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with ISIS will provide great
opportunities for the users of the
facilities. From a scientific point of
view it is important to ensure that
the complementarity of neutrons and X-rays is fully exploited and that cross fertilisation
of ideas between the two probes is maximised. For technical and instrument developments,
the sharing of expertise will clearly be of great mutual benefit.

ISIS data production compared with the integrated beam current.

It was a great pleasure to welcome so many people to the User Consultation Meeting in
May and to receive such a strong endorsement for the ISIS Second Target Station. The
Second Target Station will greatly enhance our experimental capability in soft matter,
advanced materials and bio-molecular science, and will strengthen the potential synergy
with the New Synchrotron.

The ISIS Second Target Station is the Laboratory’s highest priority in the new government
Spending Review. It represents a major development of the facility, doubling the capacity
for instruments and providing a qualitatively different source of neutrons to enhance and
extend the scientific programme. It is the key development needed to maintain our
position in the world of pulsed neutron scattering in the next decade. And for the future,
we are investigating options to increase the power of ISIS to 1 MW and beyond.

The accelerator development programme is bearing fruit. Commissioning of the RFQ
on its test stand and development of the prototype dual harmonic RF cavity are both well
underway. Our aim is to install them in the long shutdown of 2002 and to begin to wind
the ISIS current up towards the 300 uA mark.

Protons are not the only thing accelerating at ISIS. The volume of data gathered by
the community last year - a broad brush measure of the productivity of the facility -
exceeded 100 Gbytes, more than an order of magnitude greater than a decade ago. This
data revolution is set to continue as MAPS and GEM leave their commissioning phases and
move into full production mode. These state-of-the-art instruments are truly stunning.
My heartiest congratulations to all of you in the community and in the facility who have

worked so hard to make them such a success.



Top left: The House of Lords Select Committee on Science and Technology
visiting the new GEM instrument during their tour of ISIS in May (OORC2867).
Top right: Dr Pat Dehmer and Dr Iran Thomas from the US Department of
Energy learning about ISIS from Andrew Taylor and Bill David (ISIS) (OORC3531).

Right: Professor Helen Garnet, ANSTO Executive Director, discussing ISIS
reflectometry with Jeff Penfold (ISIS) (00RC3223). Bottom left: The
International Committee on Future Accelerators visited the facility in
February (OORC1391). Bottom right: Richard Nelmes (ISIS) talks about high
pressure studies at ISIS to members of the CLRC Council (00RC3092).




Upper left: Professor Jaques Joffrin (Orsay
University) and Professor Geoffrey
Bodenhausen (Ecole Normale Superieure)
visited ISIS in May as part of the Five Nations
Expert Group (00RC2951). Upper right: Dr
Claude Detraz (Directeur de la Recherche,
DG/DI CERN, Geneva) touring ISIS with Tim
Broome (ISIS) (99RC4730). Centre left: ISIS
users are frequently accommodated at local
bed and breakfast hotels. Landlords and
landladies were invited to visit ISIS earlier
in the year to see what their guests get up
to! (OORC3066). Centre right: Attendees at
a particle physics masterclass visiting the
facility (99RC1944). Lower left: A
delegation from the French parliament with
Heidi Heron and David Hull (OST)
considering the virtues of siting the New
Synchrotron alongside ISIS (0ORC1531).
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to ISIS \

ISIS is the world’s most powerful pulsed spallation
neutron source. The facility provides beams of neutrons
and muons that enable scientists to probe the structure
and dynamics of condensed matter on scales ranging from
the sub-atomic to the macro-molecular. ISIS is a multi-
disciplinary research centre used by a wide range of
scientists from the Physics, Earth Science, Chemistry,
Materials Science, Engineering and Biology communities.
ISIS is also a powerful source of neutrinos, used for
fundamental Physics investigations.
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Introduction to ISIS

ISIS is the world’s most intense pulsed neutron and muon source and the major facility at CLRC’s

Rutherford Appleton Laboratory. The source was approved in 1977, first neutrons were produced in
1984 and in October 1985 ISIS was officially inaugurated. Over the past fifteen years, the facility has

attracted substantial international investment and has developed into a major international force in

condensed matter research.

The ISIS Facility (99RC4241).

Why neutrons and muons?

The neutron is a powerful probe for the study
of the microscopic structure and dynamics of
condensed matter, having significant advantages
over other forms of radiation. Detailed
information obtained from neutron scattering has
had a major impact on our understanding of the
microscopic nature of materials, from magnetism
and superconductivity to chemical surfaces and
interfaces. Muons are an alternative probe of
condensed matter, giving complementary
information on local structure and dynamics.

Producing neutrons at ISIS
Neutrons are produced at ISIS by the spallation
process. Aheavy metal target is bombarded with
pulses of highly energetic protons from a powerful
accelerator, driving neutrons from the nuclei of
the target atoms. This results in an extremely
intense neutron pulse, delivered with only modest
heat production in the neutron target. |In

contrast, traditional reactor sources of neutrons
suffer from intense heat production in the reactor
core, pushing the current limits of materials
technology.

Proton acceleration

Proton acceleration at ISIS begins with the H-
ion source of -665 kV. The extracted H beam is
accelerated to ground and injected into a linear
accelerator (linac). This accelerates the beam
to 70 MeV, providing a 200 us long, 22 mA H' pulse.
Final acceleration of the beam occurs in the
synchrotron. On entry, the H beam is stripped of
its electrons by a 0.3 um thick alumina foil. The
resulting protons are accumulated over many
revolutions, and then trapped by the RF harmonic
system into two bunches. They are accelerated
to 800 MeV, ‘surfing’ on the rising edge of the
sinusoidal magnetic field. Just prior to extraction,
the pulses are 100 ns long, and are separated by
230 ns. The proton beam makes around 10,000
revolutions of the synchrotron as it is accelerated,

The ISIS experimental hall (99RC5419).
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Left: Structural configuration of
the ion conducting glass (Pbl,), -
(Agl), -(AgPO,), .. Right: Inelastic
neutron scattering spectrum from
the surface of an industrial
catalyst. Inset: schematic of a
methyl group bound to the
topmost atomic layer of the
catalyst.

Thermal neutrons provide an ideal
probe of both the structure and
dynamics of matter.

before being ‘kicked’ into the extracted proton
beam line and transported to the neutron target.
This entire process is repeated 50 times a second.

The spallation process

The spallation target is made from a heavy
metal - tantalum at ISIS. Protons hitting nuclei
in the target material trigger an intranuclear
cascade, putting the individual nuclei into a highly
excited state. These nuclei then release this
energy by ‘evaporating’ nucleons - mainly
neutrons - some of which will leave the target
while others go on to trigger further reactions.
Each high energy proton delivered to the target
results in the production of approximately 15
neutrons. These neutrons generally have very
high energies, and must be slowed to speeds
(wavelengths) useful for condensed matter
studies. This is achieved using an array of small
hydrogenous moderators around the target. The
moderator temperature determines the spectral
distribution of neutrons produced and this can
be tailored for specific experiments.

Other radiation

ISIS also produces intense pulsed beams of
muons, via the insertion of a thin graphite
intermediate target into the extracted proton
beam. High energy nuclear reactions produce
pions, which decay into muons. In addition, pion
and muon production at the main target also
creates a rich flux of neutrinos; the KARMEN
experiment is designed to exploit the pulsed
structure of their production to investigate
problems in fundamental Physics.

Science programme

ISIS is a User Facility, providing pulsed neutrons
and muons together with a dedicated, fully
supported instrument suite to enable visiting
teams to exploit these techniques. The
experiments carried out at ISIS typically
complement work programs performed at home
laboratories. ISIS science encompasses both basic
and strategic research, with much collaboration
between academia and industry. Experiments are
In the last
year, some 613 user experiments were performed

selected by a peer review process.

at the facility by some 1600 visiting researchers.
ISIS also proves an excellent training ground for
young researchers, with a large fraction of visiting
scientists being aged 30 or under.

James Holt (Reading University) using the twin plate shear cell,
originally developed for SAXS, for the first time on LOQ (99RC5733).
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The ISIS Instrument Suite

Crystallography

The core of the crystallography instruments at ISIS comprises the two powder
diffractometers, HRPD and POLARIS, and a single crystal diffractometer SXD.
HRPD is the highest resolution neutron powder diffractometer in the world
offering a Ad/d of approximately 5x10“ which is effectively constant over a
wide d-spacing range. This high resolution is ideal for the study of subtle
structural details and small unit cell changes, and in allowing peaks to be
resolved from complex materials at low d-spacings. POLARIS is a high flux
instrument, well suited for the rapid characterisation of structures, the study
of small amounts of sample and use of difficult sample environments such as

high pressures. SXD uses the time-of-flight Laue technique to survey
simultaneously a large volume of reciprocal space, making it particularly well suited to diffuse scattering investigations as
well as routine structural studies of a range of organic and pharmaceutical materials. PEARL is used for stress measurements
on engineering components and materials (ENGIN) and to develop diffraction at high pressures (HiPr). A programme of
high resolution, long wavelength diffraction exists on IRIS and OSIRIS, covering magnetism and large molecular structures.
ROTAX is operated by the University of Bonn as a multi-purpose diffractometer for powder, single crystal and texture
measurements, and studies in high magnetic fields. The construction work of the new GEM instrument is now complete.
GEM’s high flux, high resolution and large detector angular coverage have already proved extremely useful for a range of
applications in both crystallography and disordered materials.

Disordered Materials

The study of disordered materials at ISIS is performed on the small angle liquids
diffractometer SANDALS. SANDALS is optimised for the study of disordered systems
with a significant number of light atoms. The low angle detector arrangement permits
the inelasticity corrections for such atoms to be minimised, yielding unprecedented
detail in the extraction of liquids structure. The newly commissioned GEM instrument

will provide further opportunities in the study of disordered materials.

Large Scale Structures

Large scale structures are principally studied at ISIS using
surface reflection and small angle neutron scattering
techniques. ISIS has two reflectometers, CRISP and SURF. A
glancing-angle incident beam is used to probe details of the
structure perpendicular to a surface via the interference
pattern of the scattered beam. Neutron reflectometry is a

powerful technique for surface science which has many
applications such as the study of surfactant absorption, for example in detergency, the adsorption of polymers and proteins,
the nature of thin polymer films, Langmuir Blodgett films, and in the study of magnetism in thin films and multilayers.
LOQ, the small angle scattering diffractometer, uses forward scattering of neutrons to allow large scale structures in the
region 10-500 A to be studied. Applications include investigation of voids, defects and segregation of atoms, the study of
micelles and microemulsions in solution, and of polymer structures in solution, the melt and in the solid state.
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Excitations

The Excitations suite of instruments comprises two chopper
spectrometers, HET and MARI, and the multi analyser spectrometer,
PRISMA. HET is optimised for scattering at low momentum transfers
over a wide energy range, making it particularly well suited to
studies of magnetic phenomena in polycrystalline and single crystal
samples. MARI, like HET, is a direct geometry spectrometer, but it
offers continuous detector coverage from 3° to 138° allowing

simultaneous measurement of large areas of (Q,») space - ideal
for studies of the dynamics of amorphous materials, the vibrational
spectroscopy of protonic systems and magnetic phenomena. PRISMA
is an indirect geometry spectrometer, used to survey phonon and
magnon dispersion curves. It also offers great potential for the
studies of diffuse and critical scattering. ALF utilises the ROTAX
beamline for single crystal alignment and sample characterisation. The MAPS spectrometer, a chopper spectrometer

optimised for single crystal measurements, is now well into its scientific commissioning phase.

