method for following phase composition which makes use of a technique
called Bragg-edge diffraction. The method involves a measurement of the time-of-flight
spectrum of neutrons transmitted through a polycrystalline sample using a current-mode
neutron detector. In the spectrum are occasional discontinuities or dips that arise because
neutrons on one side of the dip have wavelengths short enough to suffer a particular
Bragg reflection, while neutrons on the other side have wavelengths that are too long for
this process. Of course, there is a one-to-one correspondence between a Bragg-edge
spectrum and a traditional diffraction pattern measured using scattered neutrons. The
resolution of the Bragg-edge pattern is as good as that of diffraction in back-scattering
geometry and the intrinsic signal is high because neutrons that are Bragg scattered in all
direction contribute to a dip in the measured transmission spectrum. An important
disadvantage of the method is that the background is intrinsically high so the signal-to-
noise ratio is poor.

Using the Bragg-edge technique, in collaboration with UTEP, LANL researchers have
followed the real-time reduction in phase fraction of deformation-induced martensite in
coupons of 304 stainless steel at high temperatures. Because of the efficiency of the
Bragg edge technique, measurements, which would have taken up to an hour on a
conventional diffractometer, were obtained in less than 1 minute. Using this rapid
characterization capability we showed that when a sample was heated to 670cC, more
than 80% of the total transformation occurred during the first 15 minutes. These results
could not have been obtained on a conventional diffractometer due to the intrinsically
longer counting times. The importance of this result lies in the somewhat ill defined role
that deformation-induced martensite plays in stress-corrosion cracking. Similarly the fact
that in high-temperature applications such cracking does not occur — due to so-called
"healing" — impacts lifetime predictions. It's a good idea to understand whether a
stainless steel flask containing hot active waste is likely to heal itself before it fails!

3. High Explosives

Although one-minute measurements with neutrons represents fairly rapid data collection
compared with many traditional measurements using this technique, recent resonant
radiography experiments performed at LANSCE are even quicker by several orders of
magnitude. In this case, the resonance was observed during a single neutron pulse, while
a high explosive was detonated, to observe temperature distributions and particle
velocities associated with the explosion. This type of information, which is important for
understanding both the performance and the safety of high explosives, has long eluded
experts and is now being furnished using neutrons. In one recent experiment by Vincent
Yuan and his collaborators, two pieces of high explosive sandwiching a 500 jam indium
foil were detonated simultaneously as a neutron pulse passed through the specimen.

Clear Doppler broadening of the 9.07 eV resonance in indium was observed (cf Figure 3)
as a result of the high temperature generated during the explosion. Indeed, with the high
peak neutron intensity provided by the Manuel Lujan Jr. Neutron Scattering Center
(MLNSC), temperatures can be measured with an accuracy of about 30 ° using this
method. In another similar measurement, a tantalum foil was blown towards the neutron
source by an explosion, allowing its 4.28 eV resonance to be observed twice in the time-
of-flight spectrum — once immediately before the explosion and once, Doppler shifted,
after the explosion (cf Figure 4). From the interval between the explosion and the second
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observation, the velocity of the tantalum — about 3.9 km/sec — could be deduced. Quite
apart from the technological importance of measurements like this to the explosives
industry, they open up a whole new domain of fundamental shock wave physics for
study.
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Figure 3: Neutron time-of-flight spectra obtained with a 500 |im indium foil during a single neutron pulse,
before and during an explosion that compresses the foil. The broadening of the resonance recorded during the
explosion is evident to the naked eye.
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Figure 4: Neutron time-of-flight spectrum recorded during an explosion that forces a tantalum foil towards the
neutron source. The 4.28 eV resonance is observed twice, allowing the velocity of the tantalum to be deduced.

In fact, as I show later, resonance radiography is one of the new tools being developed at
LANSCE to support its defense mission that is likely to have future impact in basic
science as well.

4. Better Adhesives

It is well known that neutron reflectometry has had an impact on our fundamental
understanding of physical processes at surfaces and interfaces in a variety of systems.
Recent experiments by Greg Smith at LANSCE and Mike Kent from Sandia National
Laboratory have had a more applied motive however. In this case, the issue is to design a
better adhesive to hold copper on to epoxy circuit boards. An obvious strategy is to use a
polymeric adhesive that is composed of two distinct blocks — one which binds to epoxy
and the other which binds to copper. Imidiazole / amine is a candidate. Previous work
with this material had shown disappointing results when a good solvent for both blocks
(methanol) was used. As the reflectivity curve in Figure 5 confirms, there is little
difference between the reflectivity of a copper film deposited on a silicon wafer and that of
the same sample after it has been dipped in the block-copolymer solution. For some
reason, very little of the polymer is adhering to the surface, which is not good news for
the circuit board manufacturers. However, when a poor solvent (methanol plus water) is
used, the story changes, as Figure 6 shows. In this case, the raw data shows a
substantial difference between the reflectivity of the dipped and undipped samples, and a
model fitted to the data reveals a strong preferential adsorption of the imidiazole block to
the copper surface, just as required.
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Figure 5: Neutron reflectivities of a copper film on silicon and of the same system afterit has been dippedin
a block-copolymer solution that uses a good solvent. There is essentially no difference between the two
measured curves.
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Figure 6: A repeat of the experiment shown in Figure5 using a poor sol vent for the block copolymer. The
difference between the measured curves indicates strong adhesion of the polymer to the copper film. Amodel
with one polymer block anchored to the copper gives a good fit to the data, as shown by the lines in the figure.

5. Single Event Latch-ups and Upsets

In addition to experiments that use neutron or proton beams to characterise samples,
scientists at LANSCE have also been using the beams to modify samples in important
ways. For example, together with colleagues from IBM, they have investigated the effect
of proton irradiation and the resulting production of spallation products on the critical-
current of high temperature superconductors and found a substantial enhancement. They
have also made use of the fact that the neutron spectrum of the Weapons Neutron
Research (WNR) facility — a spallation facility with a bare spallation target — is very
similar to that produced in high flying aircraft by the interaction of cosmic rays with the
airframe. The principal difference between the WNR neutron production and that at
altitude is in the flux of neutrons produced, which is about 10000 times more intense at
WNR. This large factor has enabled scientists from Boeing to test the effects of neutrons
on aircraft electronics which, as feature sizes are reduced, may suffer from single-event
latch-ups or upsets. Without knowing anything about these phenomena one can tell from
the words used to describe them that they are not the sort of thing one wants to experience
while flying over the Pacific ocean.

6. Proton Radiography

Finally, I want to mention a technique whose development has just started at LANSCE,
proton radiography. At high enough energies, the principal interaction between protons
and matter is very similar to the interaction between neutrons and matter, so one might
imagine that high energy protons could be used for radiography. The problem is, of
course, that protons suffer from multiple scattering. However, by using a system of
quadrupolar lenses, it is possible to refocus a beam that has passed through an object and
image features within the object with millimeter-level resolution. There is a limit to how
thick the object can be because protons also lose energy when they pass through matter,
causing chromatic aberration in the lenses, which gets worse at low proton energies.
Nevertheless, this new technique seems to have great promise for measuring both the
density and type of material in an object. The latter information can be obtained because
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the degree of multiple scattering depends on atomic charge, Z. By choosing a particular
aperture through which to create a radiographic image, one is therefore able to choose
essentially the maximum value of Z that is imaged. Of course, protons have the distinct
advantage over neutrons that their charge can be used as a handle to manipulate
trajectories, allowing, in principal, multiple simultaneous images to be recorded from
different angles.

This powerful new technique is being applied to problems of interest to the Office of
Defense Programs. However, as it is developed, I expect to see its applications to
problems in both basic research and the industrial sector, a healthy synergism between the
various applications of beams at a spallation source.

7. Conclusion

I have tried to give a flavour of some of the more direct applications of neutron and proton
beams to strategic and applied research. As more powerful spallation sources are brought
on line, I expect to see even more such applications, especially if the sources are operated
more or less continuously during the year and if we can invent ways in which industries
can obtain the rapid access they need to be able to use neutrons to impact their ever shorter
product development cycles. An important challenge will be to find ways to reduce the
cost of obtaining the information companies need. One way to do this will be by
increasing the neutron flux and the number of detector pixels so that information can be
obtained quickly. This way, the fraction of a facility operating budget consumed to obtain
a given piece of information — the texture of a new engineered component, for example
— will be reduced. In this sense, a new source like the proposed Japanese Hadron
Project can be expected to have significant industrial impact.
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ABSTRACT

Neutrons have an important role to play in structural biology. Neutron crystallography, small-
angle neutron scattering and inelastic neutron scattering techniques all contribute unique
information on biomolecular structures. In particular, solution scattering techniques give critical
information on the conformations and dispositions of the components of complex assemblies
under a wide variety of relevant conditions. The power of these methods is demonstrated here
by studies of protein/DNA complexes, and Ca2+-binding proteins complexed with their
regulatory targets. In addition, we demonstrate the utility of a new structural approach using
neutron resonance scattering. The impact of biological neutron scattering to date has been
constrained principally by the available fluxes at neutron sources and the true potential of these
approaches will only be realized with the development of new more powerful neutron sources.

1. Introduction

The 20th century has seen great advances in medicine and biotechnology that have been founded
on detailed knowledge of the structures and interactions of biological polymers: the
polynucleotides, DNA and RNA, which contain coded information that determines all the
molecular structures needed to assemble a living system; and the polypeptides, or proteins, that
carry out almost all the "work" of living systems and are the ultimate expression of the coded
information carried in the DNA. It has been the miracle of nature to design these polymers
using unique linear sequences of a relatively small number of chemical subunits (4 nucleic acids
for DNA, 20 amino acids for proteins) such that they form highly specialized three-dimensional
structures that fold reliably into their functional forms. Understanding biological function has
become a study of these molecular forms, in sufficient detail to be able to describe and predict
the physics and chemistry they perform in the microenvironments they create by bringing
together specific chemical subunits. The latter half of the 20th century has seen rapid advances
in technologies that have led to an impressive structural data base on biological polymers.
Importantly, molecular biology and cloning techniques have enabled structural biologists to
routinely obtain large amounts of pure samples for biophysical studies. X-ray crystallography
has provided a wealth of high resolution structural information on proteins and polynucleotides
that can be coaxed to form crystals. NMR spectroscopy with isotope labeling has opened the
window to high resolution structure determination of small proteins, and even small
polynucleotides, in solution. Optical and laser spectroscopy techniques are used to probe the
active sites of proteins at high resolution, and provide critical information on protein structural
dynamics over the many orders of magnitude relevant to biological function (femtoseconds to
hours). Electron microscopy and a number of novel new microscopy techniques are giving
clearer images of individual molecular assemblies.

In this world of high technology structural tools, neutron techniques have a special place. As
non-ionizing radiation, neutrons are benign probes of biomolecular structures, that can locate
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hydrogen atoms with very high precision in crystals, give information on the shapes and
dispositions of the components of biomolecular complexes in solution, as well as probe the
molecular dynamics of biological molecules over the broadest range of relevant timescales. My
own work using neutrons has focused on studies of biomolecular complexes in solution using
small-angle scattering.

2. Small-Angle Neutron Scattering

Small-angle scattering of X-rays or neutrons from monodisperse particles in solution gives
information on the particle shape. The strength.of the scattering depends upon the net difference
in scattering density ("contrast") between the particle and the solvent. With neutrons, one can
capitalize on the large difference in neutron scattering amplitude between the isotopes of
hydrogen ('H, 2H). Selective deuteration of one component of a complex of proteins in solution
provides a way of altering the contrast of that component. Further, by changing the deuteration
level in the solvent, the contrasts of each component can be systematically varied. If internal
scattering density fluctuations are negligible, then "solvent matching" can be achieved by
adjusting the deuteration level in the solvent so that the mean solvent and particle (or component)
scattering densities are the same, i.e. there is zero contrast and hence no small-angle scattering
from the particle (or component) rendering it "invisible" in the neutron experiment. "Contrast
variation" techniques provide methods for extracting structural information on the individual
components of a complex, as well as their relative dispositions [1,2]. In the case of
DN A/protein complexes one can take advantage of the natural difference in neutron scattering
density between DNA and protein, thus making contrast variation experiments feasible without
isotope labeling. This ability to study interacting components in a complex or assembly is
extremely important if you wish to understand biomolecular function, since healthy function
depends upon highly coordinated interactions between biomolecules that allow for signals to be
transmitted in order to obtain the appropriate molecular responses to physiological stimuli.

3. Studies of Gene 5 protein/DNA Complexes

Essential proteins that bind nonspecifically, cooperatively, and preferentially to single stranded
DNA (ssDNA) are required in the life cycles of viruses, prokaryots, and eukaryots. The ssDNA
binding protein (the gene 5 protein, or g5p) of filamentous bacterial viruses is among the
smallest of such proteins, having a molecular weight just under 10,000 daltons, and there is a
wealth of detailed information about the physical properties of g5p which is widely regarded as
a "model" ssDNA binding protein whose further study will elucidate fundamental mechanisms
governing this class of protein/DNA interactions. The g5p forms a dimer (Fig. 1), and electron
microscopy of fd g5p complexed with fd-ssDNA shows left-handed nucleoprotein superhelices
with variable pitch.

We undertook small-angle scattering experiments in combination with electron microscopy to
provide definitive experimental data to test models for g5p/ssDNA superhelices, as well as to
evaluate how unique the models might be [3]. In addition, we obtained new information on the
dependence of nucleotide type and protein/nucleotide (P/N) ratio on the structure of the
complexes. Reconstituted complexes were made with single-stranded fd viral DNA (fd
ssDNA), poly[d(A)] and poly[r(A)]. All complexes formed similar left-handed, flexible
superhelices (Fig. 2) having approximately the same diameter, but the pitch differs among these
complexes. The g5p dimers associate to form a superhelical framework to which 2 ssDNA
strands are attached. A combination of X-ray and neutron small-angle scattering data was
needed to prove the nucleic acid is inside the protein superhelix. The neutron and X-ray
experiments provided two sets of scattering data in which the relative contributions of the
protein and DNA to the scattering were significantly different. These data, along with known
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along with known structural parameters, provided sufficient constraints to define the relative
locations of the DNA and protein. A Monte Carlo integration modeling procedure applied to the
scattering data was used to systematically test large numbers of possible superhelical models for
each complex, and previously proposed models based on parameters obtained from electron
microscopy were found to be essentially correct and unique. The data on the complexes with
different P/N ratios showed that mass per unit length values decreased while the rise per dimer
and pitch of the superhelix increased for g5p/fd-ssDNA complexes with decreasing P/N ratios.

Fig. 1: a-carbon backbone trace
of the g5p dimer. The two ssDNA-
binding sites are depicted by
crosses.

Fig. 2: Schematic drawing of the superhelix construction
for the g5p/DNA complex. Ellipses represent the g5p
dimers, the 2 ssDNA strands are depicted as solid lines.

4. Protein Complexes in Biochemical Regulation

The divalent calcium ion is the simplest of natures "messengers" used to regulate a broad range
of cellular processes. Ca2+ messages are generally "delivered" when Ca2+ binds to a protein and
triggers a cascade of molecular interactions leading to a physiological response. Small-angle
neutron scattering has proven extremely useful for studying the evolutionarily related,
structurally similar dumbbell-shaped Ca2+-binding proteins calmodulin and troponin C and their
interactions with the target proteins whose activity they regulate.

4. 1 Calmodulin Target Enzyme Interactions
Calmodulin is a multifunctional protein that acts as the major intra-cellular receptor for Ca2+, and
regulates the activity of a diverse array of target enzymes including a large number of kinases
(proteins that regulate biochemical activity by attaching phosphate groups to other proteins).
The crystal structure of calmodulin shows it has two globular domains connected by an
extended, solvent exposed a-helix of 7-8 turns [4] (Fig. 3). Each globular domain is made up
of two pairs of helices that form a "cup-shape", with 2 Ca -binding sites at the base of the cup
(Fig. 5). Ca2+ binding to calmodulin causes the pairs of helices to move away from each other
exposing hydrophobic residues lining the inner surface of the cup. Small-angle neutron (and X-
ray) scattering experiments showed calmodulin contracts about target enzyme binding domains
with the common characteristic of having 17-25 amino acid residues and a high propensity for
forming a basic, amphipathic a-helix (for review see [5]). Fig. 3 shows the structure of
calmodulin complexed with its helical target binding domain from myosin light chain kinase,
determined at high resolution by NMR [6] and crystallography [7] subsequent to our neutron
scattering experiments [8]. The contraction of calmodulin is achieved via flexibility in the
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interconnecting helix region of calmodulin that links its two globular domains. This flexibility
allows calmodulin to optimize its binding to different arrangements of hydrophobic and charged
residues important in forming the complexes with different target enzymes.

Fig. 3: a-carbon backbone trace showing the structures of 4Cau'calmodulin (left) and
4Ca2<'•calmodulin complexed with its binding domain in myosin light chain kinase (right).

A second type of calmodulin binding domain has been identified in the catalytic subunit of
phosphorylase kinase. This system is distinctive because calmodulin is part of a multisubunit
enzyme and its binding domain encompasses approximately 70 amino acid residues. Using
deuterium labeling and neutron scattering we showed calmodulin remains extended in its
interaction with the catalytic subunit of phosphorylase kinase and the nature of the interaction is
fundamentally different to the previously characterized contracted structures [9]. The ability of
calmodulin to modulate its conformation via flexibility in its interconnecting helix region in order
to accommodate different target binding domains is a remarkable example nature building
functional diversity into a compact and unusual shape. At the same time, the hydrophobic cup-
shaped domains of calmodulin confer the needed specificity.

4.2 Troponin C and Troponin I
Like calmodulin in phosphorylase kinase, troponin C (TnC) is an integral component of a
multisubunit complex: troponin. Muscle contraction/relaxation is achieved when thick and thin
filaments made up of complex assemblies of proteins slide past each other. The sliding
mechanism is regulated by Ca2+ binding to TnC, resulting in a conformational change that
transmits a signal to troponin I (Tnl), which in turn releases its inhibition of the interaction
between the thick and thin filaments thus driving the sliding action. Our neutron scattering
experiments show that, similar to calmodulin in phosphorylase kinase, TnC remains extended in
its complex with its regulatory target Tnl. The neutron data further show that Tnl is even more
extended than TnC and the centers-of-mass of the two components are approximately coincident
[10]. We have modeled the complex [11] with TnC having a structure very similar to its crystal
structure [12,13] and Tnl forming a spiral structure that encompasses the TnC (Fig. 4). The
Tnl spiral has the approximate dimensions of an a-helix and its central portion winds through
the two hydrophobic cup-shaped regions in each of TnC's two globular domains.