Molecular Spectroscopy

The study of molecular dynamics at ISIS is principally carried out on
three dedicated instruments. IRIS, the high resolution inelastic spectrometer,
provides energy resolutions from 50 peV to 1 peV with energy transfers up
to 10 meV. It is well suited to studies of translational and rotational diffusion
effects in a wide range of materials, quantum excitations, such as the
tunnelling of the methyl group in simple organic molecules, and crystal
field effects. TOSCA is an indirect geometry spectrometer optimised for the
examination of molecular vibrations in complex chemical systems. Examples
include studies of catalyst materials, hydrogen bonded materials, polymeric
model materials and complex organics such as drugs. The electron volt
spectrometer, eVS, is designed to measure atomic momentum distributions

by exploiting the high flux of epithermal neutrons available at ISIS. eVS is

finding applications in the study of hydrogen bonded systems, giving a direct probe of the atomic potentials, and in the
study of quantum fluids such as the He liquids. The first stage of the OSIRIS project - the construction of a long wavelength
diffractometer - is now complete. The next stage, development of the OSIRIS spectrometer, is well underway. OSIRIS also
serves as a test bed for the development of polarised neutron techniques at ISIS.

Muon Spectroscopy

The muon spectroscopy programme at ISIS currently boasts
three spectrometers, MuSR, EMU and ARGUS, and a development
facility DEVA. The muon is effectively a sensitive microscopic
magnetometer. Implanted into virtually any material, its spin
polarisation and relaxation rate can be monitored to provide
information about the local structure and dynamics. The muon
technique has applications in a wide variety of systems including
studies of spin dynamics in magnetic systems, penetration depth
and flux line lattice measurements in superconductors, muonium

chemistry, light-particle diffusion processes, and hydrogen

interactions in, for example, semiconductors.
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The scientific programme at ISIS centres on
the use of neutron and muon beams for
condensed matter research. A review of
some of the scientific work performed on
the ISIS instruments is presented in this
chapter. More detailed descriptions of
scientific highlights are presented in chapter
3. Reports describing experiments
performed at ISIS in the last year are
contained on the CD inside the back cover of
this report in PDF format.




Science at ISIS

Crystallography

The ISIS Crystallography instruments comprise
a world-leading suite. The POLARIS, HRPD, SXD
and PEARL/HiPr instruments continue to operate
busy and diverse user programmes in powder and
single crystal diffraction, straddling the areas of
Chemistry, Materials, Physics and Earth Sciences.
The commissioning phase of GEM has progressed
extremely well and the first set of user-led
commissioning experiments have been carried out
(see page 71). Demand for the high pressure
component on PEARL/HiPr remains at a very high
level, with Paris-Edinburgh (P-E) cell
developments in parallel with a busy user
programme; the PEARL/HiPr detector array offers
a very powerful tool for high pressure studies.
Demand for SXD is also at a notably high level,
particularly in the area of chemical
crystallography. The re-sited and upgraded
POLARIS is performing well in a wide range of
studies.

The EPSRC-funded projects to upgrade the 90°
detector bank for HRPD and the SXD detectors
are advancing well (see page 72). These
improvements, together with the new GEM
instrument, have provided a high quality
instrument suite offering possibilities for more
innovative experiments. Examples include the
possibility of growing single crystals directly in
the beam and the opportunity to deliver reactive,
non-robust gases into the powder diffractometers
for structure solution and refinement. Extending
the existing highly successful high pressure
powder diffraction programme to single crystal
studies is also being pursued. Developments such
as these will have significant benefits for the user
community.

The crystallography programme stimulates
continual improvements in sample environments.
The construction of the ISIS chemical reaction
cell, funded under the advanced sample
environment grant, has been completed and a
call for proposals for its use on POLARIS issued.
Future possibilities for enhancement of the
POLARIS instrument, notably the backscattering

and low angle detector banks, are being
considered, along with the possibilities of further
optimising the instrument for studying chemical
reactions. The high pressure user programme on
PEARL/HiPr has benefited from the availability
of state-of-the-art dedicated P-E pressure cells,
offering routine pressures of 0-10 GPa using
tungsten carbide anvils, or up to 25 GPa with
user-supplied sintered diamond anvils, in the
temperature range ~90-350 K.

The scientific programme remains rich and
varied and there are strong strands in advanced
materials, materials processing and reaction
chemistry, structure/property relationships,
structural solution, mineralogical and geological
structures, phase transitions and organic and
supramolecular chemistry.

In particular this year the area of reaction
chemistry has been a highlight. In addition to
the work carried out by the Oxford group on
developing and using a hydrothermal reaction cell
(see Highlight on page 30), there have been
several other ‘in-situ’ measurements. These have
included studies of gel decomposition as a
synthesis route to single phase manganate
materials, studies of controlled recrystallisation
of Li-inserted materials for anode applications and
the initiation of a programme aimed at
understanding the processing of dielectric BZT
ceramics. Along the same lines, structural
systematics have been explored as a function of
temperature and pressure in several experiments,
for example in studies of the structural properties

Figure 2.1. Structure of Zn-loaded zeolite A showing the arrangement of zinc oxide

clusters (Anderson et al).



Figure 2.2. The O-H...N hydrogen bond in the crystalline aduct of 2-methylpyridine

and pentachlorophenol is the shortest such bond studied to date using neutron
diffraction. The O...N distance is 2.588(3) A, and the SXD study clearly showed the
hydrogen-bonded proton to be localised on the oxygen atom in this complex, at an O-
H distance of 1.068(7) A.

of silver-based superionic materials, where the
pattern of phase transitions and structural order/
disorder are important in understanding
conducting properties.

There has been a revitalisation of interest in
the use of HRPD to study the fine detail of phase
transitions; the ability of the instrument to scan
parameter space rapidly at very high resolution
offering unique possibilities in this area. In the
traditional area of perovskite oxides, there has
been a renewed effort to study the pattern of
phase transitions in SrZrO, and SrHfQ,, following
preliminary studies at Oak Ridge. The results have
allowed significant new insights into these
processes, and have identified hitherto
unsuspected phase transitions. The ferroelectric
phase transitions in SrTeO, were also studied, to
try to resolve an ongoing controversy regarding
the correct structure at high temperature - the
high symmetry space group was confirmed as
C2/m. The pattern of phase transitions in lead
aluminium fluoride was studied with a view to
understanding, for example, the second harmonic
generation properties of this material. Mineral
structures have also been subject to detailed
temperature-dependent studies, for example the
possible effect of H/D exchange on the transitions

Science at ISIS

in lawsonite and the detailed thermal evolution
of the lattice parameters in gibbsite.

In the area of advanced and complex
materials, the study of loaded zeolites has once
again featured. These have potential applications
in catalysis, optics, electronics and sensors.
Studies have been carried out of the inclusion of
both alkali metal and zinc ions into zeolites (see
figure 2.1), examining the spatial localisation of
these ions or clusters of ions in the structure.
More recently, studies have been initiated of the
inclusion of metal-organic complexes into the
zeolite framework, where the particular interest
is in the potential optical activity. Such studies
are a challenge, but the combination of high flux
and high resolution available on the ISIS powder
instruments is making these tenable. The use of
neutron diffraction in studying a variety of novel
materials for potential use in fuel cells has
continued, along with many studies of the
structural and magnetic characteristics of the CMR
manganates. The study of materials under high
pressure has also continued. This includes
fundamental systems such as ice and other simple
molecular materials (see Highlight on page 34),
clathrates, minerals (see Highlight on page 32)
and studies of the effect of pressure on, for
example, magnetic ordering in manganese
perovskites. Studies of single crystals of the
decagonal quasicrystal AINiCo have also featured.

The strong programme of studies of molecular
and supramolecular systems has continued, with
investigation of materials displaying non-linear-
optical activity such as substituted urea
compounds and the nitroanilines (see Highlight
on page 36) where the aim is to correlate
molecular structure, hydrogen bonding and
molecular packing with optical properties. Among
other highlights in this area have been the
commencement of studies of methylpyridine:
pentachlorophenol complexes, which contain
some of the shortest O-H...N hydrogen bonds
known (see figure 2.2), and the first successful
neutron diffraction structure determination of an
icosahedral fragment nido-carborane, studied
using a natural-boron single crystal.
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Disordered Materials

The Disordered Materials Group supports
neutron diffraction research into the structure
of liquids and disordered materials. The Group
operates the recently commissioned GEM
diffractometer and the SANDALS diffractometer.

The number of completed disordered
materials experiments on GEM is still small due
to the time devoted to commissioning and the
lack of low angle detectors. Skipper et al
performed some preliminary experiments on the
Li-ammonia system to compare with data taken
on SANDALS and at the ILL. A useful commissioning
experiment on liquid carbon tetrachloride was
also completed and produced a radial distribution
function exactly in accord with that obtained in
previous experiments on this material (see figure
2.3). These data serve to demonstrate that the
full ATLAS suite of analysis programmes can now
be applied to GEM data.

At this early stage the performance of the GEM
detectors appears outstanding, both in terms of
their stability and their uniformity: detector
fluctuations appear much smaller than 0.1% over
a 24 hr time period. In an experiment to

T(r) (barns A=2)
N w

oL

r (A)

Figure 2.3. Radial distribution function for liquid carbon
tetrachloride, used as a commissioning experiment on GEM.
The data indicate the excellent spatial resolution obtainable
with GEM data, and show that the full ATLAS data analysis
package is available on GEM.
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Figure 2.4. Diffraction pattern for a terbium metaphosphate
glass, with (red) and without (blue) the magnetic field applied.
The small difference between these signals is readily
discernible with the excellent GEM stability, and indicates a
Th-Tb distance of about 6.2 A.

investigate the presence of disordered magnetic
structures, Newport et al have used GEM to study
terbium metaphosphate glass, Tb,0,.3P,0,. The
particular interest was to determine the likely
separation between the rare earth ions, Th*, but
this is an extremely difficult and challenging
experiment. The aim of the experiment was to
measure the correlations between Tb** ions by
comparing data taken with a high magnetic field
turned on and off. A previous attempt to do this

Alex Hannon at the helm of GEM (00RC5039).



experiment on POLARIS had failed due to
inadequate data quality. However, the experiment
was successfully performed on GEM due to the
higher count rate and excellent detector stability.
A clear difference in the diffraction pattern was
observed when the 3 Tesla magnetic field was
turned on and off (see figure 2.4). The data
indicate that the Tb-Tb distance is a little over 6 A.

On SANDALS there has once again been a very
diverse programme of research. Neilson has
initiated a series of studies of the water
environment around increasingly large and
complex molecules in solution, with the ultimate
goal of understanding the solvent properties which
cause large macromolecules to fold or unfold in
solution. Skipper has continued his series of
experiments on metal-ammonia and metal-amine
solutions, investigating changes of structure
through the metal to non-metal transition, and
in due course perhaps determining the liquid
structure around the solvated electron. Poon has

investigated a series of methanol-water solutions,

Figure 2.5. Spatial density distribution of toluene around a ferrocene molecule (shown
at centre) in solution. The toluene prefers to lie either in the polar regions or the
equatorial regions of the central ferrocene molecule. Orientational plots not shown
here indicate that there is a strong preference for the plane of the toluene molecule
to point directly towards the centre of the ferrocene molecule in both regions.

Science at ISIS

Piers Buchannan (Bristol University) preparing the SANDALS multi-sample
changer (OORC1268).

looking for changes in the methanol-methanol and
methanol-water configurations to interpret trends
seen in Raman scattering data on the same
system. Ricci has started to investigate the
structure of supercritical water in the presence
of hydrophobic solutes, although at the present
time the data are only preliminary. Turner has
pioneered the investigation of non-aqueous
solutions with an investigation of ferrocene
dissolved in toluene, using hydrogen isotope
substitution on the ferrocene molecule (see figure
2.5). Adya has continued his work on non-aqueous
liquid mixtures.

On the disordered materials front, Barnes has
performed some successful furnace experiments
on SANDALS, and Greaves returned with another
successful levitator experiment to investigate the
structure of liquid alumina for the first time with
neutrons (See Highlight article on page 40).
Dahlborg investigated short and medium range
order in molten alloys, Borjesson studied molten
PEO-LiAsF, and Swenson analysed PPO-LiClO, and
PPO-Mg(ClO,), glasses. Other glass studies have
been performed by Hoppe, Cormier, Lamparter
and Newport.

11
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Large Scale Structures

Neutron reflectometry and small angle
neutron scattering, SANS, are key techniques for
the study of a wide range of important and
technologically relevant phenomena in Soft

0 (rad)

Matter, Advanced Materials and Bio-molecular
Sciences. Whilst neutron reflectometry provides
access to the structure of surfaces and interfaces,
SANS probes structures on the mesoscale, in the
range 20 to 1000 A. The SANS (LOQ) and
reflectometry (SURF, CRISP) instruments at ISIS
effectively exploit the features of a pulsed

Wavelength (A)

. . Figure 2.7. The scattering from an annealed Fe/Cr multilayer. The scattering at 4.3
neutron source: a wide dynamic range and good .
A corresponds to anti-ferromangetic coupling of the Fe. The magnetic roughness is

resolution. These features, coupled with the revealed as the strong scattering away from the specular direction in contrast to the

12

Reflectivity

selectivity offered by H/D isotopic substitution
and neutron polarisation, make a wide range of
complex phenomena experimentally accessible.

Neutron Reflectometry on
CRISP and SURF

Developments in the unique polarised neutron
capability of CRISP have resulted in an increased
use of polarised neutron reflectometry, PNR, in
the study of a wide range of magnetic thin films.
The technique gives access to an absolute vector
measurement of magnetic coupling perpendicular
to the sample surface. Recently, there has been
much interest in exploiting the giant magneto-
resistance, GMR, effect in magnetic storage
media. The sign of the GMR effect can be
controlled by introducing a rare earth, RE, in
proximity with a transition metal layer. The

0
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—e— Spin down
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107
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Figure 2.6. Polarised neutron reflectivity at T=3.5K for the Nd
multilayer described in the text.

nuclear Bragg peak at 2.1A.

differing exchange interactions between the rare
earth and transition metal layers (ferromagnetic
or anti-ferromagnetic) give rise to either a positive
or negative GMR effect. The ability to determine
magnetic coupling mechanisms has been used to
study systems such as [Co/Cu/Co/RE/Co/Cul,,
where RE corresponds to Dy, Gd, and Nd (Hickey
et al). Figure 2.6 shows the spin polarised
reflectivity for an anti-ferromagnetic Nd layer at
T=3.5K. Detailed analysis allows quantitative
modelling of the exchange coupling.

Use of the multi-detector on CRISP gives access
to the off-specular scattering and the in-plane
structure of the sample. In the magnetic case this
can take the form of magnetic roughness or
magnetic domain correlations. Studies of Fe/Cr
multi-layers (Takeda et al) deposited on MgO
substrates show strong anti-ferromagnetic
coupling between the Fe layers, but in the
presence of interfacial structural roughness the
magnetic coupling is disordered and off-specular
scattering is observed (figure 2.7). The level of
magnetic disorder can be quantified and
correlated with the magnitude of the GMR.

Polymer-surfactant mixtures are examples of
complex, multi-component systems that can be
effectively studied using neutron ‘contrast
variation’ techniques. Polymers are added to
surfactant mixtures as viscosity modifiers,
stabilisers and deposition aids, and such mixtures



Figure 2.8.
Specular
reflectivity for
2.3x102 M
C,,TAB/ 140
ppm NaPSS in
water. Green:
d-C,,TAB/h-
NaPSS; blue: h-
C,,TAB/h-
NaPS/D,0; red
d-C,,TAB/h-
NaPSS/nrw.

represent closely the formulation of products such
as shower gels and hair shampoos. Although in
many cases the bulk phase behaviour of such
mixtures is well characterised, their surface or
interfacial behaviour (vital in the understanding
of aspects of their product functionality) is not.
Specular neutron reflectivity, in combination with
H/D isotopic substitution, is an ideal technique
for the investigation of the surface composition
and structure of such mixtures. Recent
measurements by Thomas et al on a mixture of
polystyrene sulphonate, PSS, and the cationic
surfactant dodecyl trimethyl ammonium bromide
(C,,TAB) have revealed a surprising pattern of
behaviour in the adsorption of the mixture at the
air-water interface ranging from a thin adsorbed
layer comprised of surfactant and polymer at low
surfactant concentrations to a highly ordered
structure (see figure 2.8) at higher
concentrations. Measurements with differently
isotopically labelled combinations of surfactant,
polymer, and solvent provide the opportunity to
determine the detailed structure of the mixed
surface layer (see inset in figure 2.8).

Random graft co-polymers exhibit novel
surface visco-elastic properties as a function of
concentration of the spread film at the air-water
interface. To determine the role of the amount
of hydrophilic poly-ethylene oxide, PEO, present
on the grafting density (to the hydrophobic
norbornene backbone) Richards et al have used
neutron reflectometry to determine the molecular
organisation of these co-polymers at the air-water
interface. The results show that the distribution
of co-polymer is best described as a uniform layer
with a parabolic decay. The hydrophobic backbone
is located at the uppermost surface, and the PEO
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Figure 2.9. PEO graft length verses grafting density for n15 (blue), n25

(green) and n50 (red), where n is the degree of polymerisation of the

PEO graft (ie n=15, 25, 50 ethylene oxide units).

grafts extend into the sub-phase. Plotting the PEO
graft length as a function of grafting density
(figure 2.9) reveals a phase change at a surface
concentration that coincides with the onset of
the plateaux region of the surface pressure
isotherm. At the higher surface concentrations
the behaviour is consistent with stretched wet
brushes.

The applications of surfactants all occur under
non-equilibrium conditions, whereas most
academic studies, such as for example surface
tension, are made at equilibrium. The kinetics of
surfactant adsorption remains relatively poorly
understood. In particular there is uncertainty
about the role of micelles and whether the
mechanism is pure or activated diffusion. Bain
and Eastoe are using the complementary
techniques of surface light scattering, SLS, and
neutron reflectometry to address this problem.
An overflowing cylinder (OFC) cell generates a
continuously expanding liquid surface with a
‘surface age’ of 0.1 to 1.0 second, a time scale
range of practical relevance. The initial study has
used a well-characterised anionic surfactant bis
(1H, 1H perfluoropentyl) sulfosuccinate (di-CF4),
a fluorinated analogue of Aerosol-OT. Figure 2.10
shows the surface tension results for di-CF4: the
equilibrium data were obtained by drop volume
tensiometry, and the dynamic values were
measured on the OFC using SLS. A significant
perturbation under dynamic conditions is observed
in comparison to the equilibrium results. Results
from the neutron reflection measurements are
also shown in figure 2.10, where equilibrium
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Figure 2.10. Equilibrium dynamic surface tensions (top) and
adsorption isotherms (bottom) for di-CF4

surface excesses, as measured by reflection and
inferred from tension data using the Gibbs
equation, are compared with those measured
directly for samples off-equilibrium in the OFC
cell. The equilibrium and dynamic surface
coverages are essentially the same at higher
surfactant concentrations, down to about 0.5 x
cmc, and at concentrations below this there are
significant deviations. The off-equilibrium
adsorption can only be directly measured using
neutron reflection, and is essential for an
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understanding of the dynamical processes.
Non-ionic surfactants are frequently used as
emulsifiers in a variety of food and pharmaceutical
products. A range of interactions exist between
proteins and surfactants, resulting in dramatic
differences in the stability and rheological
properties of food and pharmaceutical
formulations. Lu and co-workers have used
specular neutron reflection to investigate the
competitive adsorption of lysozyme and the non-
ionic surfactant CE, at the air / solution
interface. The neutron reflection measurements
quantify the predominant lysozyme occupation
of the surface at low surfactant concentration.
With increasing C ,E, concentration the lysozyme
is eventually completely replaced by C,E,.
Structural measurements show that the surfactant
causes a partial breakdown of the globular
structure of the protein at the interface.

Small Angle Scattering on LOQ
SANS, and the evident advantages of H/D
isotopic substitution, is extensively used in the
determination of the structure of surfactant
mesophases. Eastoe and co-workers have been
exploring the production of controlled colloidal
particle architectures using surfactants with
polymerisable vinyl groups. A range of micelle
geometries was investigated using a mixture of
single and di-chain surfactants with vinyl groups
in the tails which are polymerisable by UV. Once

cross-linked the structures should be more stable
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Figure 2.11. SANS
data and model fits
for 0.15M mixture of
single and di-chain
surfactants at mixing
ratios of (a) 30% and
(b) 80%. Insets (a)
and (b) show the
structures of the
single and di-chain

surfactants.



to both dilution and temperature than normal
surfactant based colloids. Figure 2.11 shows the
SANS data for such a mixture of single and di-
chain surfactants in both monomer and
polymerised form, and for two different
compositions. The data show that the micelle
structure is broadly retained after polymerisation,
and that the variation of structure from spherical
to lamellar with composition is consistent with
packing arguments.