Our model of 4Ca2+#TnC#TnI gives important insights into the molecular basis for the Ca2+-
dependent regulation of muscle contraction. In the Ca2+-bound complex, both ends of the Tnl
central spiral region are anchored by interactions with the hydrophobic cup regions of TnC, and
the Tnl inhibitory sequence is constrained to be associated with TnC and the inhibitory function
is switched off. The loss of Ca2+ from the N-terminal low-affinity Ca2+-specific binding sites
results in a closing of that domain, lowering its affinity for Tnl at the N-terminal end and
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allowing the Tnl inhibitory sequence (Tnl residues 96-115) the flexibility to shift from its
binding site on TnC to that on actin, thus switching the inhibition on. The regulatory signal is
thus transmitted via the central spiral region of Tnl, which contains the inhibitory sequence.

Fig. 4: Lg£ Stereo drawing of the model of 4Ca2*'TnC'Tnl. The white crosses depict Tnl, which
follows a spiral path winding around the TnC represented as an a-carbon backbone ribbon
drawing. The N- and C-terminal domains of TnC are labeled, as are helices C, E, and G which
were known to interact with Tnl. Right The same model with TnC represented as a CPK model.

5. Neutron Resonance Scattering from 24OPu-labeIed Calmodulin

Nuclei with strong resonances in their coherent neutron scattering amplitudes include the soft
metals l l3Cd, l l5In, rare earths I49Sm, l5lEu, 157Gd, 163Dy, 168Yb, 177Hf, the noble metal IMIr,
and actinides 230Tht

240Pu [14,15]. Of these nuclei, 240Pu has the strongest and sharpest
resonance (at 0.28 A, Fig. 6) that lies within the wavelength regime accessible using the Low-Q
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diffractometer (LQD) at the Manuel Lujan Jr Neutron Scattering Center (MLNSC), a spallation
neutron source at Los Alamos. A number of the resonant nuclei have properties that are similar
to biologically relevant metals. For example, 24OPu3+ is a positively charged ion with the same
ionic radius as Ca2+. We therefore undertook experiments in which we substituted 24OPu for
Ca2+ in calmodulin (Fig. 5) with the intent of measuring the resonance scattering form the 240Pu
ions to determine distance information. The experiment was initially aimed at demonstrating the
utility of this technique as a structural tool, and in the process we also demonstrated that 24OPu
binds specifically, with high affinity to the Ca2+ sites in the protein [16]. We were successful in
extracting the resonance scattering data, and were able to determine the average distance between
Ca2+-binding sites in each globular domain of calmodulin as 11.83 ± 0.42 A. This was in
excellent agreement with the values determined from the crystal structure coordinates.

6. Conclusions

With the powerful capabilities neutrons have for probing structure and dynamics in biological
molecules, one might ask why are neutron scattering techniques not more widely used? Why
are there not more high profile results from neutron scattering studies of biological systems?
The answer is simple. There are a very limited number of neutron sources with the needed
instrumentation and user support, and the neutron fluxes available today are at best marginal for
biological studies. Neutrons interact weakly with biological systems, the samples are generally
difficult to prepare in large quantities, particularly when isotopic labels are called for. Spallation
neutron sources are a number of orders of magnitude from their potential intensities and future
generations of spallation sources may well provide increases in neutron flux and usable
wavelength ranges to allow biological neutron scattering to reach its true potential.
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ABSTRACT

Importance of collective variable description of conformational dynamics of biopolymers
and the vital role that neutron inelastic scattering phenomena would play in its
experimental determination are discussed.

1. Role of Biopolymers in Life on Earth

Life on Earth has evolved from self-duplicating chemical reactions. This fact has a strong
implication on which aspects of the phenomenon of "life" we should focus our attention to,
if at all we can approach "life" as a kind of physical phenomenon. Given a phenomenon,
physicists ask what are the characteristic length and time scales of it. Let us take human
being as an example. Subjectively, its characteristic length and time scales appear to span
roughly from lmm (lower limit of space perception) to lm (body size) and from lsec
(lower limit of time perception) to 100 years (longevity). However, lower limits of these
ranges depend on space and time resolution of human perception, therefore not necessarily
reflecting the most essential scales. The essence of the "phenomenon of life" of human
being, as an evolved form of self-duplicating chemical reactions, exists in its constituent
molecules, whose chacteristic length and time scales are much smaller than the above-
mentioned subjective ones.

Throughout the long history of molecular and biological evolution, nature has searched for
new molecular technologies and has kept refining them. Nature has selected specific types
of polymers, nucleic acids and proteins in particular, as constituent molecules which can
store the results of these searches and refinements. Nucleic acids and proteins store such
information in their base and amino acid sequences, respectively. Being able to store
information, they are informational polymers.
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2. Protein as a Complex Molecule

Protein molecules adopt specific three-dimensional (3D) structures determined uniquely by
their amino acid sequence. Based on such specific 3D structures, protein molecules
perform their specific functions. Elucidation of principles behind the relationship between
sequence~3D structure—function is one of the most fundamental problem existing in the
area extending between material and life sciences.

Being informational molecules, we need large bits of information to describe temporal as
well as spatial structures of proteins. In this sense, proteins are complex molecules.
Complex four dimensional spatio-temporal structures of proteins are the basis of their
specific and refined functions. In other words, to elucidate the mechanism of function in
terms of 3D structure we need to know also its dynamics.

3. Experimental Methods to Determine Spatio-Temporal Structure

There are severe limitations in experimental methods now available for spatio-temporal
structures. X-ray crystallography is the most powerful method for structure determination
of biopolymers. However, at the present time (when the time-resolved Laue method has not
become really practical) structures determined by this methodology lacks temporal
resolution. Various optical spectroscopic methods provide information with high temporal
resolution. But, usually they lack spatial resolution.

To overcome this difficulty we have to rely on experimental methods which pertain to
spatio-temporal information, not just spatial information or temporal information but both
of them at the same time. Neutron inelastic scattering phenomena contain such
information. Another unique power of neutron scattering experiments is that they contain
more information about hydrogen atoms than X-ray scattering experiments do. However, I
think that the true intrinsic power of neutron scattering experiments exists in that they are
in principle able to provide spatio-temporal information about biopolymers, even though
this aspect has not been realized so well because of hardware difficulties. Much emphasis
should be put on the development of experimental methods which can take advantage of
the above intrinsic power of neutron scattering phenomena.

As another experimental method which pertains to spatio-temporal information, there is
NMR spectroscopy. Characteristic of this method is that its spatial information is very
local. In contrast, from neutron inelastic scattering phenomena we can obatin information
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about phonon-like collective motions in biopolymers. The question is: Is such information

valuable?

4. Collective Variable Description of Native Protein Dynamics

The most natural description of protein dynamics would be in terms of Cartesian
coordinates of constituent atoms. If a protein molecule consists of N atoms, we need 3N
variables to describe its dynamics this way.

Another method of describing native protein dynamics is in terms of a set collective
variables. There are two sets of mutually related collective variables that have been used in
practice. One is a set of normal modes which diagonalize both the mass matrix and the
Hessian at a minimum of con form ational energy function in the multi-dimensinal
conformational space. Another is a set of principal component modes, which diagonalize
matrix of mass-weighted second moments of displacements of atomic coordinates from
their mean values. Relation between these two sets of collective variables will be discussed
later.

Because either of these two sets of collective variables is obtained from a set of Cartesian
coordinates by an orthogonal transformation, description of dynamics in terms of such a set
of collective variables is mathematically equivalent to that in terms of Cartesian
coordinates. Relative merits depend on what types of motions are actually important in
proteins. The importance must be judged from two different aspects. At first we should ask
what types of motions are responsible for performing biological functions of proteins. Even
though this is the ultimate question to be answered, we have to approach this problem by
carrying out various experimental observations of proteins. Therefore we also have to ask
what types of motions of proteins are observed by various experimental methods.

As mentioned earlier, neutron inelastic scattering phenomena pertain in principle to
collective motions in proteins, whereas NMR spectroscopic data pertain to local structures
and motions. Therefore, descriptions in terms of Cartesian coordinates and in terms of
collective variables are both important depending on the nature of observables.

The situation is similar also from the point of view of biological functions. Clearly both
collective and local motions are impotant in various aspects of biological functions. As
classic cases of important collective motions, we can cite hinge-bending motions or
motions involving domains. In cases of proteins involved in redox reactions, in which
electrostatic potential at certain specific sites in a protein is important, collective motions
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cause fluctuations of such potential because of the long range nature of the electrostatic
interations and therefore play important roles.

5. Theoretical Studies on Collective Motions in Proteins

Severe limitations in experimental methods available for unvailing the spatio-temporal
information of proteins have been discussed in above. The method of computer simulation
offers a partial solution for this problem. Based on prior physico-chemical knowledge
about atoms and molecules, it enables us to generate temporal trajectories from
experimentally deduced structures with no time resolution. Because of such an ability, the
method of simulation can fill gaps between experimental observables, and provide us
essential four dimensional spatio-temporal pictures of biopolymers.

Two mutually related analyses, the normal mode analysis and the principal component
analysis, played important roles in simulational and theoretical studies of conformational
dynamics of biopolymers. The former is based on the assumption of harmonicity of
conformational energy function, while the latter is free from such an assumption. The two
analyses become identical when the energy surface is harmonic. In this respect, the latter is
an extension of the former. Because the energy surface is known to be very rugged even
within the range of native state thermal fluctuations, normal modes obatined from the
normal mode analysis may be anticipated to be rather un-related to principal component
modes obtained from the principal component analysis. However, the fact is that the
subspace spanned by a small number of principal component modes with large amplitudes
coincides very well with the subspace spanned by the same number of low-frequency
normal modes. This is the case, because, roughly speaking, many local minima occur
within the subspace spanned by low-frequency normal modes.

Various aspects of collective motions in biopolymers have been rather well studied
theoretically, and have been applied for interpreting various properties of proteins. For
details in this field, readers are referred to a recent review article [1]. What is very much
hoped is the development of experimental methods which can provide us with direct
spatio-temporal information of biolpolymers. Neutron inelastic scattering phenomena
should play a central role in such a direction.
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ABSTRACT

In the last decade dynamics of polymers in bulk state has been studied by quasi- and
inelastic neutron scattering techniques in the time range of 1O13 s to 1O10 s using LAM
spectrometers (LAM-40 and LAM-80ET) at KEK. The works can be classified into three
parts: (i) dynamics in glassy state, (ii) dynamics near glass transition and (iii) dynamics in
molten state. In the present paper, we review our studies on the low energy excitation in
glassy polymers, which is an origin of anomalous thermal properties of amorphous materials at
low temperatures.

1. Introduction

Dynamics of polymers has been investigated by many techniques [1] such as mechanical
relaxation, ultrasonic attenuation, dielectric relaxation, dynamic light scattering, fluorescence
depolarization and NMR. Polymer motions slower than 10~6 s are now well understood in
terms of Rouse model [2], which is strongly related to so-called segmental motions. Recently,
the tube model [3] shed light on the substantial nature of very slow motions in entangled
systems. However, there remain a lot of unsolved problems in motions faster than 10~8 s,
nevertheless many efforts were made by many research groups [4]. Less understood is
especially very local motions in the time range of 101 3 s to 10~10 s because there are few
methods to access this time range. This time range is the boundary between periodic motions
(oscillatory motions) and relaxation motions so that studies in this time range are fundamental
to understand relaxation processes in polymer systems from microscopic viewpoints. Neutron
scattering is one of the most valuable and powerful tools to study the motion in this time range.

In the last decade we studied dynamics of amorphous polymers in bulk state by quasi- and
inelastic neutron scattering techniques in the time range of 10"13 s to lO1 0 s using LAM
spectrometers (LAM-40 and LAM-80ET) at KEK [5-18]. The works can be classified into
three parts: (i) dynamics in glassy state, (ii) dynamics near glass transition and (iii) dynamics in
molten state. In the present paper, we review our recent experimental results concerning with
dynamics of polymers in glassy state studied using LAM spectrometers (LAM-40 and LAM-
80ET) at KEK.

2. Measurements

Quasi-and inelastic neutron scattering measurements were performed with the inverted time-
of-flight (TOF) spectrometers LAM-40 [19] and LAM-80ET [19,20] installed at the pulsed
spallation cold neutron source in the National Laboratory for High Energy Physics (KEK),
Tsukuba. The energy resolutions evaluated from the full width of the elastic peak are ca. 0.2
and ca. 0.018 meV, and the energy window are below 10 and 0.5 meV, respectively. The
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length of the scattering vector Qat the elastic position range from 0.2 to 2.6 A"1 and from 0.2
to 1.8A"1 for LAM-40 and LAM-80, respectively.

3. Dynamics in Glassy State

Major differences of dynamics between amorphous and crystalline materials can be
recognized in the low energy range below ca. 10 meV at low temperatures enough below the
glass transition where any relaxation processes cannot be observed in amorphous materials.
This is macroscopically manifested as anomalous thermal properties of amorphous materials
such as heat capacity [21]. The heat capacity C(T) of amorphous materials exceeds that
expected for crystalline materials (Debye solids) in two low temperature ranges. One is the
range below 1 K, where C(T) is proportional to T, and the other is the range of 5-20 K. These
excess heat capacities are due to excess excitations of the amorphous materials in the
corresponding energy ranges. The excess heat capacity below 1 K is well explained by a
tunneling model in a double well potential. However, the nature of the tunneling motion is still
unknown. Less understood is the excess heat capacity in the temperature range 5-20 K, which
corresponds to the excess excitations in the energy range 1-5 meV. Recently, inelastic neutron
scattering studies have been extensively made on this excitation (low energy excitation), but
there remain many unsolved problems. Here, we present the inelastic scattering neutron
scattering studies on the low energy excitations in amorphous polymers.

3.1 Low Energy Excitation in Amorphous and Crystalline Phases

In order to clarify the differences between the low energy excitations of amorphous and
crystalline phases, inelastic neutron scattering measurements have been made on polyethylenes
as a function of degree of crystallinity at 10K [5]. The dynamic scattering laws S(Q, to) of the
crystalline and amorphous phases of PE are shown in Fig.l(a). In the spectrum of the
amorphous phase of PE, a broad peak is observed at about 3 meV. This broad peak is absent
in the spectrum of the crystalline phase. We then directly conclude that the low energy
excitation around 3 meV is characteristic of the amorphous phase.

The density of states G(a>) is plotted in the form G(co)/a>2 versus (u for the amorphous and

crystalline phases in Fig.l(b). The figure shows that G(CD) of the crystalline phases is
approximately proportional to co2. This means that the excitations in the crystalline phase can
be described by the Debye theory in the examined energy range.

The heat capacity C(T) was calculated from the density of states G((o) shown in Fig.l(b) for
the amorphous and crystalline phases in the temperature range of 2 to 15 K and the results are
plotted as C(T)lT3 in Fig.l(c). The agreement between the temperature dependence of the
calculated and observed C(T)lT$ is fairly good. It is confirmed that the low energy excitation
around 2-3 meV of the amorphous phase is the origin of the excess heat capacity of the
amorphous phase.

3.2 Universality of Low Energy Excitation

Thermal anomaly at low temperatures is observed for all amorphous materials, suggesting
that the low energy excitation should be observed in all amorphous materials. In order to
confirm this, we carried out inelastic neutron scattering measurements on various amorphous
polymers as well as inorganic glasses [7]. In Fig.2, observed dynamic scattering laws S(Q,(o)
measured by LAM-40 are shown for ten organic polymers and three inorganic glasses. All the
samples except highly crystalline polyethylene (h-PE) show a broad excitation peak in the
energy range of 1.5 -4.0 meV. These data strongly demonstrate that the low energy excitation
is a universal property for amorphous materials.
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3.3 Spatial Scale of Low Energy Excitation

Many models and explanations have been proposed to describe the low energy excitation
in amorphous materials. At the present stage, the most plausible model is the so-called soft
potential model, which is an extension of the asymmetric double well potential model to
describe the excess heat capacity below IK. Based on this model, number of particles (or
atoms) participating in the low energy excitation mode has been estimated to be 10 ~ 100,
which corresponds to a length scale of 10 ~ 30 A [22]. In order to evaluate the length scale
of the low energy excitation mode, we have studied annealing effects on the excitation of
amorphous poly(methyl methacrylate) (PMMA) below and above the glass transition
temperature Tg (=105 °C).

The observed dynamic scattering laws S(Q,(o) at 73 K are shown in Fig. 3(a) for three
samples; not annealed and annealed at 73 and 180 °C. It is clearly observed that the inelastic
scattering intensity decreases with annealing. It is considered that the annealing makes
molecular packing in the sample closer, especially, at locations with density lower than the
average (open structure). The decrease of the inelastic scattering intensity may suggest that
the excitation is originated from the open structure.

In Fig. 3(b), total scattering intensity I(Q) of PMMA is plotted against Q for the three
samples , which have the same thermal history with those in Fig.3(a). Corresponding to the
decrease of the low energy excitation intensity [Fig. 3(a)], I(Q) decreases in the Q range of
0.2 to 0.9 A*1, suggesting that the structural change due to the annealing occurs in this Q
range. From this observation we directly conclude that the spatial scale of the low energy

excitation mode is 10 ~ 30 A (=2n/Q).

0.03
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• annealed at 77°C
• annealed at 180°C
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Fig. 3. (a) Dynamic scattering law S(Q,M) and (b) total scattering intensity 1(Q) of
PMMA annealed at 73 and 180 °C.
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I. Introduction

Vibrational spectroscopy is a frequently used technique in fundamental and applied research.
Infrared and Raman instruments are routinely available in many laboratories and companies,
whilst inelastic neutron scattering (INS) can only be carried out at a very limited number of
neutron sources. Vibration frequencies depend on the chemical bonds linking atoms and the
interactions between molecules. Intensities depend on interactions between the incident ra-
diation and the sample. Although vibrational spectra are commonly used to finger-print mo-
lecular groups for analytical purposes or process-control, these spectra also contain impor-
tant information on the vibrational dynamics which is still far from being fully understood.
The purpose of fundamental research in this field is to achieve a realistic representation of
vibrational dynamics. Theoretical approaches (e.g., quantum chemistry) are not yet able to
account precisely for the observations, and experimental vibrational spectra are still the only
means to obtain detailed information.

II. Major advantages of INS

1.1 Intensities

For optical techniques, the measured intensities cannot be fully exploited. With INS, the neu-
tron scattering process is entirely attributable to nuclear interactions. Each atom is character-
ized by its nuclear cross section. Therefore, transition moments can be calculated accurately
and measured intensities can be directly compared to calculations.

1.2 Contrast

The cross section of the proton for neutron scattering is about 10 times greater than that for
any other atom. Therefore, proton dynamics can be studied in many different non-
hydrogenous environments. This proton selectivity can be further exploited with specific
deuteration of some proton sites. As a result, INS intensities provide information on proton
dynamics that can be analyzed with greater confidence than the corresponding infrared and
Raman spectra.

1.3 Momentum transfer

The full scattering function, S(Q,G)), contains spatial information of the wave functions for
the corresponding vibrations. We can then use the Q dependence of the INS intensity to ob-
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tain the shape of the potential functions and the effective oscillator mass for the various vi-
brations.

1.4 Penetration depth

In many cases, electromagnetic radiations are strongly absorbed or refracted. In this situ-
ation, optical spectroscopies are limited to an extremely thin layer of sample at the surface.
In most cases, neutrons can penetrate most media and, therefore, probe the bulk.

III. Fields of application

Vibrational spectroscopy with neutrons already has achieved results of interest across most
of the classic disciplines of chemistry (e.g., organic, mineral, metals, surfaces, hydrides,
organo-metallic, polymers, materials, conductors, catalysts...), physics (e.g., lattice dynam-
ics, phase transitions, superconductors, magnetism in bulks or clusters, mechanical proper-
ties of solids ...) and biology (hydrogen bonds, dynamics in small molecules, water,
polypeptides, DNA bases, drugs, ...). ENS has proved its ability to reveal new and important
aspects of vibrational dynamics of great impact to fundamental and applied research. It ap-
pears more and more as complementary to optical techniques. New results obtained with INS
allow for a better understanding, and consequently a more effective use, of infrared and
Raman. In certain cases, INS imposes dramatic re-assignments of the optical spectra.

However, because the INS technique is much younger than infrared and Raman ; because it
can be used only at a very limited number of places through rather complex application pro-
cedures to oversubscribed spectrometers ; and because it requires rather large amounts of
samples, the number of problems which has been tackled is still rather modest compared to
the huge knowledge accumulated with the infrared and Raman techniques over several dec-
ades. It is clear that more INS spectrometers are needed. At the same time, limitations im-
posed by the performances of the available spectrometers (flux, resolution, energy and mo-
mentum transfer range) should be overcome for further investigations.

IV. INS spectrometers and neutron sources

An ideal spectrometer should cover the whole energy-transfer range of vibrational modes for
comparison with infrared and Raman, and a large momentum transfer range in order to
measure the intensity maxima for heavy oscillators. Extremely good statistics are required in
order to measure simultaneously vibrations due to protons and other atoms. Higher energy
resolution is necessary to achieve reliable spectral profile analyses. Such spectrometers are
not currently available and any step toward this prospect should provide new insight into
vibrational dynamics.

A prerequisite for vibrational spectroscopy with neutrons is a source providing a high flux of
neutrons with incident energies greater than vibrational transitions to be investigated. Indis-
putably, spectrometers like TFXA and MARI at ISIS cover greater energy or/and momentum
transfer range, with better resolution and lower background than their homologues at reactor
sources (e.g., EN1B and IN4 at ILL). They have provided unique results in the field of
vibrational spectroscopy and given a glimpse of the potential of the method. However, these
spectrometers are limited by their detected fluxes and it is worthwhile to increase
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flux/statistics/resolution in order to obtain even better views of the various types of dynam-
ics. Many outstanding problems could be pursued and new fields of investigation could be
opened up :

—More complicated spectra would be resolvable and, therefore, larger molecules
could be more effectively analyzed.
—Band-shape analysis could be performed at higher momentum and energy transfers.
—Combinations and overtones would be better distinguished. Auto-correlation func-
tions could be derived from band-shapes.
—Band origins would become sharper and clearly identified to much higher energies,
or for softer materials, or at higher temperature.
—Weak features of non-hydrogenous atoms would become observable.

V. Fundamental problems and prospects

V.I Force-fields

The objective for the interpretation of vibrational spectra is to determine atomic displace-
ments for each observed vibration.

Force fields derived from optical spectra are
largely arbitrary since they are based almost
exclusively on normal mode frequencies.
There are many examples of different force-
fields having been proposed for the same
molecule (e.g., at least 6 different force-fields
for the benzene molecule exist). With INS
spectroscopy it is possible to simulate spectra
and a comparison with the observation pro-
vides a rigorous evaluation of the quality of
any model (fig. 1). Although examples of
force-field calculations including INS intensi-
ties are still quite limited in what is still a
novel technique, they have provided a much

more focused picture than that obtained previously from optical techniques.

Nevertheless, force-fields consistent with INS intensities are not totally free of arbitrariness.
This is because INS spectra are dominated by protonic modes, and because the majority of
these spectra were measured over only a very narrow slice of (Q,co) space. Future force-
fields should be based on full S(Q,co) maps including weak bands at large momentum trans-
fer values.

Some molecular crystals (e.g., benzene, imidazole, thiophene, model bases in DNA,...) are
rather well represented with valence-bond force-field models. In some cases, relevant force-
fields are significantly at variance with those obtained earlier from optical data. Comparison
to vibrational spectra calculated with the most advanced methods of quantum chemistry pro-
vides an important yardstick of the quality of the theory.

Nmethyiacetamide (20 K)'

0,0
ooo

Energy Transfer (cm'1)

Fig. 1. Comparison of the observed (error bars) and
calculated (gray) INS spectra. TFXA spectrometer.
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In some cases, the valence bond approach
fails completely. This is the case for many
hydrogen bonded systems : KHCO3, N-
methylacetamide, polyglycines (PG) ... The
dynamics of those protons involved in hydro-
gen bonds are almost totally decoupled from
the dynamics of the other atoms and must be
described in terms of localized modes, rather
than normal modes. This is clearly revealed
on the S(Q,co) maps of intensity (fig. 2). This
dynamical behavior could not have been an-
ticipated from optical data. So far, such dy-

Fig. 2. S(Q(O) map of intensity for the partially n a m i c s a r e beyond the capabilities of quan-
deuterated N-methylacetamide at 20 K. The maxi- r n

mums of intensity are on the theoretical line for effec- turn chemistry.
tive oscillator mass of 1 amu. This confirms that the
proton vibrations are localized modes virtually inde- In some cases, INS intensities reveal that pre-
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pendent of the other atoms. vious assignments based on optical data are
largely in error. New assignment schemes must be proposed for infrared and Raman spectra.

V.2 Proton transfer along hydrogen bonds

Proton transfer is of considerable importance
to much of chemistry, physics and biology.
The transfer frequently occurs along an exist-
ing hydrogen bond (AH...B). In this case, it is
thought to be governed by a double-minimum
potential. Vibrational spectroscopy is the only
technique that measures atomic oscillations
on a time scale comparable with proton dy-
namics (i.e., 10"12 to 10~15s). Unfortunately,
optical spectroscopies have disadvantages for
the study of proton transfer that preclude a
complete characterization of the potential.
INS enables us to measure quantum
tunnelling directly.

Potassium hydrogen carbonate (KHCO3) is

-03 OO

Fig. 3. Quasi-symmetric double minimum potential
for proton transfer along the hydrogen bond in
KHCO3. The a = 0 —> a = / transition can be ob-
served only with INS.

a prototypical system for proton dynamics and proton transfer studies in hydrogen bonds.
The transition for quantum proton transfer within a quasi-symmetric double-minimum poten-

-1tial predicted at 213 cm (fig. 3), could be observed unambiguously only with INS, at 216
cm"1. Further INS studies have revealed tunnelling transitions for similar systems. These ob-
servations are seriously in conflict with the "vibration assisted tunnelling" model. Further
theoretical and experimental works are required to reconcile the different approaches.

The S(Q,u)) map of the tunnelling transition of the proton stretching mode has been meas-
ured at ~ 40 cm"1 for the triple helix structure of Polyglycine II. The double minimum po-
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Coal (20 K)

tential is symmetrical with a distance between the two minima of 0.5 A. Therefore, proton
transfer, an essential process in biology, is achieved naturally as a result of the hydrogen
bond. Symmetric double minimum potentials for formally asymmetric hydrogen bonds is in
conflict with the Born-Oppenheimer approximation. This represents a new challenge for
quantum chemistry.

V.3 Single crystals

A MARI-type spectrometer offers a unique opportunity to visualize vibrational wave func-
tion in space. For this purpose, S(Qv,Qv,Q.,,co) maps of intensity must be obtained for differ-

* y L

ent orientations of single crystals. Such measurements have been performed on potassium
dihydrogen phosphate (KH2PO4 or KDP) and KHCO3. The maps provide the most detailed
information ever obtained. Long-standing problems like vibrational coupling, Fermi reso-
nance, coherent tunnelling ..., can now be resolved.
V.4 Free protons in solids

The existence of free protons in solids has
been a matter of speculation for a long time,
but no experimental evidence has been ob-
tained, until recently, thanks to INS. S(Q,co)
maps with a ridge of intensity along the recoil
line have been observed for the first time for
coal (fig. 4) and manganese dioxide (y-
MnO2). Therefore, these materials contain
free bare protons. The physics of free protons
in such systems is not yet totally understood.

V.5 New protonic species

Fig. 4. Free protons in coal at 20 K give a continuum p o r y-MnOo, it has been speculated that
of intensity which is a maximum along the theoretical l

 +

line for effective mass of 1 amu. charge compensating entities such as (H )4

should be located near by Mn4+ vacancies. INS reveals that these entities effectively exist.
They behave like freely rotating tetrahedra at the centre of the oxygen octahedra surrounding
Mn + vacancies. The radius of gyration is 0.5 A. The tetrahedron inversion is observed at 40
cm .

In hydrated protonic conductors, mobile entities are proton hydrated species : MLO*, H-O2
+ ,

etc. The INS spectrum of (3-alumina reveals a tetrahedral symmetry for H-,0 entities, in-
stead of the trigonal symmetry assumed up to now. The remarkable capability of INS to re-
veal new protonic species in proton conductors is a very strong incentive for many more
studies.
V.6 Hydrogen in metals

Hydrogen dynamics in metals can be studied exclusively with INS which allows fundamen-
tals (between 500 and 1500 cm"1) and overtones to be observed. These dynamics are related
to the symmetry of the trapping sites and the depth of the potential wells. Much better resolu-
tion is required for a more precise analysis of band shapes which could reveal finer structure
due to tunnel splitting.

875 - 10.0
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.25 - 7.50
5.00 - 6.25
3.75 - 5.00
2.50 - 3.75
1.25 - 2.50
0 - 1 1 5

Momentum Transfer (A*1)
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V.7 Catalysts

INS provides unique information on catalysts and adsorbed molecules. Many catalyzed reac-
tions involve hydrogen in the catalyst or reactant molecules. INS enables identification of
adsorbed species, their geometry, and the strength of bonding at the surface to be ascer-
tained. INS has been used mostly to study hydrogen and reactant molecules chemisorbed
on metals, sulphides and oxides. A large increase of neutron flux would allow new catalysts
to be studied where the number of hydrogen atoms on the surface is small : supported cata-
lysts, post-combustion automotive catalysts, fuel cell catalysts ... Some catalysts cannot be
obtained in the necessary amounts required for INS experiments. With a more intense source
kinetics could be studied at non-cryogenic temperatures.

v-8 C60

INS has provided a remarkable insight into the vibrational dynamics of C™. This molecule
has such a high symmetry that only very few vibrational modes are active in infrared or
Raman. In spite of the very small scattering cross section of C atoms, all the vibrational
modes anticipated have been observed. In this case, INS is the only technique which allows
vibrational dynamics to be fully understood.

VI. New fields of application

A significant increase of detected fluxes should allow to apply INS to fields of interest which
are beyond the present source/instrument capabilities.

Molecules trapped at low concentration in "inert gas" cryogenic matrices are only very
slightly perturbed by their environment. Moreover, unstable species under normal conditions
can be studied. So far, INS spectra have been obtained essentially for quantum rotational
tunnelling of small molecules (CH4, NHA In principle, increased fluxes will allow internal
molecular vibrations to be observed.

INS spectra for samples under hydrostatic pressure, typically below ~ 10 kbar, are useful for
phase transition phenomena, but much higher pressures are necessary to observe significant
changes in forces between atoms or molecules. Very high pressure effects can be obtained
only with anvil cells, but the amount of sample is divided by a factor ~ 10 . A spectrometer
with a highly collimated neutron beam could offer this new field a great impetus.

For proton-containing systems the dynamics of the other atoms remains largely unknown. It
would be necessary to improve statistics by orders of magnitude to be able to observe simul-
taneously the heavy atom dynamics. The observation and characterization of new protonic
species is also one of the most challenging prospect of advanced neutron sources and spec-
trometers. The situation for non hydrogenous or fully deuterated systems is slightly better,
since the contrast between the strongly scattering protons and the weakly scattering heavier
atoms is largely suppressed. Previous measurements (C60, graphite, PTFE, glass...) demon-
strate that such measurements would in fact be feasible. Vibrational spectroscopy would then
become a well-established technique,

For very large energy and momentum transfer, neutron Compton scattering should provide
insight into the vibrational dynamics of a great variety of systems. This technique is comple-
mentary to the normal vibrational spectroscopy but it has been used very little so far, al-
though early results are very encouraging.

- 4 4 -



Hydrogen in Solids - Wave functions and potential -
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ABSTRACT

A new approach of neutron scattering, S(Q,£n) -map measurement, is proposed,

which is very useful for extracting the hydrogen potential directly. This approach will be

important for the investigation of the biological materials.

The most common element in the universe is hydrogen. It plays important roles in

almost all kinds of materials: metals, polymers and biological materials, and consequently a

large amount of time is spend studying its behavior. Hydrogen in a material containing

heavier atoms is a body in a potential well. This potential depends strongly on the chemical

environment and on the symmetry of the atoms around it. The extremely large scattering

cross-section for hydrogen make neutron scattering an ideal probe for studying the

dynamics of hydrogen in materials: neutron diffraction measurements can be used to

discover its position, and inelastic neutron scattering to provide vital information about the

hydrogen potential.

Because of the small mass of the hydrogen, it is not generally possible to use

Newtonian approximations, the dynamics have to be described in terms of quantum

mechanics, and so the motion of the hydrogen is uniquely sensitive to the potential in

which it resides. By treating the hydrogen atom as a body in a potential well, we can solve

the Schrodinger equation to get the excited states of the hydrogen atom.

(Ho + V)vn=En\j/n. (1)

With neutron scattering it is possible to measure the scattering function S(Q, e) directly.

Since the scattering from hydrogen is almost completely incoherent we can write the

scattering function in the form of as integral,

S(Q,£n) = <(X)exp(iQX)\j/0(X)dX (2)

where Q = k\ - kf, and £, and Ay are wave vectors for the incident and scattered neutron

respectively and Ej and Ef are the incident neutron energy and the scattered neutron energy.

Thus measurements of the scattering function directly probe the shape of the hydrogen

wave function, from which the shape of the potential can be found from the Schrodinger

equation.
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The normal method used to determine a potential is to measure the position in

energy of the excited states, and refine the potential V which can reproduce these energies

En. However, to get an accurate potential requires the measurement of a very large number

of excited states, which is often not possible as the energy resolution of neutron

spectrometers degrades at high energies. However, by mapping the actual shape of the

wave function it should be possible to extract the exact hydrogen potential directly. Here,

as an example, I will show the neutron scattering measurements on the hydrogen bonded

compounds, and report the future possibility of this new method.

The phase transition mechanism in hydrogen bonded ferroelectrics has been one of

the 'time-honoured' subjects. The central issue is the large isotope effect on the phase

transition temperature Tc found in various materials, typically in KH 2PO4 (Tc(H) =122

K; T C(D) = 213 K). Recently, Sugimoto and Lceda proposed a new model of 'proton

interacting with the electric dipole moment1, in which the isotope effect on Tc mainly

comes from the isotope dependence of the zero-point energy of H(D)-atom. Later, Yamada

and Bceda introduced a similar model of 'tunnelling proton interacting with the lattice', and

explained the drastic changes in the quasi-elastic scattering through Tc. In these models,

the total Hamiltonian H can be written as

H = Hp + Hq + H ,

Hp = - (h2/2mp)O
2/82X)+ Uunperturb(X) ,

Hq = - (h2/2Mq)O
2/32q)+ -̂MqCOqq2 andq ^

Hpq= Xqx. (3)

Here, Hp, Hq and H' pq are the Hamiltonian for proton, the lattice and an interaction term

between both systems, x and q are coordinates of the proton along the hydrogen bond O-H-

O and the lattice, respectively. Assuming protons in the self-trapped state, the proton wave

function (pq(X) and the lattice wave function ©m(q) a r e derived from the following

equations;

[ - (h2/2mp)O
2/92X)+ Uunperturb(X) + Xqx](pq

n(X) =Ep
n(q)cpq

n(X)

[ - (h2/2Mq)(3
2/92q) +V (q)]0m(q) =Em0m(q). (4)

Here V(q) is a lattice potential defined as V ( ( ^ = 2 M c ^ q 2 +2EP (9) . Ej(q) is the ground

state energy of H-atom. In a case of D-atom, E^(q) should be replaced by E°(q). The total

wave function of the whole system can be given as O(q,X) = cpq(X)0(q). The stable state

of lattice, qc, can be given by a condition of (dV(q)/dq)q = qc = C.

Sugimoto and Ikeda postulated the following potential function as the unperturbed

hydrogen potential [3];
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Uunperturb (x,y ,z)= |

+V([(x-x1)
2+y2+z2]1/2)+V([(x-x2)

2+y2+z2]1/2) , (5)

where a and P are bending angles. V(r) is the Morse potential defined as

V(r)=Vo[e-2a<r-r°)-2e-a(r-r°>]. Here xi and x2 are positions of oxygen at x = -Ro-o/2 and

+Ro-o/2. In the 3-D numerical calculation, it was assumed that the values of Vo, a, r 0. f

and g are identical in both KDP and DKDP. Using V 0 =2.3 eV, a=3.0 A"1, ro=O.98 A, f=

0.34 eV and g=1.32 eV, we calculated the excitation energies and the porlarization of the

H(D)-modes, and obtained good agreements at Xqc= 0.8 eV/A for KDP and X qc= 1.0

eV/A for DKDP, respectively.