Concentrated surfactant mesophases are
fundamental constituents of detergent-based
products in manufacture and use. Formulations,
such as fabric conditioners, frequently contain
concentrated mixtures of di-chain cationic
surfactants and non-ionic surfactants, and have
a complex phase behaviour from liposomes to
micelles. Penfold and co-workers at Unilever have
used SANS measurements to study the
microstructure of the di-chain cationic / non-ionic
mixture HEQ/C_E_. At high HEQ/C_E
composition ratios the system can be described
as a defective lamellar phase. At higher surfactant
concentrations anisotropic scattering, consistent
with an aligned lamellar phase, is observed,
whereas the scattering becomes isotropic at lower
surfactant concentrations. The structure is more
pronounced and ordered at temperatures above
the La./Lp phase transition temperature. At lower
HEQ/C E

,E,, compositions (see figure 2.12) there

is an increased tendency to form small spherical
micelles with increasing temperature, such that
the solution is completely micellar before the Lo/
LB phase transition temperature is reached.
The effect of chain branching in polymers is

Figure 2.12.
Scattering data for 60
4% HEQ/4% C E,,as a
function of |\ 40
temperature.
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Figure 2.13. Schematic representation of pore formation in
membranes by the toxin pneumolysin.
an important area of investigation; small changes
in branching can have dramatic effects on
processing properties (such as drawability in films
and fibres) and on the final physical properties.
Although the effect is well documented and
extensively used, the underlying molecular
mechanisms are not clearly established. Using
SANS, Spells has shown clear differences in
structure on stretching poly-ethylene (PE) chains
with C4 or C6 side chains included every ~200
carbon atoms in the PE chain. A clear correlation
was established between the initial draw ratio
and the ‘permanent’ molecular deformation.
Gilbert et al have used SANS measurements
at ISIS and the ILL to study the interaction of the
toxin pneumolysin, produced from pneumonia
bacteria, with synthetic model cell membrane
vesicles. Pneumolysin binds to cholesterol in cell
membrane surfaces as a prelude to pore
formation, which involves the oligomerisation of
the protein (see figure 2.13). SANS measurements
at different neutron contrasts of the solvent were
obtained from liposomes used as model cell
membranes with different concentrations of
pneumolysin. The overall trend in the structure
was a thinning of the liposome surface on toxin
attack followed by the formation of localised
structures thicker than the liposome bilayer itself.
With the liposome index matched to the solvent
the pneumolysin oligomers were observed
directly. Inactive toxin appeared to bind to the
liposome, but did not result in a change to the
membrane structure. Subsequent activation of the
pneumolysin in-situ brought about changes in the
liposome structure similar to that observed from
direct toxin attack.
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Excitations

The Excitations Group operates the three
chopper spectrometers HET, MARI and MAPS, the
single crystal coherent excitations spectrometer
PRISMA, and the ROTAX diffractometer. The
Group is also responsible for the single crystal
alignment facility, ALF. The scientific programme
of the Group is dominated by research in hard-
condensed matter physics ranging from
investigations of model magnetic systems to the
dynamics of glasses.

HET

The science program on HET this year has been
very broad. In addition to the continuation of
many strong programmes such as GMR materials,
spin ladders and high temperature
superconductors, several novel experiments have
been performed - for example, the search for
quantum entanglement in the correlation
dynamics of OH and OD vibration modes in H,O-
D,0 mixtures.

On the powder side, there were many
excellent crystal field studies as well as a number
of experiments looking at non-fermi liquid (NFL)
behaviour. One particular study of Ce(Rh,Pd_,)Sb
managed to combine the two fields. This sample
is at a critical point dividing magnetic and non-
magnetic ground states. The temperature
dependence of the quasi-elastic contribution to
the scattering showed NFL behaviour at low
energies. However, crystal field peaks at 18 meV
and 34 meV provided convincing evidence of a
cross-over from NFL behaviour to a more
conventional localised moment at higher energies.

Another very exciting experiment performed
recently aimed to determine the spin state of the

so-called resonance peak in YBa,Cu.0, .. This peak

6+5°
is believed to be directly related to the
superconductivity. A key issue concerns the spin
symmetry of the excited state since a possible
interpretation is that the resonance represents a
triplet (S=1) excitation of a bound quasi-particle
state. The ambitious aim of the experiment was
to determine the spin state from the Zeeman

splitting of the resonance in an applied magnetic

field. The size of the splitting in the maximum
field available (7.5T on HET) is only 0.9 meV,
beyond the resolution of triple axis spectrometers
for these high energy transfers. Initial results
taken on a single crystal of YBa,Cu,0, , shows that
the resonance peak changes shape with the
application of a field. However, a more detailed

analysis of the peak is currently under way.

MARI

The science program on MARI is as diverse as
ever with work spanning low-dimensional
magnetism, quantum fluids and solids, phonons
in quasi-crystals and the dynamics of amorphous
materials.

Historically MARI has played an important role
in the understanding of the dynamics of low
dimensional magnetic systems. Originally interest
was focused on the 5=1/2 systems, and attempting
to verifying the Haldane conjecture, but during
the last year we have seen experiments looking
at the quantum effects in the spin 3/2 system
CsVCL, and the 5=1 system CsNiCl, (figure 2.14).
The low temperature spectrum of the integer spin
system measured is dominated by well-defined
single particle excitations. These form a spin
triplet with an energy gap consistent with field
theoretical descriptions. Measurements on MARI
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Figure 2.14. Dispersion of magnetic excitations in the spin 1
Haldane chain CsNiCl, measured using MARI.



Pencheng Dai (ORNL) and Andrew Boothroyd (Oxford) investigating the field
dependence of the resonance peak in YBCO on HET (00RC1266).

were able to see the continuum scattering, and
from the temperature dependence it was also
possible to test for the predicted scaling
behaviour.

The current interest in helium is focused
around its confinement in small pores. In vycor
(pore sizes of 70 A) the superfluid transition is
considerably suppressed but still has the same
critical exponent indicating the universality class
is the same. In aerogel, which has much larger
pore sizes, the change in the superfluid transition
is only small, but the critical exponent, and hence
the universality class, looks very different.

Work has continued looking at various aspects
of amorphous materials including intermediate
range ordering in B,0,, rapidly quenched metallic
glasses and amorphous DKDP.

PRISMA

Demand for PRISMA beamtime in both inelastic
and diffraction modes continues to increase, with
the last proposal round showing a significant
oversubscription factor. Experiments carried out
on PRISMA during the year covered a wide range
of science, one of which (by Coldea, Tennant et
al) has claimed the ISIS record for low

Science at ISIS

temperatures in a magnetic field: 50 mK in 7 T!
Cs,CuCl, is a quasi-1D spin-1/2 Heisenberg
antiferromagnet in which frustrated interchain
coupling causes cycloidal ordering below T, =
0.62 K. Quantum fluctuations are thought to
renormalise the incommensurate wavevector
significantly from its mean field value, and it is
conjectured that this can lead to the formation
of a gapped spin-liquid state. Applying a magnetic
field perpendicular to the cycloidal spin structure
should quench the fluctuations and reduce
quantum renormalisation effects. The PRISMA
diffraction measurements observe directly the
change in the quantum renormalization of the
incommensurate spiral pitch upon applying a
magnetic field that gradually quenches the
quantum fluctuations and drives the system from
the quantum limit (B = 0) towards the classical
limit (B_ = 8.4 T) above which all spins are
ferromagnetically aligned. See the Highlight
article on page 52 for more details.

An emerging technique on PRISMA is the use
of the inelastic detector for the measurement of
dynamical correlation lengths in low-dimensional
magnetic materials. The standard 2-axis S(Q)
measurement technique integrates over all energy
transfers and is only valid when the distribution
of excitation energies is smaller than the neutron
energy. When this is not the case the measured
S(Q) can deviate markedly from the actual values.
The PRISMA technique utilises the fact that for a
particular scattering angle, the measured time-
of-flight trajectory is always parallel to k. By
placing the magnetic chains of a 1-d material
perpendicular to k, a range of constant g-scans
can be collected around the magnetic zone
centre, from which an accurate $(Q) can be
obtained through correction of the $(Q,») data
for kinematical and temperature factors before
integration. The technique has been successfully
applied to CsCrCl,, CuGeO, and RbNiCL..

The scientific commissioning of MAPS is now
underway (see page 70). Demand for beamtime
is high. Next year’s report will be bursting with
new and exciting science coming from MAPS.
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Molecular Spectroscopy

The Molecular Sciences Group supports the
work of Biologists, Chemists and Physicists
interested in the dynamics of atoms and
molecules. To this end the group operates four
spectrometers; eVS, TOSCA, OSIRIS and IRIS, with
characteristic time-scales ranging from short (with
respect to atomic vibrations) to long (with respect
to molecular diffusion).

The rejuvenation programme started about
three years ago is almost complete and apart from
the new spectrometer, OSIRIS, the group now
operates an improved IRIS and the recently
completed Phase Il of TOSCA. The installation of
the VESUVIO hardware will take place towards
the end of the year.

IRIS

The science program on IRIS remains topical
and diverse, with the quality of experimental data
collected being reflected by the spectrometer’s
high publication record. As ever, the scientific
backbone of IRIS remains predominantly that of
quasi-elastic neutron scattering from polymeric
systems. However, there continues a steady and
growing interest towards low energy magnetic
excitations and biological systems, in addition to
high accuracy studies of the roton dispersion curve
in superfluid helium. Indeed, biological studies
on IRIS have been greatly assisted by the
investment in, and modifications made to, the
existing IRIS sample changer and water bath (-50
to +100 °C ) sample environment equipment.

More importantly, however, to improve further
the sensitivity of the spectrometer a new IRIS
pyrolytic graphite analyser bank has been
installed. The new array not only achieves a 3-
fold increase in count rate but also a significant
improvement in the ratio of signal to background.
Future effort on IRIS is focused towards fully
exploiting the increase in surface area of the new
pyrolytic analyser array by considering improved
collimator and detector geometries.

OSIRIS

OSIRIS is a 50% scheduled instrument,
presently used for diffraction experiments, and
this allows sufficient time to develop the required
polarised-neutron techniques for full polarisation
analysis to be installed starting in 2001.
Determination of long d-spacing magnetic
structures makes up the majority of OSIRIS
experiments. A wide variety of magnetic materials
have been studied, including CMR, high-T_and
rare-earth intermetallics. These measurements
benefit from the long wavelengths and high
resolution available. Structure determination of
crystalline polymers and proteins has also been a
major field, pushing long d-spacing diffraction to
new limits. The high counting rate at long
wavelengths has benefited new measurements on
in-situ chemical reactions, e.g. in zeolites and
new battery materials. In short, the unique ability
to measure long d-spacings with high resolution
and high counting rate is building a strong user
community spanning a wide range of topical
subjects.

Figure 2.16. Studies of catalysts such as Co-Mo Al,0, used for thiophene
hydrodesulphurisation are carried out on all the instruments within the Molecular

Spectroscopy Group.



Fabrizio Cavatorta and Nicola Augelini investigating water in amylose using
TOSCA (00RC1290).