In order to study the shape of the potential in the hydrogen bond, KHCO 3 is ideally

suited. All the hydrogen-bonds are parallel and aligned along well defined crystallographic

axis. With no averaging over different hydrogen sites, it is possible to extract the single

hydrogen wave function exactly. In KHCO 3, we observed sharp inelastic peaks at e =125,

170, 230 and 290 meV, and a broad peak around 340meV. From the anisotropy of the

S(Q,e) map, the excitations at 125 and 230 meV correspond to out-of-plane bending modes

(230 meV excitation is considered to be the second order of 125 meV-mode). That of 170

meV is due to an in-plane bending mode. The broad peak corresponds to the stretching

mode. By using the hydrogen wave functions of the excited and the ground states, the

intensity map S(Qx,Qy,en) on the [Qx- Qy] plane observed at en = 125 and 230 meV are

given as

S(Qx,Qy,en) = I Mn(x,) exp[iQxx + iQyy]dxdy 6(en-E i + Ef) (6)

where

Mn(x,y)= I \|/+(x,y,z)\|/0(x,y,z)dz (7)In(x.y)= I Vn(x,y,

Qx is parallel to the stretching direction and Q y is parallel to the out-of-plane bending

direction. This equation means S(Qx,Qy,en) maps correspond to the Fourie transform of the

transition distribution Mn(x,y) which is the production of the ground state wave function

and the n-th excited state wave function. Adopting a proper transition distribution Mn(x,y)

as

1

we performed the least square fitting to the observed S(Qx,Qy,En) -maps, and actually

determined the fyln(x,y) maps. M?(x,y) is the transition distribution defined by using the

harmonic wave functions. Those determined Mn(x,y)-maps en =125 and 230 meV are

shown in Fig.l(a) and (b).
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Assuming the above potential of [ Uunperturb(X) + Xqx ], we also performed the 3-D

numerical calculation in which V o =2.3 eV, a=3.0 A -1, ro=O.98 A, f= 0.9 eV, g=2.1 eV

and ^q c = 1.3 eV/A. Their values are almost the same to those in KDP. The calculated

excitation energies and their porlarization of the H-modes were in good agreement with the

observed values. The potential used in those calculations is shown in Fig.2. Furthermore,

the transition distribution maps obtained in these calculations are shown in Fig.3(a) and

(b). The agreements in the calculated and observed maps are fairly good. By this

comparison, it was again confirmed that our proposed potential in the hydrogen bonded

compounds is correct.

We reported, in the case of KHCO3, that the S(Q,en) -map measurements are very

useful for extracting the exact hydrogen potential directly. As mentioned above, the

hydrogen, the most common element in the universe, plays important roles in almost all

kinds of materials. Further, the extremely large scattering cross-section for hydrogen make

neutron scattering an ideal probe for studying the dynamics of hydrogen in materials.

Therefore, if the higher intense pulsed neutron source and the neutron spectrometers with

the higher energy resolution will be realized, it can be expected that the above new neutron

scattering technique, S(Q,£n)-map measurement, will provide many important information

for the hydrogen motions in the more complicated materials, specially, biological materials,

and make the origin of 'life' clear.
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Figure 1. The observed Mn(x,y) maps ofKHCO3 at 125 meV (a) and 230 meV (b).

The directions labeled as x andy are parallel to the 0-0 bond and the out of plane

bending respectively.
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ABSTRACT

Structure and dynamics of the monolayers physically adsorbed on the
surface of graphite has been studied by neutron scattering. For a better
understanding of the results, calorimetric measurements have also been
performed. Rotational tunneling of isotopic methanes and orientational
order-disorder of some simple molecules is investigated.

1. Introduction

Physisorbed monolayers can be recognized as a counterpart of the
molecular solids. In some cases, investigation of the system leads us to have
a key for the problems to be solved on the bulk solids. The monolayer can
also be recognized as a new phase of matter. Investigation of the structure
and the dynamics is extremely important in order to understand subtle
balance of the molecular interactions. However, since the system is rather
diluted, it is not easy to obtain the data of good quality by neutron
scattering as well as by any experimental techniques.

Some of the results so far obtained are described below, which will
be much improved when a new intense source of neutrons is available in
near future.

2. Rotational tunneling

Rotational tunneling occurs when the wave functions of two or more
identical atoms with degenerate librational energy levels overlap. The
energy levels split in order to lift the degeneracy. This splitting is referred
to as tunneling and is observable at low temperatures when the effect of
thermal vibrations are small. It is a particularly sensitive probe of the
interatomic forces responsible for the rotational potential. While the
neutron scattering technique has held a central position in such studies, it
has always faced the difficulty of low source intensity with little possibility
of significant developments. The present generation of pulsed neutron
sources that are now operational can provide new opportunities for
neutron scattering experiments in this field with a wider energy range
and a better energy resolution.

2.1. CH4

Methane molecules sit on the graphite surface in such a way that every
third of the graphite structure is occupied by a methane molecule, where
every molecule senses a trigonal field. The energy scheme was already
worked out from the tunneling spectrum and the T level is split into two [1].
This problem has been further explored on IRIS [2]. By using oriented
graphite surfaces, excitations parallel and perpendicular to the surface
could be distinguished. The resolution used was approximately five times
higher than previously used and has revealed extra detail in the spectra.
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We found that it is necessary to introduce an extra parameter H,
representing the interaction between orientations connected by two-fold
rotation, in order to explain the data adequately.

A lowest temperature of 0.35 K was achieved by using a sorption
refrigerator for the neutron scattering experiments on LAM-80ET for a
sample of the monolayer CH4 adsorbed on graphite. This experiment was
aimed at observing the conversion among the spin species [3]. The
tunneling spectra obtained at 0.35 K with oxygen in trace amounts clearly
showed that the spin system does come to equilibrium (Fig. 1).

-200 - t o o 100 200

-100 0 100

Energy Transfer (peV)

Fig. 1. Tunneling spectra from the
monolayer of CH4 on graphite
measured on LAM-80ET at 0.35 K
with (a) and without oxygen (b).

2.2. CH3D
For one of the isotopic methanes CH3D on graphite, the spin conversion
becomes much faster [4]. The equilibrium heat capacity was obtained as
illustrated in Fig. 2. A combination of the heat capacity measurement and
the neutron scattering experiment has determined the energy scheme [5],
which is much more complicated than that for CH4 on graphite. In this
case, a knowledge of the heat capacity has played an important role in
determining the whole energy scheme. The higher resolution spectra (Fig.
3) make it possible to give an unambiguous assignment of the tunneling
spectra, which is different from that previously proposed. Bayesian
analysis techniques (often referred to as Maximum Entropy) have been
successfully implemented, and are proving to be remarkably powerful in
reliably extracting closely associated and overlapped lines in tunneling
spectra.

Fig. 2. Heat capacity of the monolayer
of CH3D adsorbed on graphite.

10 20 50 100
T/K
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Energy Transfer

Fig. 3. Tunneling spectra from the
monolayer of CH3 D adsorbed on
graphite measured on IRIS,
(a) Q_ perpendicular, (b) Q_parallel.

A reasonable extension of this study would be the similar study for
CHD3. Because it has the same molecular symmetry, C3v. However, the
tunnel splitting will become smaller and the intensity will become weaker,
where we need more neutrons.

3. Orientational order-disorder

Globular molecules often exhibit a phase transition in the bulk solid. In the
high temperature phase, orientation of the molecules is disordered, in
which there has long been an interest. We are interested in the 2-D solid.

3.1. Carbon monoxide
Solid CO has a residual entropy at 0 K, which arises from freezing-in of
molecular end-for-end reorientation. For the adsorbed system, CO molecules
are in registry with the underlying hexagons. The molecules are believed
to be ordered in molecular axis orientation below 20 K in such a way that
molecular quadrupole interaction determines the arrangement. The
question really was that "Are the CO molecules further ordered at even
lower temperatures?" Because the head-tail of the molecules is still
disordered in this structure.

We found another anomaly in heat capacity at 5.4 K (Fig. 4). The
entropy change associated with this is roughly R In 2 [6]. We also measured
the heat of adsorption and found that the monolayer has no longer residual
entropy at 0 K [7]. Therefore the transition must be due to dipolar ordering,
that is head-tail ordering, of the CO molecules. Although we tried to find the
ordered-structure by neutron diffraction, it was not successful. It is not
easy to distinguish C and O either with X-ray or with neutrons.

r> 1 0 -

Fig. 4. Heat capacity of the
monolayer CO/graphite (o)
and N2/graphite (•).
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3.2. Adamantane
Adamantane is the simplest saturated polycyclic hydrocarbon possessing a
cage-like skeleton like that of the crystalline lattice of diamond. It has
globular shape with Td symmetry. The bulk solid has an orientationally
disordered phase between the melting point (542 K) and the transition
point (209 K). For the monolayer, we found an anomaly in heat capacity
around 192 K. We obtained the diffraction pattern with neutrons (Fig. 5) as
well as X-ray. Although the second peak was contaminated by the (002)
reflection of graphite itself, we noticed that the third peak was important
to determine the orientation of the molecules. For the high-temperature
phase of the adamantane monolayer, we observed a significant
contribution of the quasi-elastic component (Fig. 6). As the temperature
goes up, the elastic component becomes weaker and the quasi-elastic
component becomes slightly wider. With a high resolution spectrometer,
we observed another quasi-elastic contribution.

3 .

0.6

Fig. 5. Diffraction pattern obtained
for the monolayer of fully deuterated
adamantane.

4. Conclusions
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Fig. 6. Quasi-elastic scattering from
the adamantane monolayer.

The study described here on the surface adsorbed monolayers has
interdisciplinary nature in itself. The synergetic use of neutron
spectroscopy and diffraction as well as any other techniques like
calorimetry is therefore extremely important. The international pooling of
different skills and high quality facilities will lead to considerable progress
in the understanding of the structure and dynamics of adsorbed
monolayers. New scientific directions will be opened up further in this
field when the JHP is realized.
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New ideas for experiments to improve the T-violation limit by a factor of 10 to 100
is discussed for a intensive spallation neutron source. The methods to improve the
limit of the right-handed current and the neutron lifetime are also discussed

I Introduction

The neutron is an elementary particle. The properties of the neutron, mass,
lifetime, magnetic moment, charge, electric-dipole moment (EDM) have been a
matter of great concern in fundamental physics, because those are very important
to proceed various kind of physic, particle physics, nuclear physics, astrophysics
and cosmology. The neutron also plays important roles as a probe for the
fundamental interactions, since the neutron interacts with matter in various ways,
weak, electromagnetic and strong interactions, and interacts with fields, gravity
and electromagnetic fields.

The experiment on the neutron EDM has a history of 30 years. The first
experiment was carried out by Ramsey, just after the discovery of the parity
violation in the weak interaction. After the discovery of the CP violation in K°
decay, great effort has been made to improve the accuracy of the neutron EDM to
test theories to explain the CP violation in the kaon system. Some of these theory
were already kept away. The present limit of the neutron EDM is 10-25 cm. The
left-right symmetric model, CP violation in QCD and Higgs theory of Weinberg
predict the neutron EDM of around 10"26 cm. An innovative ideas is proposed to
put forward the experiment to the interest region.

The neutron has of course wave property and therefore, plays important
roles in fundamental tests on quantum mechanics. Interference experiment on
neutron wave has been observed by a Si perfect crystal interferometer. The
interferometer has also been applied to detect fundamental interactions. The
neutron phase shifts have been measured under gravity or electrostatic field. The
limit of the neutron charge has been obtained by a phase shift under an
electrostatic field. Recently, a new type of neutron interferometer, a Mach-Zchnder
interferometer is developed. A new opportunity will be open in this field by this
new interferometer.

A phase shift is also found after propagation through matter. Strong,
electromagnetic and weak interactions of neutron with matter has effects on the
phase shift of the neutron wave. The phase shift is measured by neutron
polarimetry. For polarized nuclear target, an effect of 7-violating interaction is
found in the phase shift which is proportional to the vector product between
neutron spin s, momentum k and nuclear spin I, s • k x I. The 7-violating phase
shift provides us a new opportunity for the study of T violation and CP violation.

The neutron played important role in understanding the creation of the
universe, since the neutron is one of the most important constituent in the
universe. Many particles are created upon the phase transition from the quark-
gluon plasma and then various kind of elements are created by the nuclear
reaction from neutrons and protons. We can understand how the universe was
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created, if we know the abundance of particles and elements, for example baryon
to photon number ratio bly and helium content, and neutron lifetime. The neutron
lifetime is also important to understand the burning of the sun. The burning of the
sun is governed by the weak process. Therefore, fundamental coupling constant of
the weak interaction is required. The neutron p decay is the most simple nuclear P
decay: There is no uncertainty related to the structure of the particle, since the
neutron decays to elementary particles, proton, electron and anti-neutrino.
Therefore, the neutron p decay provides us an ideal opportunity for the study of
fundamental coupling constants of the weak interaction, vector and axial vector
coupling constants Gv and G\.

The parity violation means coexistence of the vector and axial vector currents
in the weak interaction. In the standard electroweak theory, the strength of the
coupling constant is the same for the vector and axial vector current and the two
currents couple in left-handed in the weak-isospin changing process as in the
nuclear /3 decay. The left handed current is fixed by the lepton-helicity and
asymmetry-parameter measurements of the nuclear p decay. In the nucleon weak
current, the value of GA is different from the value of Gv due to the strong
interaction. Because of conservation of vector current, no effect is on the vector
coupling constant as on the electromagnetic coupling constant. However, a small
effect is on the axial vector coupling. The ratio of GA to Gv, A is explained by the
Goldberger-Treiman relation. For the study of a possible right-handed current,
another independent information of the coupling constant, for example the ft value
of 0+ -» 0+ super allowed Fermi transition is required in addition to the asymmetry
parameter and lifetime of the neutron p decay. To improve the accuracy of the
decay parameters of the neutron P-decay, new methods are proposed.

Intensive discussion on the fundamental physics with neutrons was at the
workshop of JHP(Japan Hadron Project)-neutron physics on "Nuclear Physics and
Fundamental Physics with Neutrons" which was held at INS(Institute of Nuclear
Study of Tokyo University) in May 19_20, 1995 and at KEK in March 15_16, 1996.
The details of the discussion are reported elsewhere. Here we discuss the T-
violating neutron transmission experiment and the neutron-EDM and neutron-
decay experiments with ultra-cold neutrons.

11 Production of ultra cold neutron for experiments on j3-decay and EDM

The refractive index n of the neutron wave in matter is represented in terms
of the neutron wave number k, nuclear number density p and forward scattering
amplitude /(0) as

n = 1 + 27t/ki • p -/(0) (1)

In vacuum, the refractive index is of course unity. The sign of /(0) is negative for
almost all nuclei, therefore, the refractive index in matter is smaller than in
vacuum. The critical angle of the total reflection for the neutron become 0 at very
low energy, for example less than 200 neV for nickel. Neutrons in this energy
region are called ultra-cold neutrons (UCN). Ultra-cold neutrons can be confined in
a bottle. This phenomena has been used for neutron lifetime and EDM
measurements.

A great attention has been paid for a new method to produce intense UCN.
Golub proposed to use a knock on collision of a cold neutron with super-fluid liquid
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He-II. H] The energy-momentum dispersion curve of the He-II is similar to of the
neutron at cold neutron region and coincide at X = 8.9 A. A is the neutron wave
length. At this point, the neutron energy is greatly reduced and an UCN is
produced. This phenomena was clearly observed at KEK experiment,^] which is
shown in Fig. 1. Cold neutrons from a reactor at JAERI was guided to a velocity
selector. After velocity selector, neutrons impinged on a liquid He-II container of
3-m length. UCNs, which are produced upon the collision with He-II are
accelerated by gravity so as to transmit the wall of the He-II container. Neutrons
were detected by a specially designed 3He proportional counter. A thin nickel-foil
was periodically inserted before the 3He counter to identify UCN events. The
difference in neutron counts between with and without the nickel foil is the UCN
counts. In Fig. 2, the UCN counts are shown as a function of the neutron wave
length which is picked up by the velocity selector.

The He-II UCN production is quite useful for the neutron lifetime
measurement, since UCN can be confined in a magnetic bottle, where no interaction
for the neutron exists except the weak decay.PI The systematic error in the
previous measurements come from neutron loss through wall collision. The
number of neutrons decreases only through the weak decay in the magnetic bottle,
therefore, the lifetime can be measured by only neutron counting as a function of
time. Tokyo group proposed a similar magnetic bottle to confine UCNs from a
super-mirror turbine placed at the reactorJ4) The combination of the He-II UCN
production and the magnetic bottle is more promising, since the UCN intensity in
He-II is large because of no extraction loss for UCNs except the /3-decay. The
accuracy of the lifetime will be improved by a factor of 100.

UCN is also useful for the measurement of other /3-decay parameters, for
example the asymmetry parameter API UCN can be moved from strong magnetic
field to weak field region, where electrostatic field is applied. The /?-decay
products, protons and electrons round on the magnetic field and go to electron and
proton counters. Neutrons are easily polarized up to 100 % by using a foil of
ferromagnetic material as a spin filter. The polarization accuracy of 10'3 is
possible. The /J-ray angular distribution W(0) from polarized neutron is

W(Q) oc 1 + pn A cose (2)
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Since the acceptance of the /J-counter covers the hemisphere, a region of
acceptance angle 8 from 0 to 90°, therefore, the error due to 8 is very small. As
the result, the accuracy of 10'3 is possible for the measurement of A, which
improves the present constraint for the right-handed current.

UCN in liquid He-II is quite useful for the EDM experiment. In the EDM
experiment, polarized neutrons are confined in a bottle, where a strong
electrostatic field and a small magnetic field are applied. The Hamiltonian of the
neutron in the fields is

H = -{dns-E+fins-B) (3)

s , dn and fin are the neutron spin, EDM and magnetic moment, respectively. The
neutron spin precesses around the sum of the magnetic field and electric field.
EDM signal is detected by a change in the precession frequency upon reversal of
the electric field. In order to detect EDM signal accurately, electric field should be
as strong as possible, but limited by dielectric breakdown of the material of the
apparatus and surroundings. In liquid helium, electric field can be increased, since
liquid helium has good dielectric characteristics. For the accurate EDM
measurement, noise should be as small as possible. Fluctuation of the magnetic
field is observed as the noise. In He-II, superconducting coil and superconducting
shield can be easily applied, therefore, the fluctuation is greatly reduced. In
addition to the above mentioned advantage, innovative idea, the dressed 3He spin
technique was proposed to improve the EDM accuracy.f6^ In radio frequency field
B\ of frequency CORF, the gyro-magnetic ratio of the spin is modified as

(4)
(5)

If we adjust the parameters of the RF field so that the effective gyro-magnetic
ratios of the neutron and 3He spins coincide and set the neutron spin and 3He spin
parallel, the two spins precess in the same way. If we apply an electrostatic field,
the anti-parallel spin state between neutron and 3He spins comes out during the
precession because of the first term in Eq. (3) and is absorbed by the 3He. The EDM
signal is detected as a change in absorption in the electrostatic field.

We discussed here, intense UCN plays important roles for progress in
fundamental physics. Serebrov proposed a new idea for a cold source to increase
UCN production by a factor of 1000.^ Coupling the new cold source with the He-II
method is quite promising. A new field will be opened for UCN physics in the
intense spallation neutron source.

I l l T-violating transmission experiment

The measurement of the s • k x / correlation term in neutron propagation
has several advantages as a T-violation experiment. Firstly, we can expect large
enhancement as in the P-violating s • k correlation term. Secondly, there is no final
state interaction, since initial and final states are the same plane wave in the
neutron propagation. Thirdly, nuclear wave function uncertainty is greatly
reduced in the ratio of the T-violating to P-violating term. The problem in the T-
violation experiment is to eliminate false effects come from other correlation
terms. Many kinds of method to eliminate the false effects have been
proposed.[7,8,9,10] Here we discuss a new method,t11! which is promising to
improve the 7-violation limit by the neutron EDM. In the method of Stodolsky,
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a difference in spin-flip probability between forward to backward flipping and
backward to forward flipping is measured. The two spin flip processes are time
reversed processes for each other, if the rate of irreversible neutron absorption
dose not change as in the exact alignment where neutron polarizer and analyzer
polarizations are anti parallel and both are along the neutron-momentum axis (z
axis), and the target nuclear spin is along the x axis as shown in Fig. 3. However in
a real experiment, we can not exclude small misalignments in polarizer, analyzer
and target nuclear poalrizations.n2] Including the misalignments of the polarizer,
analyzer and target nuclear polarizations,

(6)
(7)
(8)

the difference of spin-flip probabilities is calculated in terms of density matrix
formalism as

= exp(-2Im(0o))
{2[exP0 - Sx-Pa + (eyP0 - SyPa)8y + (Po - P&)8z]Pi Re[cosfc(i sinb/b ft)*]

+ 2(P0 - Pa) Re[cosfc(i smb/b fa)*)
+2[(exP0 + ZxPa)8y - (£yP0 + ZyPa)]P\ lm[(s\nb/b)(s\nb/b)* ftfo*]

+ 2(P0 + Pa)Pi2 lm[(sinb/bXsinb/b)* <p\<p2*]}. (9)
', XlpD\ A/pC), (10)

(11)

Here, the neutron spin is controlled so that the spin rotates from forward to
backward or vice versa. The values of cost and {s'mblb) is the order of 8 and 21K,

- 5 8 -



respectively. / is the neutron propagation length through matter. The parameter
A', B', C and D' are spin dependent scattering amplitudes,^]

/(0)= A' + B' Pia I +D'PI<J • (kxI) + C a k . (12)

The first, second and third terms are false effects, which mainly come from
difference in polarizer and analyzer, since the neutron momentum is reversed and
therefore, the polarizer and analyzer are exchanged under time reversal. If we
assume the relation between an experimental apparatus and a neutron beam is
invariant under apparatus rotation by 180°, we can realize exact time reversal for
the neutron momentum. As a result, we can realize time reversed polarized
neutron propagation through a polarized nuclear target by the 180° rotation and
polarization reversal with magnetic field reversal. The polarizations in Eq. (6,7,8)
transform as

P o = (ExPo, EyPo, Po) -> Po = (£xPa, -£yPa, -Pa) (13)
Pa = (-IxPa. -SyPa, -Pa)-> Pa' = (-exP0, £yPo, Po) (14)
Pi = Pi(l, Sy, Sz) -> Pi' = -Pi(l, -5y, -8Z) (15)

Here, we assume the nuclear polarization is along the magnetic field and the
absolute values of the polarization and magnetic field are not changed under the
180° rotation and the polarization reversal. Under the transformation, the first,
second and third terms in Eq. (19) do not change sign, but the fourth T-violating
term changes sign. As the result, all the small misalignment terms cancel under
the experimental time reversal. The result is promising to improve the limit of the
T-violation by the neutron EDM in order of magnitude. The present T-violating
neutron propagation is a unique experiment in the intense spallation neutron
source.
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Abstract:

Models of the stellar evolution and nucleosynthesis in stars is necessary to investigate the

record of the Big Bang. The observed abundances of various elements in stars could be used

to construct the models. Since the heavier elements than iron are considered to be

synthesized by the neutron capture reaction of a nucleus in stars, it is necessary to measure the

reaction cross section at stellar temperature to estimate quantitatively the production yield of

these elements. To this purpose pulsed keV neutrons from the JHP spallation source would

be very useful.

In order to reveal the record of the Big Bang it is necessary to construct the models of the

chemical evolution of the Galaxy, which could be made by constructing the models of it's

composition.1' Therefore, it is quite important to construct the models of the stellar evolution

and nucleosynthesis. The observed abundances of various elements in stars have been

playing an important role to construct the models of the stellar evolution.2> Those elements

heavier than iron are considered to be synthesized by the two neutron capture reactions of

rapid-(r) and slow-(s) processes in stars at stellar temperature of around 108 K, which

corresponds to the neutron kinetic energy between 10 and 300 keV.3) Here, although the

astrophysical site of the r-process remains as an open problem to be solved,4' that of the s-

process is claimed to be the He-burning shell of an asmyptotic giant branch star.5' The

neutrons from the 13C(ct,n)16O and 22Ne(a,n)25Mg reactions are considered as the neutron

source for the s-process isotopes, and pre-existing Fe (seed nucleus) reacts with these

neutrons, producing the heavier elements. Therefore, it is necessary to measure the neutron

capture cross sections of various nuclei at stellar temperature to know the production yields of
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s-process isotopes. One of our recent work on the neutron capture reaction of a nucleus is

discussed below.

Recently, a lot of efforts are being paid to look for the s-process isotopes in less evolved old

stars by the Hubble telescope etc.. It is quite natural to know the abundances of the s-process

isotopes for low metallicity (ie., less evolved old) stars to construct models of the chemical

evolution of the Galaxy.15 In order to construct the models of the evolution of the s-isotopes

in these stars, abundant light nuclei, such as 12C, 16O and 20Ne, have been claimed to play an

important role as a possible neutron poison.2) Namely, in these stars, the abundance of the Fe

seed nucleus decreases, however, those of the light nuclei remain the same. Therefore, if the

neutron capture cross sections of these light nuclei would be large, the yields of heavier s-

isotopes decrease. The number of neutrons captured per initial Fe is estimated as a function of

metallicity as shown in fig.l, where the assumption was made for the capture cross section of

the light nuclei.2) It is seen clearly that no significant s-isotopes can be produced at metallicity

below 10'2. Thus, it is quite important to measure the neutron capture cross section of these

light nuclei.

As for the primordial nucleosynthesis, a standard big-bang model of cosmology is well

known to explain nicely the observed abundances of the light elements, up to 7Li.6) Recently

an inhomogeneous big-bang model has been proposed as an alternative model of the standard

one,75 and thus it is important to study both the standard big-bang model and the

inhomogeneous model in detail by determining the primordial abundance of the light elements

and by measuring precise nuclear reaction rates, which concern the primordial nucleosynthesis.

The p(n,y)d reaction is one of the most important reactions in the primordial nucleosynthesis.

However, it has not ever been measured directly at astrophysically relevant energies.

Recently, we have measured the cross sections of the 12C(n,v)13C, 16O(n,Y)I7O, and p(n,y)d

reactions. It should be noted that the capture cross sections of these nuclei have not been

studied well.

The experiment was carried out by using pulsed neutrons in the neutron energies between 10

and 300 keV. The neutrons were produced by a 7Li(p,n)7Be reaction by using a bunched

proton beam, provided from the 3.2MV Pelletron Accelerator of the Research Laboratory for

Nuclear Reactors at the Tokyo Institute of Technology. Samples of polyethylene, carbon,
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enriched Li2O, and a gold (Au) were used. Au was used for normalization of the cross

section, since the capture cross section of Au has been well known.8) Prompt y-rays from a

capture state were detected by an anti-Compton Nal(Tl) spectrometer.9) The time-of-flight

(TOF) spectrum was measured by the Nal(Tl) spectrometer in order to obtain the background

subtracted (net) y-ray spectrum. A typical net y-ray spectrum from a capture state of the
16O(n,y)17O reaction is shown in fig.2. The absolute cross section of 16O was obtained by

comparing their y-ray intensities with that of Au and it is obtained as cr(E)=1.0/(E)1/2 +

3.80(38)(E)1/2. The energy dependence of the second term indicates that the keV neutrons are

captured dominantly by a p-wave. Thus, the Maxwellian-averaged capture cross section at the

temperature of 30 keV was obtained as 38(4) \xb, which is 170 times larger than the previously

reported value of 0.2(1) ybm

In these studies we have successfully measured the small cross sections of proton, 12C and
16O in the neutron energies between 10 and 300 keV. The cross sections of the p(n,y)d

reaction are in good agreement with the newly calculated theoretical values.11' The present

result of the large reaction rate of the 16O(n,y)17O reaction has important implications for

nucleosynthesis theory of s-process, especially in metal deficient massive stars as a very

important neutron poison. As for the inhomogeneous big-bang models, the present result

favors the production of intermediate-heavy mass nuclei. The large capture cross section

obtained here can be explained by a non-resonant p-wave capture,n) which was found also in

the 12C(n,y)13C reaction.13) Recently, the very interesting theoretical calculations based on the

direct radiative capture model have been carried out by Otsuka, Ishihara et al., Mohr, and

Mengoni et al..I4) Our results on I2C and I6O are in good agreement with the calculated

values.

As discussed above, the measurement of the neutron capture cross section of various nuclei

is necessary to the nucleosynthesis theory. To this purpose the pulsed keV neutrons together

with the prompt y-ray detetction method enables us to derive the small cross section accurately.

The intensity of the pulsed neutrons from the JHP spallation source is about 500 times

stronger than that from our accelerator, and thus the project will open the new possibility to

measure the cross section on rare abundant elements. JHP N-arena would be very interesting

new environment also for studying nuclear astrophysics.
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For the several decades since Brockhouse originally observed spin waves, neutrons have
played a unique and central role in imaging magnetic fluctuations in solids. Such fluctuations
play a central role in fields as diverse as, but not limited to, classical statistical mechanics, the
quantum many-body problem, practical magnets ranging from iron to alloys displaying giant
magnetoresistance, and superconductivity. The achievement of Brockhouse was to invent
the triple-axis instrument, which enabled the exploration of many important phenomena
including:

1. long and short-wavelength spin waves in ferro- and antiferromagnets.

2. static and dynamical scaling near phase transitions.

3. quantum effects such as the Haldane gap in spin S=l antiferromagnetic chains.

4. antiferromagnetic fluctuations in strongly interacting Fermi systems such as certain rare
earth and actinide intermetallics and the transition metal oxides.

5. percolation and random field effects in model magnets.

6. short-wavelength features in superconducting gap functions.

Triple-axis spectroscopy has been tremendously succesful because its data handling
requirements have been compatible with contemporary computing abilities for a very long
time. This has not been the case for time-of-flight spectroscopy, especially when employed
for single crystals, until relatively recently. Even so, the time-of-flight technique, as
practiced at both first-generation spallation sources, such as KEK and IPNS
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(Argonne.USA), and at steady state reactors, such as the Institut Laue Langevin (ILL) in
Grenoble, has a considerable history of distinguished contributions for powder samples.
Notable among these are

1. crystal field spectroscopy of rare earth and actinide ions in all possible hosts.

2. explorations of the Kondo effect, where a local moment interacts with conduction
electrons.

With the construction of ISIS, which is a second generation pulsed spallation source located
in the UK, these studies have been expanded to many contemporary topics, such as rare
earth-bearing high-Tc superconductors, Erbium-doped optical fibers, and the multichannel
Kondo problem. Equally important is that the HET and MARI instruments at ISIS have
expanded the energy range for routine investigation of magnetic excitations to 0.5eV, and in
certain special cases to leV. This has allowed the observation of intermultiplet transitions as
well as examination of Kondo continua from energies well below kT (T is the sample
temperature and k the Boltzman constant) to frequencies approaching underlying carrier
hopping rates. Finally, and from the perspective of a decade ago, most surprising, the HET,
MARI, and high-resolution, low-frequency IRIS instruments are beginning to play a
considerable role in the magnetic spectroscopy of single crystals. Particular achievements
include the mapping of the magnetic spectrum throughout the Brioullin zone for the spin
Peierls system CuGeC>3 as well as the high-Tc superconductor La2-xSrxCu04, a complete
determination of the spin wave dispersion surface for the three dimensional (giant)
magnetoresistive manganite Lai-xPbxMnO3, and a measurements of the anomalous spin
dynamics of a fractal network of Ising spins.

Both to see the origin of accomplishments so far as well as to illustrate the potential for future
growth, it useful to introduce a figure of merit for a source-instrument combination
R= P x BDE x UT x UDP,
where P represents the average source power, BDE the beam delivery (from source to
sample) efficiency, UT the number of distinguishable and useful time channels, and UDP the
useful solid angle of detection, which we define as a single pixel for an ordinary three-axis
intrsument with a perfectly reflecting ananalyser with no filter to attenuate the beam leaving
the sample. For a well-designed triple-axis spectrometer at a P= 60MW high flux reactor
such as the ELL, the beam delivery within the desired bandwidth and angular range is
excellent, yielding a BDE of order .5, due to the less than perfect optics and reflectivity of
typical monochromators. Of course, UT =1 while imperfect analyzers and the addition of a
filter after the sample typically reduces UDP to .5, thus leaving R=15MW-pixels. In
contrast, for a typical magnetic single crystal experiment at HET or MARI, the incident solid
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angle accepted at the sample - due to strong distance collimation and the absence of focussing
optics - may be an order of magnitude smaller than it need be, leaving BDE=. 1. In addition,
of course, the primary source together with the moderator poisoning and decoupling
produces a time-averaged flux comparable to a P=.5MW reactor. The factors P and BDE
multiply to yield a disadvantage for ISIS of two to three orders of magnitude relative to the
ELL. This disadvantage is overcome by the three to five orders of magnitude advantage in
UT x UDP which then yields R between 50MW-pixels and 5GW-pixels for HET and MARL
The useful pixel count is based not simply on multiplying the number of time channels by the
number of detectors, which for MARI would be orders of magnitude larger than 105.
Instead, it is based on the experience for . 1-, 2-, and 3-dimensional single crystal spin
systems such as those enumerated above. For example, for a single beam energy and
orientation of the magnetoresisitive manganite Lai-xPbxMn03, of order N= 10 magnons
along major symmetry directions could be measured in scans collected in either D=2 or 4
separate detector banks. Finally, each scan contained NP=30 useful points. UT x UDP then
correponds to the useable phase space volume, which is N x D x NP x 2 (the two is due to
the simultaneous collection of background data), or approximately 1800 pixels. Almost
needless to say, we have not accounted for the greater cleanliness of data without the usual
backgrounds and spurious signals associated with crystal monochromators and analyzers.
Also, the source is actually not running in the intervals between pulses when the data are
being collected, thus reducing the background further relative to instruments at steady state
sources.

While neutrons have played and still play a very distinguished role in condensed matter
physics, it is important to realize that they can only continue to do so if their capabilities
continue to grow. Other probes of magentism, ranging from the magnetic force microscope
to X-ray scattering are continuously improving, and indeed have many advantages, especially
as far as sample size requirements go.

Fortunately, JHP offers the possibility to improve the figure of merit R by many orders of
magnitude. In particular, it will raise the source power by between 4 and 8 times relative to
ISIS. Furthermore, incorporating supermirror guides in the incident beam delivery sytem can
raise BDE by an order of magnitude or more for many experimnets. Finally, following the
MAPS project at ISIS, one can increase DT x DE by two to three orders of magnitude by
improving solid angle coverage , reducing the pixel size to match ingoing and outgoing beam
divergences, and lengthening the secondary flight path. Combining all of these factors, R
will enter the TW(Tera-Watt)-pixel range at JHP. This many orders of magnitude
improvement over the short time between now and the planned completion of JHP
represents tremendous progress which will assure the continued role of neutrons as the probe
of choice for imaging magnetic fluctuations. There is no question that such images will
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remain necessary for progress in condensed matter physics, a field which will remain lively
because of both its applicability as well as its unpredictability. More specifically, at JHP we
can look forward not only to new studies of spin fluctuations in old and new materails, but
also to the opening of entirely new research areas, such as those involving the spin response
to pulsed lasers and magnetic fields.

The author is very grateful to the Japan Society for the Promotion of Science for sponsoring
his visit to the JHP workshop, and to the staff at KEK for its great hospitality in Tsukuba.
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Abstract

The characterizations of spin fluctuations in CuGeC>3, a dimerized, quasi one-dimensional
antiferromagnetic system, by means of inelastic neutron scattering both at steady state and
pulsed neutron source are briefly reviewed. The triplet nature of the excited gap state is
clarified by polarized neutron inelastic scattering using triple axis spectrometer PONTA at
the research reactor JRR-3M. The existence of the spin excitation continuum is demon-
strated by M. Arai et al. on the chopper instrument MARI at the spallation source ISIS.