TOSCA

TOSCA has had a highly successful year. With
any new instrument, one of the priorities is to
reduce the background and this has been
achieved. The background is smooth, stable and
almost as low as that of its forefather, TFXA. This
is no mean feat in view of the much more open
geometry of TOSCA. The science has been as
varied as ever, ranging from fundamental
investigations of solid and liquid H, and H,S, where
the link with work carried out on eVS on the same
systems is particularly clear, to studies of small
molecules. These include biogenic amines and
their salts as well as exotic cage structures like
dodecahedrane (see figure 2.17). For such
systems, where the intermolecular interactions
can be neglected, the use of ab initio calculations
to analyse the data is rapidly becoming the
method of choice. At the end of March, TOSCA
was closed to allow the final upgrade to be
completed. This is on target and the first users
are expected in November. The new TOSCA will
offer the spectroscopist’s dream: better
resolution and more flux simultaneously!

Science at ISIS

eVs

The scientific program on eVS has included
measurements on water below and at the
supercritical temperature, where comparison with
a harmonic model suggested that half the
hydrogen bonds in water are broken at 400 °C.
Experimental work on the anomalous cross
sections measured on eVS in hydrogen-deuterium
mixtures has continued and has recently been
given a theoretical explanation in terms of
conventional quantum mechanics. A strong area
of interest is the kinetic energy in liquid and solid
3He and mixtures of *He and “He. eVS is
particularly advantageous for these studies as the
high incident neutron energies much reduce the
strong absorption cross section in 3He. eVS is about
to undergo a major upgrade, with the installation
of the EU funded VESUVIO modifications, which
will considerably improve the instrumental
resolution.

Over 30 UK and international participants
gathered at the Cosener’s House, Abingdon, UK
for a workshop organised as part of the VESUVIO
project. Current and potential users of eVS had
the opportunity to express their needs for the
next generation spectrometer. The speakers
covered a broad area of science from the pure
physics of liquid and solid helium and molecular
hydrogen, to the applied physics of glasses and
high T_ superconductors, to the chemistry of
hydrogen on catalysts and hydrogen bonding in
chemical compounds.
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Figure 2.17. Comparison of observed (blue) and calculated
(red) by ab-initio methods INS spectra of dodecahedrane.
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Muons

The instruments MuSR, EMU and DEVA offer
polarized positive muons as magnetic probes of
superconducting and magnetic materials, as
proton analogues for chemical physics and as spin
labels for molecular dynamics. The muons are
implanted into the materials to be studied and
they relay information on local structure and
dynamics via their decay to individually detected
positrons. For many experiments MuSR and EMU
instrument performance is equivalent, although
MuSR, with its greater range of transverse fields
and option of a dilution refrigerator, is especially
popular for magnetic studies. EMU is optimized
for studies in higher longitudinal field and is
preferred for measurements involving the
decoupling of local spin interactions, e.g. for
characterisation of muonium — the light pseudo-
isotope of hydrogen — and of muoniated organic
radicals. Much use of EMU in so-called fly-past
mode has been made this year, improving its
performance for small samples. Some experiments
are scheduled on the RIKEN-RAL instrument
ARGUS, which is capable of high data rates. The
DEVA instrument is reserved for unusual or
developmental projects — this year for radio-
frequency resonance and the testing of new data
acquisition electronics.

Experiments on novel and high-temperature
superconductors include investigations of
mechanism, of the competition or coexistence
with magnetism, of flux penetration and
characterization of flux line lattices.
Investigations of mechanisms cover the high-T_
cuprates, as well as superconducting carbides,
silicides and fullerides. The muon response helps
assess the nature of both static and dynamic
correlations which survive suppression of the
antiferromagnetic order by doping and which
coexist with superconductivity. In cuprates the
results support the picture of electronic phase
separation, i.e. the presence of static and
dynamic charge-ordered stripes. Indirectly they
support models of superconductivity based on this
picture. Evidence for phase separation and the
coexistence of nanodomains with very different

local properties likewise arises from studies of
spin and charge ordering in manganites and in
the related cobaltites. Muon detection of
magnetism in NH,K,C = poses the question of its

373760
relationship with the unusual superconductivity
in NH,NaK,C , and gives superconductivity in

fullerides a new impulse. MuSR measurements
of flux penetration in type-Il superconductors are
particularly powerful and continue to be popular.
This year they include studies of the vortex field
distribution in the low critical-current material
PblIn and in the heavy-fermion material UPt,. The
results in Pbiln achieve a longstanding objective
of detecting motional narrowing of the field
distribution as the flux line lattice moves in the
Lorentz force of an electric current.

Magnetic studies this year concentrated on
low-dimensional, layered and geometrically
frustrated systems on the one hand and on nano-
scale magnetic particles and high-spin molecules
on the other. Both categories of experiment use
the muon probe to sense magnetic fluctuations

Steve Blundell and Ishbell Marshall (Oxford) preparing the MuSR dilution fridge for

studies of the two-dimensional spin gap system CaV 0, under the watchful eye of

Chris Scott (ISIS) (OORC1870).



Migg Roduner (Stuttgart), Laurens Siebelles (Delft), Steve Cox (ISIS), Philip Donnelly
(UCL) and colleague investigating muonium formation in hexane (0ORC1701).

and reveal correlations of the host spins over wide
temperature ranges, especially in the vicinity of
magnetic phase transitions. The influence of
structure is studied in triangular, tetrahedral and
ladder-like structures, as well as in molecular
magnets exhibiting spin-Peierls transitions.
Quantum magnetic tunnelling is seen relaxing
magnetization in high-spin molecules. Magnetic
grain nucleation is seen in manganites. The
influence of size is studied in superparamagnetic
clusters, single-domain granules and in colloidal
magnetic particles — this latter with a view to
application as a contrast agent in medical
magnetic resonance imaging.

The study of spin transport (soliton motion)
and of charge transport with spin (polarons) in
conjugated molecules and polymers exploits the
muon as a magnetic probe together with its
proton-like chemical properties of adopting
specific sites in organic molecules. This year the
topic is approached from both ends of the length
scale, with systematic studies of the minimum
chain-length required to support soliton motion
and with explorations on biophysical systems,
namely synthetic polypeptide chains mimicking
simple proteins and on DNA itself.

The best examples of positive muons behaving
like protons are the way they pick up electrons
to form muonium, the pseudo-isotope of
hydrogen, and the way muonium atoms can then
react with organic molecules, labelling the

Science at ISIS

product radical with the muon spin. Molecular
reorientation rates and their Arrhenius parameters
are determined for organic radicals both in bulk
liquids and confined to zeolite cages. The spin-
labelling of liquid crystals and the photo-
excitation of molecular vibrations are explored.
The process of muonium formation, i.e. electron
capture by the positive muon, is itself of interest:
it is studied in such disparate systems as nano-
scale particulate surfaces, bulk semiconductors,
hydrocarbons and molecular cryocrystals.
Development of a pulsed field method of final
state analysis should benefit these studies. On
surfaces, e.g. of Si0, granules, the behaviour
should be relevant to the phenomenon of
hydrogen spillover in catalysis; an influence of
monolayers of adsorbed inert gas is demonstrated.
In the semiconductors and insulators (liquid and
solid) the muonium yield reflects excess electron
mobility and the mechanism of electron transport.
The missing yield in hexane is recovered by
decoupling the muonium hyperfine interaction or
suppressing depolarization mechanisms in high
magnetic field. The yield in Si and the molecular
cryocrystals is manipulated with electric fields.
In frozen CH, and N,, with and without admixture
of Ar, it is strongly influenced by the orientational
dynamics of the host molecules: localization of
the excess electron wavefunction due to
orientational disorder is demonstrated.

In ionic conductors, the implanted muons
witness the onset of ionic mobility, e.g. of Li* in
simple materials such as Li,SO,and in the more
complex mixed oxides of Li and Mn which are used
as battery cathode materials (see Highlight article
on page 60). Transfer from interstitial to
substitutional proton sites is probed in water of
crystallization and in ice. In insulators and
semiconductors, muonium can model all possible
charge states of hydrogen defect centres. The
influence on these states of oxygen impurity in
Czochralski silicon and of the random-network
structure of amorphous carbon are investigated.
The influence of doping is studied by RF resonance
in germanium. Particularly successful this year
are measurements on the wide-gap
semiconductors CdS, GaN and related compounds
- these are described in more detail on page 62.
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RIKEN Muon Facility

Labelled-electron method for electron
transfer studies in proteins

The RIKEN-KEK-Oxford group has carried out
extensive life-science applications of the uSR
technique at the RIKEN-RAL Muon Facility.
Polarized positive muons (u*) can be injected into
a biological substance. During the slowing-down
process, the injected p* picks up one electron to
form a neutral atomic state, muonium. The
muonium thermalises and chemically bonds to a
molecule of the substance. Then, depending upon
the nature of the molecule, the excess electron
brought into the molecule by the u* can behave
in various ways such as localization or linear
motion along the chain. In the latter case, spin
relaxation of the injected muon is caused by
magnetic interaction between the muon’s spin and
that of the moving electron; the electron is
‘labelled’ by the muon. These processes are
depicted in figure 2.18. Theoretical modelling of
the relaxation process due to 1D (on-chain)
diffusing electrons predicts a relaxation
parameter proportional to 1/B_. Deviations from
the 1/B_ -law in a weak B_, region demonstrate
3D (off-chain) diffusion of the electrons. Rates
for the electron diffusion in either case can be
estimated by using a hyperfine coupling constant
between the moving electron spin and the muon
spin.

Microscopic behaviour of electron-transfer in
cytochrome-c (with Fe(Ill)) and myoglobin has
been studied in comparison with cytochrome with
Fe(IIT), lysozyme, etc. Measurements between 5K

electron

Figure 2.18. Arepresentation of the positive muon implantation process

into cytochrome-c.
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and 300K show that the inter-site diffusion rate
for the 1D motion along the polypeptide chain is
only weakly dependent on temperature. Evidence
for an increase in higher-dimensional motion is
seen around 200K in cytochrome-c, apparently
reflecting a structural change. The temperature
variation for myoglobin differs due to the different
protein dynamics of this molecule, representing
the difference between ‘natural’ and ‘artificial’
electron transfer. The obtained 1D as well 3D
diffusion rates are summarized in figure 2.19. For
cytochrome-c oxidase (work in collaboration with
IT Himeji and U Osaka) it was found that at room
temperature, rapid electron transfer along the
chain is not dominant, but becomes dominant
below 150K.

The 1/8 problem in high-T
superconductors

The stripe structure or the 1/8 problem is now
attracting much attention in the field of high-T_
superconductivity. The effect has been
consistently observed in LaSrCuO and LaBaCuO
at the hole concentration of 1/8, with a supression
of T_as well as an occurrence of the magnetic
ordering as mostly found by the uSR method.
Recent uSR studies by Tohoku University and the
RIKEN-KEK group have furthered this work by
revealing that the magnetic ordering also exists
in Zn-doped Bi2212 as well as Zn-doped YBaCuO.

Figure 2.19.
Temperature
dependence of the
parallel (upper) and
perpendicular (lower)
diffusion rates in
cytochrome-c and
myoglobin.