1. Introduction

Since the discovery of the inorganic 'spin-Peierls' system
CuGeC>3, many experimental and theoretical works have
been performed to clarify the nature of the magnetic

*
properties of this material. Hase et al.[l] were the first to
observe a typical quasi one-dimensional broad maximum
in the susceptibility around 50K and the sudden drop in
the susceptibilities in all principal directions at the critical
temperature Tc=14K. Although the high-T susceptibility
substantially deviated from the theoretical Bonner-Fisher
prediction for an uniform, S=l/2 antiferromagnetic(AF)
chain with nearest neighbour exchange, Hase et al.
proposed the system undergoing the spin-Peierls
transition at Tc in which the uniform Cu-02-Cu chain
structure dimerizes and acquires a non-magnetic singlet
ground state. Subsequently electron and x-ray diffraction
studies[2,3] revealed the existence of the superlattice
peaks due to the dimerization at (h/2,k,l/2) with h,k,l all
odd below Tc. The low temperature structure was then
solved by Hirota et al.[4] on the basis of neutron

T< 14K

Fig.1: Schematic drawing of the
displacements of the Cu (large closed
points) and O (open points) atoms
associated to the dimerization along
the chain direction (c-direction)'.
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diffraction study of the superlattice peaks. They observed superlattice peaks with
(h/2,k,l/2) with k both odd and even integers. Figure 1 schematically indicates the
proposed displacements of the Cu and O atoms in the chain leading to the
dimerization.The dimerizations in the neighbouring chains occur phase shifted by c. The
difference in the observabilities of the superlattice peaks in electron or x-ray and neutron
diffraction can be explained by the visibility of the oxygen atoms in the case of the
neutron scattering. The spin excitations have been studied by means of inelastic neutron
scattering by Nishi et al.[5] prior to the experimental evidence for the dimerization. The

pronouced quasi one-dimensional (1-D)
magnetic nature and the excitation gap at the
1-D, AF zone centre below Tc can be clearly
seen(Fig. 2). Whether the transition at 14K
is a typical 'spin Peierls' transition
involving only the altenating, nearest
naighbour (n.n.) exchange due to the
dimerization parameter 6 as e.g. treated
theoretically by Cross and Fisher[6] is a
current controversy. Detailed phonon
studies using inelastic neutron scattering
have been performed and an anormously
soft longitudinal acoustic phonon branch in
b direction, perpendicular to the chain
direction (c), was observed and a
spontaneous strain in the same direction, in
form of sudden contraction in the b lattice
constant at Tc was observed[7]. But the
search for a soft phonon mode associated to

the dimerization in the chain direction has been unsuccessful sofar. Many experiments
addressing this issue have been performed, mainly to verify the Cross-Fisher scaling
relation in CuGeC>3. More and more experimental evidences start to emerge indicating
that the Cross-Fisher hamiltonian including only the n.n. exchange is not appropriate to
describe the experimental findings in CuGeC>3 quantitatively[8,9,10]. It has been
suggested that the next nearest neighbour (n.n.n.) exchange might play an important role
in CuGeO3, which would include the Cu-O-O-Cu superexchange paths. It was pointed
out theoretically, that the competition of the n.n. and n.n.n. AF exchange (J2/Jl=0.24)
gives rise to an excitation gap without a lattice distortion[ll]. Castilla et al. could explain
the above mentioned discrepancy of the observed and predicted high T susceptibility by
introducing this n.n.n. exchange[12]. Muthukumar et al. [13] pointed out that the
Raman scattering results above Tc can only be explained when this competing exchange
is present. Whatever origin this dimerized state may have, it is an interesting and
important issue in the low dimensional magnetism to clarify the nature of the spin
fluctuations in the statically dimerized quasi 1-D, S=l/2 AF chain, where the quantum
nature is playing the prominent role to establish the non-magnetic ground state. In this
contribution I would like to review briefly some of the prominent inelastic neutron

Fig.2: The dispersion relations of the
magnetic excitatins in CuGeC>3 along the
principal axes.(from ref. [5])
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scattering results on spin excitations obtained both at steady state and pulsed neutron
source providing important insights in the quantum nature of the spin fluctuations in
CuGeO3.

2. Triplet nature of the excitation gap: Polarized neutron inelastic
scattering study on pjiJarized neutron Iriple axis (PONTA) spectrometer

The magnetic field dependence of the spin-Peierls (SP) gap in CuGeO3 single crystal has
been studied by means of inelastic neutron scattering with and without polarization
analysis using an asymmetric superconducting magnet with the applied vertical field up to
~5 Tesla along the a*-direction. Both unpolarized and polarized inelastic neutron
scattering experiments were performed on the ISSP-PONTA spectrometer installed at
JRR-3M of JAERI in Tokai. Figure 3 shows a typical unpolarized neutron scattering
spectrum at Q=(0,1,1/2) at 5K under 4.75T. The splitting of the single peak observed at
2meV in zero applied field into three peak structure can be seen. In Fig. 4 the field

200

150

50 "

H = 4.75T

1 2 3

AE(mcV)

Fig.3: Energy scan profile of the excitation gap
under the vertical field of H=4.75T.

dependence of the energy gap obtained in
horizontal and vertical field configuration is
summarized. This result already suggests
the isotropic nature of the excited triplet state
in this dimerized, S=l/2 AF, because all
three field directions yield the same field
dependence of the Zeeman split modes.
Figure 5 shows the results of the
polarization analysis under exactly the same
condition as in Fig.3. Non spin flip (NSF)
and spin flip (SF) scattering are indicated by
open and closed points, respectively. In this

2 3 4 5
Magnetic field O")

Fig.4: Zeeman splitting of the energy gap in
horizontal (closed and open circles) and vertical
(crosses) magnetic field.
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Fig.5: Polarized neutron inelastic scattering under
vertically applied field.
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configuration, where the neutron spin polarization direction is perpendicular to the
scattering vector Q due to the vertically applied field, the spin fluctuations parallel
(<S||S||>) and perpendicular (<Sj_Si>) to the field direction is seen in NSF and SF
scattering, respectively. It is clear that the field independent peak consists out of <S||S||>
and the two Zeeman split modes out of <SJ_SJ_>. Considering these assignments of the
fluctuations, the unpolarized neutron scattering results show that the intensities of
<S||S||> and the sum of <Sj_Sx> are equal in the vertically applied field in a*-direction.
The previous experiments in horizontal field configuration [14] showed that exactly the
same conclusion could be drawn with two different field directions in the b*-c* plane.
Hence it can be concluded that not only the energies, but the detailed character of the spin
fluctuations, i.e. the intensities of <S||S||> and <Sj_Sx>, does not depend on the applied
field direction with respect to the crystal axes. These results impressively demonstrate the
isotropic nature of the gap mode, hence suggesting the excitonic nature of the singlet-
triplet excitation in the dimerized, S=l/2 AF CuGeC>3.

3. Spin excitation continuum: Unpolarized neutron inelastic scattering
study on multi angle rotor instrument (MARI)

Already in the earlier triple axis inelastic neutron scattering experiments by Nishi[15] it
was noted that there is an appreciable intensity on the higher energy side of the gap
excitations. In series of constant energy scans up to 12meV energy transfer with Q varied
along the chain direction c*, one observes additional intensities, well above the
background level, filling the q-space between the resolution limited excitation peaks at -q
and q along c*, of which the dispersion was determined by earlier measurements (see
Fig.2). This obsrvation suggests the existence of a excitation continuum as seen in the
uniform, S=l/2 AF chains[16]. These additional intensities above the lower bound in
CuGeC>3 has been confirmed in the recent 3-axis experiment [11]. Yet it is difficult to
obtain the full spectral feature of this continuum, which is expected to extend up to -30
meV energy transfer, by means of triple axis spectroscopy at the steady state reactor. In
the recent years the measurements of spin excitations in quasi one-dimensional magnets
using the chopper-type, time-of-flight spectrometer at spallation source has been
established[17]. Especially Itoh et al.[18] introduced the k; perpendicular to the chain
configuration, in which the full S(Q,co) can be obtained at once in one fixed Ej-
configuration making use of the multi-detectors at smaller scattering angles. The different
time-of-flight bins in each detector are proportional to S(QJ.D,CO), where QJ.D is the
projection of the scattering vector Q=kj-kf on the chain direction and 0) is the energy
tranfer deduced from the time of flight. The so called 'scan loci' for the different detectors
in the case of one-dimensional AF system with its classical spin-wave excitation is
schematically shown in Fig. 6, assuming there is no dispersion perpendicular to the chain
direction. One can recognize the nearly constant-Q character of the time of flight (energy)
scans covering the full Brillouin zone under this assumption. This concept has been
applied on CuGeC>3 by M. Arai et al.[19] on the MARI chopper spectrometer at ISIS.
Figure 7 depicts the spectra obtained at T=10K<Tc and 20K>Tc using 45meV incident
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Fig.7: S(Qi-D,co) in CuGeC>3 at T=10K<Tcand 20K>Tc. (from reC [19])

lower boundary mode intensity at the zone-boundary. It is further noted that the line
width of the lower boundary excitations are very different below and above the so called
'spin-Peierls' transition temperature Tc even at large q, e.g. at the zone boundary. This
characteristic line width changes even at large q values may be attributed to the 3-
dimensional effects which should be included in the quantitative interpretation of this
dimerized, S=l/2 quasi-chain system, as has been also suggested from the Raman
scattering results[13]. The peculier intensity variation in the lower boundary mode may
also be attributed to the 3-dimensional effects, because the assumption of the strict one-
dimensionality does not hold any more and the q-variation of, e.g. the intensity
perpendicular to the chain direction, cannot be neglected anymore. The experiments to
clarify these points are under way.
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4. Summary

To summarize I have presented examples of the important results on the magnetic
excitations in dimerized, S=l/2 quasi-chain system CuGeC>3 obtained in neutron inelastic
scattering experiments both on a modern triple axis spectrometer with a polarized neutron
option installed at the steady state research reactor and on a state of art, time-of-flight,
chopper instrument installed at the accelerator based spallation source. In the former the
detailed analysis of the applied magnetic field dependence of the gap excitation by means
of unpolarized and polarized neutron inelastic scattering and in the latter the full coverage
of the excitation spectrum up to high energy transfer contributed considerably to the
overall understanding of the spin dynamics in the dimerized, S=l/2, AF quasi-chain
system. The advances in the polarized neutron technique in the former and the intense
high-energy neutrons in the latter are utilized optimally to obtain these results, underlining
the complementary characters of the neutron spectroscopies at the different sources.

I wish to acknowledge J. Akimitsu, M. Arai, O. Fujita and M. Nishi for kindly providing
me with their neutron scattering results. Thanks are also due to H. Okumura for the
cryogenic assistance and Y. Endoh for the use of Tohoku University vertical field
cryomagnet.
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ABSTRACT

Experience over the last 15 years has shown that pulsed neutron spectrometers are
able to make a unique contribution to the field of magnetic inelastic scattering.
Pulsed neutron spectrometers are characterized by high resolution and wide
dynamic range both of which are necessary in order to characterize the magnetic
response of the complex systems of current interest, ranging from rare earth-
transition metal permanent magnets to quantum critical scatterers. However, all
these studies have been constrained by current flux limitations. The development of
more powerful spallation neutron sources, such as the JHP, is likely to transform
these investigations from interesting demonstrations of the potential of pulsed
neutron scattering into routine tools for the study of magnetic correlations.

1. Introduction

Pulsed neutron spectrometers have already made an important contribution to the
investigation of magnetic dynamics in polycrystalline materials, and the development of
new sources, such as the JHP Neutron-Arena, should allow their full potential to be
realized. At present, they are used to study exchange splittings in rare earth-transition
metal permanent magnets, crystal fields in high-temperature superconductors, magnetic
correlations in quantum spin fluids, the dynamics of low-dimensional magnets and
quantum critical scattering in non-Fermi liquids, amongst many other subjects. In some
areas, investigations have been confined to a few model systems because of current
limitations of flux and resolution, but in the future, as sources grow in power and range
of instrumentation, more comprehensive parametric studies should greatly increase our
understanding of magnetic fluctuations in diverse systems.

Both direct geometry chopper spectrometers, i.e. fixed incident energy, and inverse
geometry, i. e. fixed final energy, back-scattering spectrometers combine high resolution
with a wide dynamic range, both of which are important in understanding the dynamic
susceptibility of the complex materials now being investigated. In addition, the high
energy transfers made accessible by the epithermal spectrum of pulsed sources has
opened up new possibilities in both localized and fluctuating magnetic systems in which
intra-atomic correlations can be probed for the first time with neutrons. As new magnetic
materials of technological or scientific importance are discovered, pulsed source
spectrometers will play a vital role in characterizing the dynamic magnetic correlations that
help us to understand the origin of their bulk behaviour.

In this article, I will discuss briefly those features of direct geometry pulsed neutron
spectrometers that have made them useful in recent magnetic scattering investigations and
suggest why sources such as the JHP spallation neutron source will help expand the
opportunities in this field.
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2. High Energy Transfers

It has long been recognized that pulsed neutron sources provide access to higher energy
transfers than are available at conventional neutron sources. Incident energies in excess
of 2 eV have been used in magnetic scattering studies, but there are a number of technical
problems preventing the use of much higher energies: limitations in Fermi chopper
rotation speeds, backgrounds from the prompt pulse of fast neutrons, and the severe
kinematic constraints of high energy scattering [1,2]. This last problem is particularly
problematic in magnetic scattering whose cross section usually falls monotonically with
increasing momentum transfer. Initial fears that magnetic scattering would be limited to
under 400 meV proved to be unfounded however, partly because low backgrounds
allowed the measurement of very weak signals, and partly because many of the
excitations of interest have non-nlipolar cross sections which peak at high momentum
transfer. The highest-energy magnetic excitation so far measured is an intermultiplet
transition at 1.76 eV in thulium metal [3].

Generally, measurements up to 100 meV energy transfer probe the interactions of the
magnetic moments with the surrounding ligand ions (crystal field potential) or with
magnetic moments on other sites (exchange interactions). However, measurements at
higher energy transfers probe the much stronger correlations within the magnetic ions. In
the case of rare earth ions, these on-site Coulomb and spin-orbit interactions produce the
f-electron ground states predicted by Hund's rules, with a rich set of excitations to other
many-electron angular momentum states [4]. Neutrons have probed these excitations in a
number of rare earth and actinide systems providing evidence, for example, of the
enhanced screening of intra-f-electron Coulomb correlations in metals [5].

More recently, interest has focused on f-electron delocalization in strongly hybridized
systems. The mixed valent regime of SrnBg is characterized by quantum fluctuations
between two different configurations, f5 and f6. Since the energy-scale of such
fluctuations is smaller than the spin-orbit splittings, broadened intermultiplet excitations
from both configurations are observed [6]. The effects of delocalization is even more
dramatic at the a -y transition in cerium. In the delocalized a-phase, the magnetic
response is very broad persisting to over 1 eV. There is a dramatic reduction in the
energy scale of the magnetic response in the localized y-phase, but the integrated cross
section shows that there is only a small change in the f-electron count at the transition [7].

Magnetic cross sections in this energy domain are weak, either because the transition
matrix elements are small, as is the case with intermultiplet transitions, or because the
response is spread over a wide energy range. Furthermore, multiple phonon scattering is
a serious problem because of the increased phase space for inelastic nuclear processes at
higher energies. Experiments performed so far with energy transfers greater than 100
meV have therefore been limited in scope. Systematic studies of, for example, the effect
of the electronic environment on intra-atomic Coulomb screening have not yet been
attempted, but would contribute to our understanding of how to build strong correlations
into electronic structure calculations.

There is also renewed interest in the development of electron correlations at metal-
insulator transitions [8]. As the transition is approached in the metallic phase, theories
predict the development of a narrow quasiparticle resonance at the Fermi energy, whose
energy scale should be reflected in the magnetic response. Such neutron measurements
could prove to be a valuable complement to the inelastic X-ray scattering results on Mott-
Hubbard systems possible on the new generation of synchrotron sources.
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Fig. 1 Crystal field transitions in TmBa2(Cu3_yCoy)O7

3. High Resolution

The sharp pulses produced by decoupled moderators at short-pulsed sources allows the
development of spectrometers with high resolution by matching the pulse widths to fast
Fermi chopper burst times. For example, resolutions of only 0.5% of incident energy
will shortly be available on the PHAROS chopper spectrometer at Los Alamos [9] and
even this underestimates the effective resolution which is enhanced by the asymmetry of
the incident pulse. It is especially useful that such high resolutions are available at typical
thermal energies allowing the measurement of localized magnetic excitations with high
precision.

High resolution allows the unambiguous determination of the crystal field (CF) potential
in low-symmetry rare earth compounds where there may be many close-lying transitions.
It has allowed greater insight into the origins of the CF in, for example, RCu2Si2
compounds revealing the development of an anomalous hybridization contribution from
the silicon ligands with increasing f-electron radial extent [10]. However, a recent
development is the use of the CF transitions as a probe of both local atomic distortions
and local electronic excitations.

CF transitions can be used to probe the local atomic structure because of the extreme
sensitivity of their energies to changes in the local point-group symmetry. For example,
a 1% orthorhombic distortion in TmBa2Cu3O7 results in a 20% splitting of the lowest
singlet-doublet transition. The CF splittings can therefore be used to determine the rms
amplitude of orthorhombic distortions and the inhomogenous broadening of the transition
gives the variance. Such measurements have shown, for example, that large-amplitude
orthorhombic fluctuations in TmBa2(Cu3_yCoy)O7 persist well past the orthorhombic-
tetragonal phase transition at y = 0.1 (Fig. 1).

On the other hand, when the CF linewidths result from relaxational processes as in the
pure compound TmBa2Cu3O7, they provide a probe of the local dynamic magnetic
susceptibility [11, 12]. For a singlet-singlet transition, the half-width is given by a
modified Korringa law [13]
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where %"(q,co) is the susceptibility of the surrounding lattice, i.e. the neighbouring Q1O2
planes, and ACF is the energy of the CF transition. This expression is similar to the case
of spin-lattice relaxation in NMR which probes the same response function at co —» 0.
The CF transitions therefore provide a complementary probe at finite energy transfer, and
are currently being used to investigate spin-gap formation in the normal state of high-Tc
compounds.

The versatility of both kinds of CF probe, atomic and electronic, will be greatly enhanced
by increases in neutron flux. This will permit the use of more dilute quantities of dopant
ions, thereby minimizing rare earth-rare earth interactions and weakening any interference
with the host lattice. Current relaxation experiments are time-consuming because of the
need to optimize the resolution at the expense of flux and to measure temperature
dependences in fine detail. With further progress in neutron instrumentation, such
techniques could become a common tool used to explore changes in electronic structure,
for example at metal-insulator transitions, where the magnetic response of the host is
often too weak to be measured directly.

4. Dynamic Range

The dynamic range of direct geometry neutron spectrometers is governed by the elastic
resolution at low energy transfers and instrumental backgrounds at high energy transfers.
Section 3 highlighted the high resolution already achievable on chopper spectrometers.
Time-independent backgrounds diverge as Ef3/2 when converted to energy transfer
whereas the scattering cross section falls as Ef1/2, both effects degrading the signal-to-
noise at high energy transfers. However, pulsed source backgrounds are extremely low
owing to the small fast neutron production between the pulses, so that it is common to
have useful data up to 90% of Ej. Coupled with the wide range of accessible incident
energies discussed in section 2, this dynamic range reduces the need to splice together
datasets from different spectrometers when the magnetic response is spread over a wide
energy range.