Bcutoff (kG)



KARMEN

The neutrino experiment KARMEN is exploiting
the unique features of the ISIS beam for a high-
sensitivity search for flavour oscillations of
neutrinos. KARMEN also investigates neutrino
interactions with nuclei which are of particular
interest to particle astrophysics, especially with
regard to the evolution and the nucleosynthesis
processes of core collapse supernovae.

ISIS is providing the world’s most intense
pulsed source of low energy neutrinos from the
consecutive decays of stopped pions and muons
produced by interactions of the 800 MeV proton
beam in the spallation target. A high resolution
56 tonne liquid scintillator calorimeter, located
at a mean distance of 17.7 m from the beam stop,
allows identification of neutrino induced reactions
with spectroscopic quality. Cosmic ray induced
as well as accelerator associated backgrounds are
strongly suppressed by a 7000 tonne steel
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Figure 2.20. Three years of KARMEN measurements at ISIS (1997-2000) yield the
world’s most stringent limits on flavour oscillations between muon and electron
type neutrinos (solid line). The KARMEN exclusion curve (90% confidence interval)
excludes almost the entire parameter space for the oscillation parameters sin? 20
and Am? favoured by the LSND experiment.
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shielding blockhouse and three layers of active
veto counter systems, allowing the study of
neutrino reactions almost free of background.

The primary goal of KARMEN is to look for
flavour transitions of muon anti-neutrinos (from
p-decay) to electron anti-neutrinos. Oscillations
would be signalled by detection of the inverse B-
decay reaction on the free protons of the liquid
scintillator, giving rise to a delayed coincidence
of a prompt positron followed by a sequential
(n,gamma)-capture signal. Taking full advantage
of the significant reduction of cosmic ray induced
background after the 1996/97 experimental
upgrade, KARMEN now has accumulated and
analysed data taken from February 1997 to March
2000, corresponding to 7160 Coulombs of protons-
on-target.

After applying various well-defined software
cuts to the data-set, only 11 oscillation candidate
events survive. This number is fully consistent
with the background expectation of (12.3+0.6)
events, arising largely due to conventional
neutrino interactions on carbon-12. Thus, there
is no hint for an oscillation signal. This is further
strengthened by a more detailed and sensitive
maximum likelihood analysis, which takes into
account the full experimental information of
single events to separate possible oscillation
events from background. Again no oscillation
signal is observed, leading to a stringent upper
limit for the oscillation probability P < 6.5 x 10+
(90% confidence interval). The corresponding
excluded parameter regions of the neutrino-
flavour mixing amplitude sin? 20 and mass scale
Am? are shown in figure 2.20.

Three years of measurements with the
upgraded KARMEN experiment have thus yielded
the most stringent oscillation limit so far for this
oscillation channel. In particular, the KARMEN
results now exclude almost the entire parameter
space favoured by the positive evidence for
oscillations claimed by the LSND experiment in
Los Alamos.
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Engineering

The Engineering team at ISIS has been
increasing its level of activity this year. Whilst
maintaining a thriving and expanding user
program, a final physics design for the new ENGIN-
X diffractometer (see page 75) has been completed,
in collaboration with the user community.

At present Engineering is based on the world-
ENGIN,
approximately half the available time on the

leading instrument, utilising
PEARL beamline. Bragg diffraction measurements
yield information on the distortion of the atomic
lattice, typically as a function of position, or
applied thermal or mechanical loads. This is used
to throw light on deformation mechanisms,
processing routes and failure mechanisms in real
components or test samples.

Experiments over the last year have
demonstrated a varied program of research with
strain measurements in materials from steel to
minerals such as olivine. A number of real
industrial problems have been addressed in
collaboration with UK academic groups (see
Highlight article on page 64), and through
European funded access mechanisms. Industrial
partners in work carried out in the last year have
included Rolls Royce Engines, British Aerospace
Airbus, Nuclear Electric, Mercedes and AEA
Technology.

The new stress rig continues to be highly
popular, allowing in-situ deformation studies. This
has recently been improved through the addition
of high temperature capabilities.

Despite the heavy over-subscription of ENGIN
there has been a healthy growth in the number
of academic groups applying for time.

The Engineering team has also expanded this
year with the welcome arrival of Carlos Borlado,
a postdoc working for the Open University but
based at ISIS, and Judith Dann, a new instrument
scientist. They will both be heavily involved in
the build and commissioning of ENGIN-X, as well
as in support of ENGIN.

This year ISIS was host to the final meeting of
the Versaille Project on Advanced Materials and
Standards (VAMAS) Technical Working Area 20.
This group of experts from facilities and academia
from Europe, North America, Japan and South
Africa have been working, with industrial input,
to define an international standard for strain
measurement wusing neutrons, ensuring
compatibility and uniformity in achievable results
across laboratories. The final draft of the
standard is now in preparation, and will go
forward for consideration by ASTM in 2001.

Condensed Matter Theory

The Born-Oppenheimer (BO) or adiabatic
separation of the electronic and nuclear motions
forms the basis of almost any quantum mechanical
study of molecules and solids. The method is based
on the large difference of the electronic and
nuclear masses, which implies that the light
electrons adapt almost instantaneously to the
nuclear configuration. Each electronic level, in
fact, acts as a nuclear potential surface and
corresponds to a set of nuclear vibrational and
rotational excitations calculated on that surface,

but does not couple itself to any nuclear state of
this set. For many physical systems and
phenomena this separation is extremely
successful, at least whenever degeneracy or near
degeneracy of the electronic levels is not
involved. There are, however, phenomena which
crucially depend on the coupling between the
electronic and the nuclear wavefunctions and where
the adiabatic or BO approximation breaks down.
An elegant and accurate description of such
phenomena, preserving the notion of the nuclear



potential surface, has been given. The idea is that
the surface is not exactly independent of the
nuclear state being studied, but it depends on it
self-consistently. The possibility of probing non-
BO effects with muon spectroscopic methods is
explored by studying molecules, with a positive
muon in the role of a light nucleus. One naturally
expects that, reducing the nuclear mass enhances
the departure from the BO behaviour.

Density functional theory (DFT) has proven a
valuable tool for practical electronic calculations
in physics and chemistry. The success of ground
state DFT, however, is not shared by the excited
state version of it, because of the lack of an
accurate and simple exchange and correlation
energy functional, appropriate for the excited
state theory.

For the first time in the literature, it has been
shown that the traditional definition (in excited
state DFT) of the direct Coulomb interaction term
introduces unphysical interactions between
electronic orbitals, which are not simultaneously
occupied together either in the ground or in the
excited states. This ghost interaction has been
successfully accounted for by introducing a
correction term in the exchange and correlation
energy functional. Calculations incorporating this
correction prove an order of magnitude more
accurate than previously.

Several recent experiments on liquid and solid
samples containing protons and deuterons have
shown an interesting anomaly, which is apparently
absent when the hydrogen isotopes are replaced
by heavier particles. The anomaly is a shortfall
in the intensity of fast neutrons scattered by the
samples. Short-lived correlations in the spatial
and spin degrees of freedom of the hydrogen
isotopes are proposed as an explanation of the
anomaly. The cross-section for scattering by two
identical nuclei occupying nonequivalent states
embodies entangled degrees of freedom and it is
the basis of a compelling explanation of all the
observations. In the model calculation, no
remnant of the initial entangled state exists in
the final state, in which one of the particles
carries away a large fraction of the energy from
an impinging fast neutron. The reaction event is
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incoherent and inelastic and akin to Compton
scattering, also known as deep inelastic
scattering.

In 3d transition-metal compounds orbital
moments contribute to many properties, including
anisotropy, magnetoelastic relaxation and canted
antiferromagnetism. Over the past few years
investigations of 3d oxides, especially perovskite-
type manganites, have shown that the
configuration of orbital moments plays a vital role
in their properties, e.g. colossal magneto-
resistance. Fortunately, orbital moments are
significant in the diffraction of X-rays, because
of the A.p interaction between photons and
electrons.

A unified explanation has been given to
resonant X-ray Bragg diffraction from
a-Fe,0, and V,0,, observed at charge-forbidden
reflections. It is argued that resonance at the K
edge and an electric quadrupole event engages
the orbital magnetism in the 3d valence shell, to
a very good approximation. Analysis of the
experiments reveals the ordering, symmetry and
magnitude of orbital moments carried by the
valence shell. In the case of haematite the
experiments probe the electron correlations
responsible for the Dzyaloshinsky-Moriya
interaction.

Mike Zhitomirsky (ETH, Zurich) talking theory with Stephen Lovesey,
Devinda Sivia and Nikitas Gidopoulos (1SIS) (0ORC3946).
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Data Analysis

The Data Analysis and Visualisation Group has
continued to provide broad support for getting
the most out of neutron and muon data at ISIS,
and experimental measurements in general. This
endeavour entails aspects of software
development to test and implement new
theoretical ideas principally within a Bayesian
probability theory context. The Group is also
involved with the upgrade of existing computer
programs and the delivery of a consultative and
tutorial service on data analysis.

Software developments within the Group have
continued to focus on the areas of structure
solution and structure refinement. August 99 saw
the first public unveiling at the IUCr meeting in
Glasgow of the Group’s ‘DASH’ structure solution
from powder diffraction data package. Arigorous
program of testing, development and
documentation performed in collaboration with
the Cambridge Crystallographic Data Centre has
since resulted in a package that is currently
undergoing alpha testing at industrial and
academic sites prior to commercial release. The
research aspect of the structure solution process
has recently been further strengthened by the
formulation of a probabilistic approach to the
space group determination stage. Effort has also
begun into harnessing the high cold neutron flux
for structure solution of pharmaceutical
compounds from neutron powder diffraction data
where the presence of both positive and negative
scattering is being utilised for the first time (see
figure 2.21).

The ISIX profile refinement package has
developed to the stage where TOF powder
diffraction patterns can be simulated quickly and
efficiently. The conversion of legacy Fortran code
to object orientated C++ has proved to be a
considerable challenge, but the benefits of this
approach to programming the ISIX library are
becoming clearer, particularly in the underlying
symmetry code, which makes extensive use of
templates. Likewise, the gains to be found in
employing industry standard libraries as the
foundation of the ISIX system have been realised

Figure 2.21. With only three phased strong reflections and five unphased

weak reflections, all the non-hydrogen atoms of the crystal structure of
sulphamide are visible in projection in a MaxEnt map. The light blue
‘stovepipes’ represent high areas of scattering density; blue, red and yellow
respectively represent nitrogen, oxygen and sulphur.

in their utilisation as a key component of other
group projects. In the interim, existing CCSL based
refinement code has continued to be developed,
bringing advantages such as improved
performance, better peak shape fitting and
interactivity.

The Group has had strong interaction with
other members of ISIS, providing help with the
analysis of reflectivity data, quasielastic analysis,
residual stress and theoretical studies of muon
spin relaxation. An efficient Winteracter driver
for PGPLOT has been written, which opens up a
fairly effortless route for porting the great wealth
of existing analysis and visualisation programs
developed on VMS/UNIX workstations onto a PC
platform. An investigation of the use of Markov
Chain Monte Carlo methods, and the Massive
Inference technique, for parameter and density
estimation respectively, has begun, and will be
incorporated into our analysis suite as appropriate.

In the field of visualisation, a collaboration
with ITD has resulted in a prototype virtual reality
system for visualising crystal structures and
associated nuclear | electron density maps.
Further GRID related collaborations are planned.
On a lighter note, images produced within the
group formed the bulk of the widely distributed
ISIS 2000 calendar, and the images have since been
used in many publications, one even making the
front cover of Neutron News.
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ISIS Scheduling Panel Meetings

The quality and timeliness of the science to be performed at ISIS is assessed by the 70 international
scientists who form the 7 ISIS Scheduling Panels. These panels meet twice per year to review all the
proposals that have been submitted and to allocate beamtime. Full details of the panels can be found on
page 86. Shown here are photos from the December 1999 panel lunch.

Above: John Tomkinson (ISIS) and
Jane Nicholson (EPSRC) talk about T £ Above: Prof. Tony Cosgrove
things neutron and muon Py | (Bristol) talking with Franz
(99RC5467). Centre: David Smith \ f ' Leermakers (Wageningen)
(Bristol) and Philip Holdaway ' 2 (99RC5651). Below Bob Jones

(DERA) discuss engineering ¥ I . (Exeter) and Roger Lichti
research at ISIS (99RC5650). W i (Texas Tech) discussing muons
Below: Uschi Steigenberger (ISIS) ’ " ! / r in semiconductors (99RC5664).
with Kazu Kakurai (99RC5666). :
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Above left: Filippo Cintolesi
(Pavia, Italy) and Alessandro
Lascialfari (Oxford) preparing
the dilution fridge for an
experiment on MuSR
(00RC1257). Main Picture:
Tessa Brennan and Rob
Dalgliesh (Bristol)
investigating glass corrosion
on SURF (00RC1435). Below
left: Yuri Taran (JINR, Dubna)

Above right: Mark Ellerby
and Jonathan Allen (UCL)
investigating Er at high
pressure on PRISMA
(00RC1890). Below right:
Astrid Schneidewind (TU
Dresden) measuring RCu,
intermetallic compounds

on ROTAX (OORC1888).
using the new in-situ stress rig

on ENGIN (00RC1259).
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Following hydrothermal crystallisations
using in-situ neutron diffraction

Hydrothermal chemistry is currently one of the principal methods of synthesis for the preparation

of new inorganic materials. These materials are used in a number of diverse areas including catalysis,

electrochemistry, separation science and as ceramics. There is a pressing need to understand the

formation mechanisms of inorganic materials under hydrothermal conditions, aiding preparation of

new materials in a rational manner and optimisation of synthesis conditions for efficient production.

Studies of the hydrothermal formation of tetragonal barium titanate have been recently used to

commission a specially designed hydrothermal cell on the POLARIS diffractometer.

The hydrothermal method involves the heating
of solid and liquid reagents with a suitable solvent
(usually water) in a sealed vessel at temperatures
of up to 250 °C. Although elevated temperatures
are used and pressure is generated in the sealed
container, the conditions are much less severe
than the traditional ceramic methods of solid-
state chemistry. These mild, solvent-mediated,
reaction conditions have allowed access to many
novel materials with important applications.
Good examples include zeolites and other
microporous materials used in gas separation and
shape-selective catalysis, and layered cathode
materials for use in efficient rechargeable
batteries.

Hydrothermal chemistry is performed in a
sealed reaction container with thick-walls to
contain the pressures generated; following the
course of reactions as they take place is thus
difficult. Our recently constructed hydrothermal
reaction cell (figure H1.1) allows neutron
diffraction from reacting mixtures of solids and
liquids. This apparatus exploits certain advantages
offered by neutron diffraction for following
chemical processes in-situ, but which to date have
been little explored. In particular, reaction cells
can be constructed from materials with very low
neutron scattering and absorption cross-sections,
producing very little background scatter in a
diffraction experiment. The vessel is of similar
volume to the hydrothermal reaction vessels
widely used in chemical laboratories (25 ml), so
we can mimic real reaction conditions, while
obtaining diffraction data only from material
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within the cell. The hydrothermal cell differs in
construction from laboratory vessels only in the
attachment of safety pressure devices, and can
safely operate at pressures of 20 atms and at
temperatures of up to 250 °C, typical conditions
for hydrothermal synthesis.

We have recently commissioned the Oxford/
ISIS hydrothermal reaction cell studying the
hydrothermal formation of tetragonal barium
titanate, an important ferroelectric material used
as an electroceramic in capacitors, thermistors
and electro-optic devices. Although barium
titanate can be prepared using high temperature
ceramic methods (~ 1000 °C), a hydrothermal
route at temperatures as low as 80 °C allows the



Figure H1.2.
Diffraction
patterns
recorded
every 15
minutes as a
mixture of
Ba(0D),.8D,0
and TiO, in
10 mL D,0
was heated
at 125°C

Figure H1.3.
Quantitative
kinetic data
showing the
decay of TiO,
and the
appearance of
BaTiO,.
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production of small particles of the material. This
is highly desirable for the production of fine-
grained ceramics and, potentially, for device
miniaturisation. Figure H1.2 shows diffraction
patterns recorded on the POLARIS diffractometer
at ISIS every 15 minutes as a mixture of
Ba(0D),.8D,0 and TiO, in 10 mL D,0 was heated
at 125 °C. The diffraction data are of sufficient
quality to allow the identification of crystalline
material present at each stage of the reaction.
The resolution of the data is also of sufficient
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15 minutes: Ba(OD),.8D,0 + TiO,

quality to allow the area under closely separated
Bragg reflections to be determined as a function
of time. This allows the course of the reaction to
be followed and quantitative kinetic information
to be deduced. Figure H1.3 shows the decay of
TiO, and the appearance of BaTiO,. The decay of
Ba(0D),.8D,0 is not shown as it was found to be
very rapid with complete dissolution of the barium
source occurring within 30 minutes. It is
particularly noteworthy that a large amount of
TiO, is observed to dissolve before the onset of
crystallisation of BaTiO,. This strongly suggests
that the reaction takes place by a dissolution-
precipitation mechanism involving dissolution of
the starting materials and crystallisation of the
product from solution. Such mechanistic insight
has only been made possible by continuous in-
situ monitoring of the reaction.

Our studies demonstrate the great potential
use of neutron diffraction in studying chemical
processes under real reaction conditions. The cell
we have constructed can be used to study the
preparation of a wide range of materials, from
microporous zeolites to dense oxides with
electronic properties. With ongoing developments
in neutron instrumentation, such as the GEM
diffractometer, it should be possible to extend
the method to collect data of higher quality in
even shorter periods of time.

Rl Walton, D O’Hare (University of Oxford), Rl Smith (ISIS)
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High-pressure studies of cristobalite

The crystal structure of the high-pressure phase of cristobalite, a form of silica, has been solved

through a use of both neutron diffraction on HiPr and atomistic modelling. This study demonstrates

the combination of diffraction and modelling methods to determine relatively complex crystal

structures.

Silica, Si0, is one of the most important
materials known to man. It has many
technological applications, such as quartz
oscillators, silica glass ceramics and as sand in
construction. Silica is also important in geology
as one of the most significant rock-forming
minerals. Silica exists in many different crystalline
phases, as well as in its glass phase, and there is
considerable interest in understanding the
structures of the different phases and the
processes that lead to the stabilisation of different
phases under different conditions of temperature
and pressure.

One of the important phases of silica is
cristobalite. At high temperature and ambient
pressure the structure of this phase is cubic and
can be described as being similar to that of silicon,
with oxygen atoms lying half-way between
neighbouring pairs of silicon atoms. This
description gives the average structure, but only
tells part of the story because the linear Si-O-Si
bonds would prefer to have an angle closer to
145°. How this is accomplished through dynamic
reorientations of the Si0, tetrahedra was
discussed in a feature article of ISIS’98 (pp 44-
45). On cooling the bond-angle problem is resolved
by a displacive phase transition to a tetragonal
structure, which can be accomplished by the SiO,
tetrahedra adopting specific orientations without
distorting.

Recently it was reported that the tetragonal
phase undergoes an additional phase transition
to a monoclinic phase on increasing pressure, but
its structure could not be solved. The intuitive
approach, based on our understanding of the usual
processes of displacive phase transitions, would
be to suppose that the phase transition involves
a distortion that breaks the symmetry of the
tetragonal structure. However, using a theoretical

approach developed in our group, the ‘Rigid Unit
Model’, it appears that such a mechanism would
not be likely. Instead, we proposed that the phase
transition could arise from another distortion of
the cubic phase. This proposition is represented
schematically in figure H2.1. In this scheme, both
the tetragonal and monoclinic phases are obtained
as separate distortions of the parent cubic phase.
The phase fields contain tetrahedral
representations of the respective structures
viewed down a common direction that
corresponds to [111] in the cubic phase. The cubic
structure has linear Si-O-Si bonds, which are bent
in different ways in the tetragonal and monoclinic
structures through rotations of the SiO, tetrahedra
and buckling of the framework. Taking this idea
as our starting point, we began a fresh assault on
the structure of the high-pressure monoclinic
phase using neutron high-pressure diffraction.

Pressure

. Tetragonal

Cubic

Temperature

Figure H2.1. Proposed symmetry transformations of cristobalite mapped onto

a schematic pressure-temperature phase diagram.
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Figure H2.2. Diffraction pattern of the high-pressure monoclinic phase of cristobalite
(3.5 GPa) obtained on the HiPr/ PEARL beam line at ISIS.

The experiment was performed using the Paris-
Edinburgh high-pressure cell on the HiPr/Pearl
beam line at ISIS. The diffraction pattern at a
pressure of 3.5 GPa is shown in figure H2.2. It
could be indexed from the earlier results, but it
is not at all straightforward to deduce the
structure from a complex, albeit indexed, powder
diffraction pattern. Our approach was to use a
variety of modelling methods to propose a trial
structure for the data analysis. We started from
the atomic coordinates of the cubic phase with
the lattice parameters of the monoclinic phase,
and allowed the atoms to relax to a new
equilibrium structure using both lattice energy

Figure H2.3. Projection of the crystal structure of the high-pressure monoclinic
phase of cristobalite (3.5 GPa) viewed down [010].
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minimisation and molecular dynamics methods
with two different empirical potential energy
functions. The different approaches gave the
same structure which was subsequently checked
using quantum mechanics calculations. This trial
structure was used as the starting model in the
Rietveld refinement; the refinement locked into
it straight away and gave a good refined structure.
We were able to conclude that we had obtained
the correct crystal structure of the high-pressure
monoclinic phase using the combination of
modelling and high-pressure neutron diffraction
methods.