Recent work on the magnetic response of systems close to quantum phase transitions has
highlighted the need for wide dynamic range in inelastic neutron scattering. The bulk
magnetic and thermodynamic properties of these non-Fermi liquid systems exhibit
weakly divergent, logarithmic or power law, behaviour at low temperature, indicating the
existence of a wide distribution of energy scales in the low frequency dynamics [14, 15]
rather than the single energy scale characterizing Fermi liquids. Possible causes of this
distribution are Kondo disorder or quantum criticality, i.e. a critical response at T = 0, but
microscopic studies are required to test possible theoretical models.

As an example, the UCu5_xPdx alloy series has been studied on pulsed source chopper
spectrometers at IPNS and ISIS [16]. Non-Fermi liquid scaling has been observed for
1.0 < x < 1.8 between heavy fermion antiferromagnetic and spin-glass phases. There is
no evidence of magnetic ordering at these intermediate compositions. This is the regime
that we have concentrated on in an effort to understand the dynamic scaling properties that
underlie the bulk observations. The magnetic scattering is extremely broad extending to
over 100 meV with no evidence of well-defined excitations and no observable Q-
dependence apart from a form factor variation. Instead, two power law regimes were
observed with scaling exponents of -1 for co > 25 meV and -1/3 for CO < 25 meV.
Although the high frequency response is consistent with local moment dynamics with an
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energy scale of 8.8 meV, the scale-invariant low frequency response cannot be reconciled
with a simple Fermi liquid model. Rather, it is more consistent with critical dynamics.

Even more remarkable is the temperature dependence of the response. S(co) is
temperature-independent for 0) > 0 which means that the dynamic susceptibility, %"(co),
scales as co/T since S(co) = (n(co)+l)x"(^) ~ (T/co)x"(co) when co « T. Figure 2 shows
that x'X®) f^s ° n a universal scaling function over two orders of magnitude in oo/T.
Such temperature scaling is similar to the marginal Fermi liquid ansatz proposed to
describe the normal state properties of high temperature superconductors, but is revealed
for the first time in these non-Fermi liquid compounds.

Clearly good dynamic range is important in identifying such a scaling response. It is also
important in allowing the two important magnetic scattering sum rules, the Kramers-
Kronig relation and the moment sum rule, to constrain reliably the possible microscopic
models for the origin of such a response. Firstly, the Kramers-Kronig relations indicate
that the measured magnetic scattering is consistent with the bulk susceptibility, showing
that there is no missing response in the elastic channel, as predicted by underscreened
Kondo models. Secondly, the observed response is not moment-conserving with
temperature as required by disordered Kondo models. It does, however, appear to be
consistent with the single-impurity critical scattering according to the predictions of
conformal field theory, although the origin of the criticality is still the subject of conjecture
[17]. Quantum criticality is an emerging field with relevance to a large number of
different systems in which phase transitions are suppressed e.g. by disorder or magnetic
field, so these results should have significance beyond the field of heavy fermion physics.

5. Conclusions

The trend in magnetic scattering investigations, as with much of condensed matter
physics, is to study more complex systems frequently characterized by disorder or a wide
range of energy scales. This is often because of the desire to fine-tune their response,
through doping or other means, in order to enhance their physical properties. To give an
example attracting current interest, the GMR perovskites illustrate how strong correlations
close to a magnetic instability can be exploited for technological purposes by systematic
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doping studies. Recent experience suggests many more such compounds will be
identified in the near future. These systems place a particular challenge on neutron
spectrometers requiring the flexibility to perform experiments with a wide range of
incident energies and with good dynamic range of energy transfers, so that the magnetic
response is reliably characterized at all energy scales. Spectrometers at an advanced
pulsed neutron source, such as proposed for the JHP, will be a valuable resource for
those interested in understanding the magnetic properties of such materials.

The author is supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, under Contract No. W-31-109-ENG-38.
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ABSTRACT

The static structure of many liquids and amorphous materials has been studied by using the high intensity total
scattering spectrometer (HIT-I and HIT-II). So far excellent data have been obtained every year. Recently, the
structural change due to the metal-insulator transition in Si-V amorphous alloys was clarified through the
coordination numbers of V-Si and Si-Si pair correlations. The short range structure of silica aerogels was also
elucidated in comparison with that of common SiC»2 glass(fused silica). The structure of liquid and gaseous CCI4
from 195'C to the sub-critical point 275'C along the liquid-vapor coexistence curve has been studied to get an
insight into the long-range density fluctuation and atomic scale arrangement. The isotope substitution method
applied to study a solvation structure of Li+ ion in methanolic solutions.

1. Introduction

Knowledge of the structural arrangement of atoms or molecules for liquids and amorphous materials is an
essential prerequisite for understanding of other physical or chemical properties. Many researchers, therefore,
have investigated numerous the disordered materials by using various diffraction techniques. However, the
diffraction for the disordered materials can provide only one dimensional information on a three-dimensional
atomic structure, even though the determination of the structure of a crystalline solid can be made
straightforward by solving the structure within the unit cell. Moreover, most of liquids and amorphous materials
comprise more than two chemical species. The determination of the structure of the disordered materials became
more difficult with increasing the chemical species. Therefore, new experimental techniques and analyses of the
diffraction data have developed to elucidate the structure of the disordered materials.

The pulsed neutron diffraction technique is one of newly developed methods. The advantage of this
technique enables us to measure the structure factor S(Q) up to more than 40 A"1, which provides precise short-
range structures in real space. Furthermore, an atom with negative or negligibly small coherent neutron
scattering length and an isotope element with different scattering length have been used to get more insight into
the atomic structure of disordered materials. In this paper, we will present some recent experimental results
observed by HIT spectrometer installed at the pulsed neutron source in KEK.

2. Amorphous solids

2-1. Metal-insulator transition in Si-V amorphous alloys
A large number of transition-metal - metalloid amorphous alloys have been studied in regard to a metal-

insulator transition, which has been reported to occur at around 10-20at% metal[l,2]. Most of the studies have
been carried out from a viewpoint of the electronic properties and electronic structure. The observation of the
rearrangement of metalloid atoms induced when metal atoms are added to the amorphous metalloid matrix has
been so far very limited that no detailed discussion has been carried out on the change of the atomic structure
inducing the metal-insulator transition. Therefore, the detailed observation of the local rearrangement around a
metalloid and a metal atom is necessary to understand the origin of the metal-insulator transition.

In order to extract information on the local rearrangement of constituent atoms in the metal-insulator
transition, Si-V amorphous alloys were chosen as a sample. A negligibly small coherent scattering length of V
atom compared to that of Si atom for neutron diffraction enables us to derive the partial V-Si and Si-Si pair
correlation functions from a combination of total structure factors observed by X-ray and neutron diffractions.
Sii-*VX (x=0.7, 0.12,0.14,0.15, 0.19, 0.21, 0.24,0.29,0.37) amorphous alloys were prepared by DC-sputtering
technique.

The total S(Q) of the Sig8V12 amorphous alloy can be described by a weighted sum of three partial structure
factors (SW(Q), SVsi(Q) and SS;si(Q)) in the following Faber-Ziman definitional;
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X-ray:
Sx(Q)=0.033Sw(Q)+0.299Svsi(Q)+0.667SSiSi<Q) (la)
neutron:
SN(Q)=O.OOOSw(Q)-0.026SVSi(Q)+1.026SsiSi(Q) . (lb)

The weighting factor of the V-V pair correlation for neutron diffraction is negligibly small in comparison
with those of the V-Si and Si-Si pair correlations, since the coherent scattering length of V atom for neutron
diffraction is very small (bv=-0.0382xl012 cm) compared with that of Si atom (1^=0.4149xlO-'2 cm).

The structural variation as a function of V content is visible in SN(Q) as shown in Fig. 1. In order to extract
further information about a structural change following the metal-insulator transition, we derived the partial Si-
Si and V-Si pair correlation functions from a combination of the SX(Q) and SN(Q). The contribution of either
the V-Si or Si-Si pair correlation can be intentionally reduced to zero by choosing appropriate coefficient in the
linear combination of eqs. (la) and (lb). The linear combination with a vanishing coefficient for SVsi(Q) or
Ssisi(Q) 'S expressed as

AS(Q)=-0.026Sx(Q)+0.299SN(Q)=0.003Sw(Q)+0.997SSiSi(Q) (2a)
AS(Q)= 1.026Sx(Q) -0.667SN(Q)=0.096S w(Q)+0.904SVSi(Q). (2b)

It happens that the coefficients of Sw(Q) in eqs. (2a) and (2b) become negligibly small in comparison with that
of Ssisi(Q) and about one-tenth of that of SVs;(Q)- The radial distribution functions ARDF(r) were obtained by
the Fourier transformation of the AS(Q)s defined in eqs. (2a) and (2b) for all S i^V, amorphous alloys.

Figure 2 shows the coordination number and the 1st nearest distance of the Si-V pair correlation as a
function of the V concentration. The coordination number of V atoms around a Si atom was calculated from the
area of the 1st peak at about 2.55 A. The number gradually increases with increasing the V concentration but
then the increasing ratio gradually changes at around 15 at%V, although the V-Si distance remains constant
throughout the V concentration. The coordination number of V atoms around a Si atom approached 4.1 for the
51^37 amorphous alloy, the number of which is less than or close to that for the Si2V crystal. The present result
suggests an increase of the short range order existing in the Si2V crystal. Evidence for an insulator-metal
transition has been reported at around 13 to 15at%V by Boghosian and Howson[l] from the results for the
temperature dependence of electrical conductivity for the Si-V amorphous alloys. The evidence, then, suggests
that the insulator-metal transition must be strongly related to the structural changes.
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Fig. 1. Neutron structure factors SN(Q) for Si^^V,
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Fig. 2. The coordination number of V atoms around
Si atom and the 1st nearest distance of the V-Si
correlation as a function of the V content.

2-2. Silica aerogels
Silica aerogels have been recognized to be porous and low-density materials which are prepared from wet

gels by the supercritical drying method. The porosities are above 90% and then, the bulk density is less than one-
tenth or one-twentieth in comparison with that of common SiO2 glass(fused silica) Therefore, this gives rise to
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an extremely low thermal conductivity and qualifies aerogels with their high transparency in the visible spectral
range as valuable materials for transparent insulations in solar architecture^]. The characterization of their
morphology and the understanding of the relationship of morphology to synthetic process have been carried out
on length scale from 1 A to 1 \xm. Most of them, however, was investigated from a viewpoint of topology on a
scale from tens to thousands angstroms. Therefore, our study was focused on the structure on an atomic level
less than 10 A.

One mole of tetramethylorthosilicate (TMOS) was dissolved in 20 mol of methanol. Silica alcogels were
obtained by hydrosis and gelation within 1-3 hours. The supercritical drying was carried out in an autoclave
under the critical temperature and pressure for 1 day. Aerogel samples were heat treated at 300,400 and 500°C
for 2 hours. The bulk density is about 0.12 g/cm3. The skeletal densities of the samples are 1.68, 1.79 and 1.87
g/cm3 after heating at 300,400 and 500*C, respectively.

Figure 3 shows S(Q)s for the silica aerogel samples and the SiO2 glass. The phase of the oscillation in S(Q)
for the silica aerogels is much similar to that for the SiO2 glass. However, the amplitude of the oscillation,
especially the intensity of the first peak, for the silica aerogels is smaller than those for the SiO2 glass. Moreover,
small angle scattering is clearly visible in the low Q region of S(Q) for the silica aerogels.

Radial distribution functions RDF(r) were derived from the Fourier transform of the S(Q). The locations of
the Si-0 and O-O pair correlations are constant to be 1.61 and 2.64 A, respectively, in all the silica aerogels and
the SiO2 glass. In contrast, the coordination numbers calculated from the area of the corresponding Si-O and O-
O peaks depend on the temperature of the heat treatment, which are listed in Table 1. The coordination number
of O atoms around a Si atom for the SiO2 glass is 3.89 atoms reflecting the SiO4 tetrahedral unit. The
coordination number of the Si-0 pair for the silica aerogel after heating at 300'C is 3.01 atoms, the value of
which increases to be 3.51 atoms with increasing the temperature of the heat treatment up to 500*C. Apparently,
the coordination number of the 0 - 0 pair correlation also increases with increasing the temperature of the heat
treatment, as seen in Table 1. The results indicate that many nonbridging atoms located on the surface rearrange
by the heat treatment and a cyclotrisiloxane structure is formed through the mutual combining a nonbridging Si
atom with a nonbridging O atom at the surface of the skeleton of the silica aerogels . This evidence was also
elucidated from the appearance and growth of the Raman shift peak at 606 cm 1 corresponding to the
cyclotrisiloxane structure.

Silica Aerogels
heat-treated at 300'C

400"C

500"C

Table 1. Coordination numbers of O atoms
around a Si atom for the silica aerogels heat-
treated at 300, 400 and 500*C for 2 hours,
and the SiO2 glass.

Silica aerogel

soot:
Silica aerogel

4001:

Silica aerogel
500"C

SiO2 glass

Si-O (atoms)

3.01

3.13

3.51

3.89

O-O (atoms)

4.69

5.52

5.55

5.91

Fig. 3. Structure factors S(Q) for the silica aerogels heat-treated
at 300,400 and 500*C for 2 hours, and the SiO2 glass.

3. Liquids

3.1 Structure at the supercritical point
Both industrial and scientific interest have increased because of characteristic physical properties near the

critical point and, then, many supercritical fluids has been studied in recent years. As the density of a liquid
decreases or the fluid state approaches to the liquid-vapor critical point, an attractive interaction begins to play
an important role in the fluid structure. One of the most significant structural changes raised from the attractive
interaction is density fluctuation correlated in a long distance. Measurement of structure factors in a wide Q
range including small angle scattering region is , therefore, essential to study the structure of low-density fluids.
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From this viewpoint the structure factors of liquid and gaseous CCI4 at low density state in a wide Q range from
0.03 to 20 A-I to observe the structural change due to the attractive interaction.

The critical temperature T c and critical pressure P c of CCI4 fluid are 283.15'C and 45 atm, respectively. The
diffraction data were observed for liquid CC14 at 20, 195,215, 235, 255 and 275'C and gaseous CCL, at 275'C
along the liquid-vapor coexistence curve by using HIT and SAN spectrometers. Figure 4 shows a logSm(Q)-
logQ plot in order to emphasize the wide Q rage behavior of Sm(Q), which is defined as coherent scattering
intensity per molecule. The characteristic feature of Sm(Q) in a range of Q less than 4 A 1 , which is related to the
intermolecular structure, depends strongly on the fluid state or density. The main peak located around 1.2 A"1

shifts to lower Q region and becomes broaden with increasing density, but is still clearly observed in the liquid at
sub-critical point 275'C. While in the gaseous CCL» at 275'C hump is observed in the same Q region instead of a
clear peak. The feature of Sm(Q) in a range of Q larger than 4 A"1 is basically independent of density studied in
this work, indicating that the intramolecular structure does not change much in these thermodynamic states. The
small angle scattering is observed above 195'C and increases rapidly with decreasing density. This indicates a
marked increase of density fluctuation as the state approaches to the critical point.

According to the Omstein-Zernike theory[5], the structure factor for density fluctuation in a low-Q region is
characterized by a Lorentzian,

Sm(Q)<
1+I2Q2 (3)

where £ is a correlation length of fluctuation. The
value of % was estimated by plotting l/Sm(Q)
against Q^ and summarized in Table 2. We can see
the £=10 A and 13 A for the liquid and gaseous
CCI4 at 275*C, respectively. Since the effective
diameter of CCl4 molecules is about 5 A, the
correlation length £ estimated for the fluids at
275'C in a few times of the molecular size.

Moreover, a root-mean-square density
fluctuation defined as (<Nm

2>-<Nm>2)1'2/<NIn> is
evaluated for a sample volume of 4TEJ;3 to see how
the molecular density fluctuates, where N m is
number of CCI4 molecules. It is given by
[S m (0y4^ 3 pJ 1 / 2 from the relation of
Sm(0)=(<Nm*>-<Nm>2)/<Nm>. Then the root-
mean-square density fluctuation was calculated to
be ±24% for the liquid CC14 at 275'C while it is
±55% for its saturated vapor. The result indicates
that the density fluctuation is much pronounced in
the gaseous state.

2
CO

0.01 10

Q (A'1)

Fig. 4. Structure factors Sm(Q) of liquid and gaseous CCI4:
a log-log plot. From bottom to top, liquid CCL, at 20'C
(triangles), 195'C (squares), 215'C (crosses), 235'C (solid
circles), 255*C (diamonds) and 275*C (pluses), and
gaseous CCL, at 275'C (solid diamonds).

Table 2. Correlation length £ and
molecular-density fluctuation
<Nm

2>-<Nm>2)/<Nm> obtained
forliquid and gaseous CC14 at
elevated temperatures T along
the liquid-vapor coexistence
curve.

Stale

Liquid

Liquid

Liquid

Liquid

Liquid

Liquid

Vapor

T ( t )

20

195

215

235

255

275

275

\ ( A )

-
4.7

5.3

5.4

6.8

10.

13.

«Nm
2>-<Nm>2)/<Nm>

0.03

0.20

0.35

0.47

0.90

2.4

9.3
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3.2 Solvation structure in concentrated non-aqueous solutions
The neutron diffraction technique with isotropic substitution is one of the most available experimental

methods which can be provide direct information on the local structure around the isotropically substituted atom
in complex liquids. The hydration structure of ions in various aqueous solutions has frequently been determined
by this method[6,7]. Recently, this method was applied to study methanolic LiBr and Lil solutions in order to
determine the solvation structure of Li+ in highly concentrated non-aqueous solutions.

Methanolic solutions of 25 mol% LiBr and 33 mol% Lil were prepared by dissolving the isotropically
enriched anthydrous salt, °LiX(45.9% 7Li) or 7LiX (99.9% 7Li), (X=Br or I), into CD3OD (99.8%D). Figure 5
shows the first-order difference functions ALj(Q) for 33 mol% Lil (a) and 25 mol% LiBr (b) solutions in
CD3OD, which were derived from the numerical difference in coherent scattering cross sections between two
solutions with different isotopic states of Li as follows;

AU(Q) = A[aU0(Q)-l] + B[aUD(Q)-l] + C[auc(Q)-l]
+ D[aux(Q)-U + E[auu(Q)-l] (4)

where A = 2C l iQ>bo(bu-b1
u), B = 2CLjCDbD(bu-b-u). C = 2CLiCcbc(bu-b1

u)),
D = 2C I iCxbx(bu-b1

u), E = 2Cu
2(buM>'u2),

and C ; is the number of atoms i in the stoichiometric unit (LiX),(CD3OD)1.][.
The GLi(r) as shown in Fig.6 was derived by the Fourier transform of the A^Q). A well resolved first peak

is located at r= 1.9310.05 and 1.97±0.05A in Gu(r) for the Lil and LiBr solutions, respectively. These distances
are in good agreement with the corresponding nearest neighbour Li+-O(methanol) distances (1.92-1.94 A) found
in a crystalline lithium hydrogen phthalate-methanol. Therefore, the first peak in Gu(r) can be ascribed to the
correlation between the Li+ and the nearest neighbour O atom of the methanol molecule. The coordination
number " n o was calculated from the area of the first peak to be 1.810.5 and 3.010.5 for the Lil and LiBr
solutions, respectively. Assuming the Td coordination geometry[8] for Li+, it may be supposed that one or two
solvent molecules in the first coordination shell are replaced by bromide or iodide ions in the solutions. The
position (2.7A) of the second peak in Gu(r) for both Lil and LiBr solutions is consistent with the average of the
intermolecular Li+—H(hydroxyl) and Li+—C distances(rUH=2.6A and ruc=2.9A) obtained from a molecular-
dynamics simulation for 0.8 mol% LiCl solution in methanol.

In order to get an insight into the structure, the contribution of the nearest neighbour methanol molecules
around Li+ was removed from the Gu(r). The calculated i(Q) which is the contribution of the Li+—a pair (a=O,
D, C) was subtracted from the AU(Q). Then the Fourier transform of the residual function, G'u(r), is represented
by the dot-dashed line in Fig.6. A slight hump around r=2.6A in G'u(r) is recognized to be the Li+—X" (X=Br or
I) correlation. However, because of a very small contribution of the Li+—X" pair, a considerable overlap with the
contribution from Li+—the nearest neighbour methanol molecule and a large of the statistical error, a reliable
structural data on the Li+—X- pair could not be obtained at present.

3 0
! l/V

A ̂ »
!̂ V
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Fig. 5. The first-order difference functions AU(Q)
for 33 mol% Lil (a) and 25 mol% LiBr (b)

solutions in CD3OD.

Fig. 6. Gu(r) derived by Fourier transform of AU(Q)
(solids line). The dot-dashed line represents G'Li(r)

which is a residual function obtained by removing
the contribution of the nearest-neighbour methanol
molecules around Li+ from Gu(r).
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4. Future

,11 . ! S fT e x P e r i m e n t s by fflT spectrometer were presented above sections. Difficulties of the analysis in
all expenmen^ were present due to the poor statistics of diffraction data. In a case of the V-Si J M S S T S S J

3fr in? m P w e ? 0 ' °btai?e? f°r "* diffraction since k took mor^ than 5 days to 2 £ £
sputtenng method. S.hca aerogels have so low densities less than one tenth or one twentieth[compared w S . toe
common S I O J glass that s tat ical ly good scattering data could not be obtained. For exampk, H ^ 7 sTow S(Q)
S T l ^ " ^ " V 0 ' * e s i? i c a a e r o * e I "^-treated at 500'C for 2 hours. It took 24 hours to gmhi

*»?& ****** e»ough data for the SiO2 glass can be easily obtained foonfy

ion since the first- and second-order difference function must be derived to elucidate the
structure.* an ion atom. The difficulties of the experiments mentioned ^ ^ £ ^ % £
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Fig. 7. Structure factors S(Q) before and after smoothing
for the silica aerogel heat-treated at 500*C for 2 hours.
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C.-K. Loong
Intense Pulsed Neutron Source, Argonne National Laboratory, Argonne, IL 60439 U.S.A.

ABSTRACT

Neutrons provide a means to explore the basic, microscopic properties of materials.
Examples of neutron studies of important technical ceramics are given to illustrate the
potential benefits in the improvements of the environment, energy systems, and
communication and the need for better neutron facilities and instrumentation.

1. Introduction

Utilization of ceramics set a milestone in human civilization. Nowadays, ceramics are
prevalent in all walks of life. In the future, successful development of new ceramic
materials that utilize their unique properties will profoundly benefit our well-being. As a
result of complex processing, alloying, transformation toughening, or composite
reinforcement, technical ceramics inherently contain microstructures, defects, interfacial
impurity phases, anisotropies, and inhomogeneities. Neutron scattering investigations
yield information regarding the atomic organization and dynamics that is crucial to the
eventual tailoring of the applied properties. Table 1 lists the major properties of interest
to researchers. As neutrons are useful for the characterization of the majority of these
properties, the demand for better neutron sources and instrumentation is an irreversible
trend.

Table 1. Properties of technical
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2. Examples: Environment, Engines, Electronics,...
In the following several examples are given to illustrate the applications of neutron
scattering in ceramic research. Arguably, the added capabilities in materials
characterization brought forth by new advanced neutron sources should be recognized as
an essential component in the strategy for science and technology to come.
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2.1 Nanoscale oxides as catalysts and sensors for pollution control

Concerns of air pollution by automobile-exhaust emission have led to stringent regulatory
policies in the U. S. and other countries. For example, California state laws require the
provision of so-called "zero-emission vehicles"- cars emitting no nitrogen oxides, carbon
monoxide and hydrocarbon - starting in 1988. [1] At this moment it is not clear how the
automobile industry can meet such goal. Intense worldwide efforts in seeking better
pollution-control devices are undertaken currently. High-surface-area zirconia and
alumina powders can be used as promoters and/or support components in automobile-
exhaust emission-control catalysts to remove poisonous gases, such as CO, NOX, and
hydrocarbons. Rare-earth doped zirconias can also be used as an electrolyte for oxygen
sensors. It turns out that in order to maintain an optimal function of the catalysts, the car
engine has to be tuned instantaneously so that the air to fuel ratio always falls into a
critical window. One key feature in rare-earth doped zirconia is the presence of oxygen
vacancies because of the different valence states of the cations. When the material is
subjected to a dynamic atmosphere of varying oxygen concentration, the system responds
by diffusion of oxygen via the vacancies thereby generating an electronic voltage. This
electric signal can then be sent to a control feed-back system for the adjustment of fuel
burning by the engine. Such zirconia oxygen sensors are widely used today.

CO

1= 1
o
O

(a) La0.1Zr0.9°1.95
Heat treated at 600° C
prior to Fourier filtering

i

0.7 0.8 0.9
d spacing (A)

1.0 1.1

Figure la. The Rietveld refinement of the diffraction profile of a a 10 mol% La-doped
zirconia powder subjected to heat-treatment at 600°C.

In order to meet the requirements for zero-emission, more efficient catalyst/sensor
materials capable of withstanding sintering, poisoning and fouling over a long period of
catalytic cycles are needed. Neutron-scattering methods have been used recently to
examine the crystal phases, microstructure and surface chemistry of a series of ultrafine
La-, Ce-and Nd-doped zirconia powders prepared by sol-gel synthesis.[2] Fig. la shows
a time-of-flight neutron powder-diffraction pattern of a 10 mol% La-doped zirconia
powder subjected to heat-treatment at 600°C. Analyses of the data show: i) rare-earth
doping stabilizes of the cubic and tetragonal phases from low temperature up to about
1000°C; ii) the average grain sizes as a function of heat-treatment temperature can be
determined; iii) the oscillatory pattern of the residual intensity can be modeled to provide
information on the short-range-order defect structure. A real-space correlation function,
obtained from a Fourier transform of the filtered residual diffuse scattering, reveals
evidence of static, oxygen-vacancy-induced atomic displacements along the pseudocubic
<111> and other directions, see Fig. lb.
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Figure 1b. A real-space correlation function calculated from the filtered residual
intensities in the Rietveld refinement of the Ndo.1Zro.901.95 data (see Fig. la).
The structure and kinetics of aggregation of the rare-earth modified zirconia nanoscale
particles were investigated by small-angle neutron scattering. The data show distinct
characters in particle-size distribution and porosity between samples doped with
tetravalent Ce ions and trivalent Nd ions. It has been recognized that valence fluctuations
between the Ce 3+ and 4+ states in Ce-doped zirconia catalysts might provide an
additional handle in oxygen storage needed for dynamic lean/rich-burn ing engine cycles.
[3] Direct measurements of such valence-fluctuation phenomenon by magnetic neutron
spectroscopy, though highly desirable, cannot be realized without a much higher-flux
neutron source.

II. Sialon ceramics as high-temperature, high-strength materials for engine components

The outstanding high-temperature properties of silicon nitride, Si3N4, (e.g., high strength
and hardness, low thermal expansion, and superb chemical durability) make these
ceramics of interest for applications as high-temperature structural materials. Engines
made with Si3N4 ceramic parts may run at a temperature as high as 1000°C without the
need of coolant. A saving of 20-25% of fuel consumption is expected. However,
monolithic Si3N4 ceramic is extremely difficult to densify because the material does not
melt into a liquid phase at high temperatures. Substituting Al for Si and O for N to form
a solid solution of Si-Al-O-N (sialon) adds new opportunities in tailoring material
properties to suit different demands for technological applications. The resulting ceramic
alloys often exhibit varying microstructures and behaviors, depending on the processing
route. Sialon ceramics as structural materials are usually densified by hot press or hot

isostatic press methods. Recently, reaction-sintered sialons, Si6-zAlzOzNg.z (0 < z < 6)
ceramics, were fabricated by using aqueous slurries with a novel slip-casting method by
Suzuki and Ozawa. [4] Such a method has an obvious advantage, namely, the capability
of forming objects of relatively complex shapes by using inexpensive plaster molds.
Parallel studies of these slip-cast ceramic alloys using neutron-scattering, mechanical-
strength measurements, and molecular dynamics (MD) simulations have been undertaken.
[5] The goal is to understand the applied properties from a microscopic point of view,
and eventually be able to predict the macroscopic structural behavior for engineering
applications.

First, a Rietveld analysis of the diffraction patterns of the slip-cast Si6-zAlzOzNg.z (0 < z

< 6) ceramics shows that samples of z < 4 form a single-phase solid solution of Si-Al-O-
N isostructural to p%Si3N4 (space group P63/m), known as (3-sialons. Within this
structure, there is a consistent preferred occupation of O on the 2c sites and N on the 6h
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sites. For z > 4, the materials exhibit multiple-phase structure, including 3-sialon, 6-

Si3Ali209Nio, 01-AI2O3, P'-SiAl4O2N4, and AI3O3N phases. Second, the generalized

phonon DOS of the $-sialons were determined by inelastic-scattering experiments. The

observed phonon DOS of the 0 < z < 4 ceramics displays phonon bands at about 50 and

115 meV. These features are considerably broader than the corresponding ones in (3-
Si3N4 powder. [6] As z increases, effects due to atomic disorder lead to an overlap of the
two phonon bands and a complete filling up of the phonon gap at ~100 meV. The
combined characterization by neutron-scattering and mechanical-property measurements
indicates that the slip-cast {5-sialon ceramics are of comparable quality, in terms of
structural integrity and mechanical strength, with other P-sialons prepared by hot press
methods.

MD simulations of important properties such as fracture and sintering of silicon nitride
ceramics have begun. [7] However, neutron-scattering studies of this behavior (i.e., crack
propagation, microstructure changes during sintering) in real time, though equally
important, require intense neutron fluxes and better sensitivity instrument.

2.3. Aluminum nitride as a heat-dissipating substrate for high-density electronic packages

The unique properties of aluminum nitride have attracted keen attention from materials
scientists in recent years. It has a thermal conductivity comparable with those of most
conductive metals (e.g., Al) and much greater than those of typical ceramics (~5 times
that of alumina). The high electrical resistivity, good dielectric strength, a thermal
expansion coefficient closely matching that of silicon, and lack of toxicity (like that
associated with BeO) of A1N are ideal in heat-dissipating substrates for microelectronics
applications. Furthermore, A1N has high strength (a flexural strength equivalent to
alumina), high temperature stability and corrosion resistance. Therefore, "high-tech" A1N
components can potentially be used under extreme conditions. In metals, heat is carried
primarily by electrons, whereas in nonmetals such as A1N, heat is carried primarily by
phonons. Therefore, determination of the phonon excitation spectra of A1N is a
fundamental step toward the understanding of the thermophysical behavior of these
materials. The one-phonon (DOS) exhibits relatively sharp bands at about 33, 63, 83, and
91 meV (see Fig. 2). In addition, distinct multiple-phonon excitations were observed up
to~300meV. [8]
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Figure 2. The measured neutron-weighted phonon density of states of A1N powder.

- 9 0 -



Of equal excitement is the recent realization of a GaN-based semiconductor blue-light
emitting diode (LED). [9] One of the applications of blue LED is optical data-storage
technology. An increase of storage capability by a factor of ~20 by employing the
present compact-disk medium alone is expected by the year of 2000. Fabrication of bulk
GaN is a challenging task. The present devices are based on a GaN film usually grown
on a sapphire substrate with a layer of A IN as a buffer. Currently, intense efforts are
devoted to making better GaN thin-film devices in industrial and governmental research
laboratories. Because of the thin-film nature of GaN, neutron characterization of its
microscopic properties requires optimized surface-sensitive instrument (e.g.,
reflectometers) and high neutron fluxes.

2.4. Phosphate glasses as optical fibers, lasers materials, and lenses for communication

An important question in glass science is how the chemical durability and
thermomechanical behavior of a glassy system change as a function of composition. The
structure of vitreous P2O5 is thought to consist of a three-dimensional network of corner-
sharing PO4 tetrahedra, each of which is decorated with a nonbridging P=O bond. As
M2O (M = network-modifying elements, such as alkali and transition metals) is added to
form a binary glass of composition xM2O+(l-x)P2O5, a structural transformation from a
3-D network of P2O5 (x = 0) to a complex chain structure takes place through the
generation of additional nonbridging oxygens. The addition of metal ions into a
phosphate glass may significantly modify the bonding between networking atoms, so that
a rich variety of glasses of varying properties results. Table 2 lists some examples of
varying properties of phosphate glasses and their potential applications. Understanding
the correlation between the structural modifications induced by various metal-oxide
additives and the physical and chemical properties represents one of the most important
aspects of materials research on phosphate glasses.

Among the two-component phosphate glasses, lead-phosphate glasses have been studied
extensively. Although the low softening temperature and melt viscosity of lead-
phosphate glasses are attractive from the point of view of materials preparation, the
relatively poor chemical durability when exposed to aqueous conditions was a major
drawback to commercial utilization. In searching for an durable and optically clear glass,
Sales and Boatner have identified two useful candidates, Pb-In-P-0 and Pb-Sc-P-0
glasses. [10] These glasses have an index of refraction of 1.75-1.83 in the visible region,
an ultraviolet absorption edge at a wavelength near 300 nm, and strong infrared
absorption beyond 2800 nm. The preparation temperatures are relatively low (900 to
1000° C), and the chemical durability and resistance to both weathering and 7-radiation
are good. The length distribution of the PO4 tetrahedral chains in Pb-In-P-0 and Pb-Sc-P-
O glasses was determined by a novel liquid chromatographic technique. These PO4
chains are held together by bonds connecting the nonbridging O of the tetrahedra and the
metal cations. Recently, a neutron-diffraction study of the short-range atomic order in a
Pb-In-0 glass was carried out to make an identification of the In-0 and Pb-0 spatial
coordination. [11]

Fig. 3 shows the neutron intensity spectra, I(Q), of a Pb-In-P-0 glass (composition in
wt. %: 65 PbO, 29 P2O5, 61^03) observed at two typical scattering angles of 27.5° and
92.5°, where strong absorption due to resonances of the ! 15In nuclei at 1.46 and 3.86 eV
was seen separately at 12.5 and 20 A"1, respectively. Neutron anomalous scattering
based on nuclear-resonance events have not yet been fully explored in the field of
material research. In the coming era of new information science and technology a great
deal of new electroceramics which incorporate rare-earth and transition metals at a level
of less than 0.1 at% will be developed for luminescence applications in communication
devices. Neutron studies, including anomalous-scattering techniques, can provide unique
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information regarding not only the global structure and dynamics but also element-
specific electronic properties. Again, more powerful neutron sources and better
instrumentation are needed in order to fulfill the demands for materials research in these
rapidly developing fields.

Pb-ln-P-0 glass

-0.1

3.86 eV

- - 2 9 = 27.5° •

• 29 = 92.5°

10 , 15
Q (A-1)

*20 25

Figure 3. The observed neutron intensity spectra of a Pb-In-P-0 glass at two typical
scattering angles of 27.5° and 92.5°.

Table 2. Some examples of varying properties and applications of phosphate glasses.

Composition

Preparation
temperature

Chemical
durability
Thermal expansion

Electrical
conductivity
Index of refraction
Dispersion

UV Transparency

Stimulated
emission

Surface chemistry
Nucleation and
crystal growth

Biocompatibility
and bioactivity

Offer extremely wide range of compositions; possible to tailor chain-
like polymeric structure, e.g., metaphosphate glasses; fibers
Low, e.g., for Pb-In-P-O glass, Tmeit=900°C, TpoUr= 800-900°C,
Tg-436°C, and Tsoft=459°C; castable Pb-Sn-F-P glass lenses
Poor, but can be strengthened dramatically by incorporation of
modifier oxides; e.g., Fe2O3, PbO, N, etc.

High, e.g., alkali-alkaline earth P-glass: 10-20 X 10-6/C° for glass-to-
metal seals

e.g., AgI-Ag2O-P2O5 glasses have p~10"3 to 10"2 Q^cnr1

High, 1.49-1.84
Moderately low n2 (nonlinearity), e.g., Pb-In-P-0 glass: Abbe no. =
30
Higher energy excitations of the bridging O (9.5 eV) and
nonbridging O (7.8 eV) lead to superior UV transparency

Large cross section (e.g., Nd3+) due to narrow linewidths, large
transition probabilities, and high refractive index; high spectral
homogeneity permits high-average-power laser application
Hydrophilic, nonmisting surface; e.g., lenses for marine application
Controlled formation of randomly oriented or unidirectionally
crystallized glass-ceramics, e.g., glass-ceramics for nuclear waste
disposal; hydrogen-filled BPO4 "gas-ceramic"
Capable of bonding to living bone by glass formation of a Ca-P-rich
surface film, e.g., Bioglass®, hydroxyl apatite
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3. Conclusion
The above examples represent a glimpse at neutron-scattering applications in materials
(specifically ceramics) characterization which ultimately leads to improved environment,
energy systems, and communication in our society. Without questions the potential
contributions and benefits by combining neutrons, computer simulations, and other
macroscopic methods are enormous. Therefore, the development of advance neutron
facilities deserves a partnership role in the layout of strategies for future science and
technology. The JHP neutron-arena project currently under way underscores the
importance of advanced neutron facilities recognized by the neutron and materials
research communities worldwide.
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