The crystal structure of the high-pressure
monoclinic phase is shown in figure H2.3. In figure
H2.1 we show this structure with the SiO,
tetrahedra highlighted, and compared with the
corresponding projections of the cubic and
tetragonal phases. The rotations of the SiO,
tetrahedra, leading to a buckling of the network
of connected tetrahedra, are clearly seen. The
new structure is a distortion of the cubic
structure, and is not directly related to the
structure of the tetragonal phase although there
are superficial similarities. In fact, the transition
mechanism consistent with the new structure is
fully compatible with the predictions of the Rigid
Unit Mode analysis.

This study has demonstrated two main points.
First, it has highlighted the value of combining
neutron diffraction with modelling methods to
determine relatively complex crystal structures.
Secondly, it has shown that high-pressure phase
transitions may have more complex group-
subgroup symmetry transformations than we
usually find in phase transitions caused by changes
in temperature. It appears that pressure-induced
changes in the free-energy surfaces can give rise
to cases, such as in cristobalite, where phases at
different pressures have common high-
temperature parent phases instead of there being
a progressive continuous change in symmetry
through the sequence of phase transitions.

M Dove, M Tucker, S Redfern, M Craig, K Trachenko (University of Cambridge),

W Marshall, D Keen (ISIS)
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Neutron diffraction probes the interior

of Titan

The outer planets and some of their large satellites contain significant proportions of ices and ice

mixtures. High-pressure studies, such as those presented here from HiPr, are needed to provide

basic information on these systems to underpin models of planetary evolution.

The Paris-Edinburgh cell on the HiPr station
of PEARL has a P-T range particularly well suited
to studies of Saturn’s largest moon, Titan. This
satellite is of considerable current interest
because of the Cassini-Huygens mission due to
arrive there in 2004.

Figure H3.1 shows predictions from current
models for the internal structure of Titan at the
end of accretion of the satellite from the nebula
around Saturn. The core is believed to have
formed from a mixture of mainly ammonia
monohydrate, methane clathrate and rock.
Estimates of the initial accretion temperature vary
from 100K to 130K. Various sources of heating will
have raised the temperature from this initial
value, particularly at the outer surface, until the
ices in further deposits would melt at some 180K.
From there on the rock would accrete around the
core mixture, with the co-deposited ice fraction
melting on impact and migrating to the surface,
initially as liquid phases. In due course much of
the liquid would refreeze as the depth of outer
ices increased. At the end of accretion there

Solid ices
Rocky carapace

Primitive rock-ice core

Figure H3.1. Internal structure of Titan after accretion
according to current models.
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Figure H3.2. Phase diagram of ammonia monohydrate showing approximate transition
lines. The dotted extension of the boundary between phases | and Il indicates that
this transition is not observed below 150K. Phases | and Il were known previously; i,
1V, V and VI have been found in these studies. The shaded area shows the estimated
range of pressures and temperatures followed by Titan’s core with time, from

accretion to core overturn.

would thus be a mixed core, surrounded by a rocky
‘carapace’, outside which would be a layer of
ices, with probably a liquid ‘ocean’ under an ice
sheet forming the outermost layer. Further
warming in the core would then eventually bring
about some core melting, resulting in rupture of
the carapace and then ‘core overturn’, in which
the rocks of the carapace would fall towards the
centre of the satellite to form its final core.
Hitherto, very little has been known about the
detailed P-T behaviour of the two key
components, ammonia monohydrate (AMH) and
methane clathrate. Our studies have focused first
on AMH, in which only one high-pressure phase
had previously been identified. Studies on HiPR
have revealed the existence of four new phases
in the P-T range relevant to Titan, as shown in
figure H3.2. This figure also shows the estimated
range of pressure and temperature through
accretion to core overturn. The phase transitions
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Figure H3.3. 1-D Fourier transforms of the diffraction patterns of phases
1, IV, V and VI. The peak highlighted with an arrow corresponds to
D..D distances between nearest neighbour molecules and its movement
to lower R from phase | to phase VI indicates increasing co-ordination
from pseudo-fourfold co-ordinated AMH-I to eightfold co-ordinated
AMH-VI.

are very relevant, as current models assume no
phase transitions and negligible density changes.
We have measured the equation of state up to ~6
GPa at 130K. The structure of phase | is known;
the transition to phase Il is suppressed at 130K;
and phase IV gives a very complex diffraction
pattern and its structure has yet to be solved.
However, we can determine the phase-1V unit cell
volume and hence obtain its density for a given
number of formula units per cell. Comparison with
the known structures of phases | and VI (see
below) indicates a ~10% density increase from
phase | to phase IV. This is supported by the radial
distribution functions shown in figure H3.3; the
main nearest-neighbour peak of phase IV is closer
to that of phases V and VI than of phase I. Such a
significant densification of the core during
formation could shrink and ‘seal’ the carapace,
requiring much more melting (i.e. higher
temperatures) to effect core overturn.

A key discovery of this work has been the
structure of phase VI. The diffraction pattern of
the deuterated profile (upper part of figure H3.4)
is remarkably simple, and at first appeared to
have only one peak! The body-centred cubic
structure shown in the inset gives an excellent
fit, but the complete substitutional disorder of
ammonia and water and the form of the H-bonding
is surprising. Data were therefore collected from
hydrogenous AMH-VI. The good fit to the very
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different relative intensities (lower part of figure
H3.4) — despite the very high incoherent
background — not only provided a strong test of
the structure solution, but also confirmed that
naturally occurring (i.e. hydrogenous) AMH forms
the same unexpected structure. The bcc
arrangement of molecular centres in this structure
is likely to be stable over a wide range of pressures
and the substitutional disorder raises the
possibility that this phase may accommodate non-
stoichiometric ammonia/water compositions.
Both of these considerations are also interesting
and important for modelling of ammonia/water
phases at higher pressures in planets such as
Uranus and Neptune.

Work has also now commenced on the other
major ice phase in Titan, methane clathrate, in a
collaboration with Dr D.D.Klug and Dr J.S. Tse of
the National Research Council of Canada, in
Ottawa. First results promise some further very
significant insights into Titan’s evolution.
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Figure H3.4. Diffraction patterns collected from deuterated and
hydrogenous AMH-VI at ~6 GPa. The data are shown in red, the green
line shows the result of a Rietveld least-squares profile refinement and
the difference between observed and calculated patterns is shown in
blue. The asterisked peak in the lower plot is the strongest reflection
from the tungsten carbide anvils. The inset shows the structure of
phase VI.

JS Loveday, M Guthrie, RJ Nelmes (The University of Edinburgh)
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Hydrogen bonding in nitroanilines

Much effort has been devoted in the last decade to the understanding of the aggregation of
organic molecules. The considerable interest in the field has been based on the fact that the ability
to predict and/or direct the three-dimensional molecular arrangement can be used to tailor materials
of biological or technological importance. In this context, intermolecular hydrogen bonds (HB) have
been proven to be an effective tool for organising organic molecules. This is well typified by nitroaniline
compounds, important due to their recognized second harmonic generation capability and large

microscopic hyperpolarizabilities. These molecules are found to associate via intermolecular HB
between the amino and nitro groups. SXD has been used to investigate role of the hydrogen bonds in

nitroaniline molecular organization.

A common structural feature in nitroanilines
is the presence of polar chains of molecules, even
in the few cases where the crystal structures are
centrosymmetric. This has been interpreted as
an indication that the N-H...O(nitro) synthons
(intermolecular association motifs) are so strong
that they overcome other interactions, inducing
molecules to assemble in polar chains as the first
aggregation step in solution. This in turn would
induce the formation of acentric structures during
the crystal nucleation. X-ray data from a series
of nitroanilines also indicated that the hydrogen
bonding forming these chains will have an
asymmetric bifurcated motif. Nonetheless,
several semi-empirical and ab-initio calculations
on aniline derivative aggregates, performed with
the aim of rationalising this assumption and to
examine the validity of the
oriented-gas model, have failed.
This failure has been partially
ascribed to the omission of the
non-planarity of the amino group.

In this context single crystal
neutron diffraction experiments on
2-methyl-5-nitroaniline (2M5NA)
and m-nitroaniline (mNA) were
carried out on SXD. The aim of
these studies has been to tackle
some outstanding structural issues
in this system, to establish the
degree of planarity of the amino
group, and to add to the
understanding of the role of the
hydrogen bonds in the molecular

organization of nitroanilines.

The planarity of the amino group was mainly
analyzed through the examination of an internal
coordinate y,, a function of the torsion angles
involving the hydrogen atoms, which is a measure
of the degree of the nitrogen atom
pyramidalisation (P). The extreme values for y,,
0° and 60°, correspond to a planar sp? and a
regular tetrahedral sp® hybridised nitrogen
respectively. The values obtained for 2M5NA (y,=
25.8(4)°) and mNA (y,=41.3(5)°) indicate in both
cases a significant P, especially for the latter.
Intermolecular distances for ZM5NA show that the
H12 aminic hydrogen is connected with the two
oxygens of a nitro group through an asymmetric
bifurcated HB (figure H4.1). This N-H...O(nitro)
interaction links molecules related by a glide

Figure H4.1. The main hydrogen bonds in 2-methyl-5-nitroaniline.



Figure H4. 2. The main hydrogen bonds in m-nitroaniline.

plane and induces the formation of infinite polar
chains along [107] where consecutive molecules
are rotated 60.15(4)°. Molecules in the chain are
also joined by a weak C(methyl)-H..... 0
interaction as shown in figure H4.1. It can also
be seen that molecules related by an inversion
centre are linked by four HB, which causes the
generation of centrosymmetric dimers (figure
H4.1). As a result, two adjacent antiparallel chains
are alternately joined by the centrosymmetric
dimer interactions. This gives rise to non-polar
ribbons that inhibit the macroscopic second order
non-linear optical response of 2M5NA. Ribbons
along the [107] direction are interlinked, via the
centrosymmetric dimer interaction and two weak
C(methyl)-H...O interactions, with equivalent
ribbons along the b axis, forming (101) layers. A
less conventional C-H...n (centre of aromatic ring)
HB was also found. The comparison of the
interactions that induce chain formation with
those that induce the dimeric arrangement would
suggest that in 2M5NA the short range ordering
(dimer formation) is energetically more stable
than the long range ordering (chain development).
This is supported by the melting point of 2M5NA,
378K, being lower than that for 2M4NA, 405K. In
the latter compound long range ordering prevails,
chains are connected head-to-head and dimeric
units are not observed.
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In mNA, the H12 aminic hydrogen
is connected again with the oxygens
of a nitro group through an asymmetric
bifurcated HB, although more
symmetric than in 2M5NA (figure H4.2).
This N-H...O(nitro) interaction connects
molecules related by a translation
operation and induces the formation
of infinite polar chains along [017] and
[071] where consecutive molecules are
parallel to each other. Molecules in the
chain are also joined by a C(ar)-H...0
interaction, shown in figure H4.2.
Contrary to the case of 2M5NA, dimers
are not formed here; instead chains associate in
pairs to form polar ribbons. The association is
induced by a significant N-H...N interaction, not
reported previously, which links molecules with
their mean planes forming an angle of 66.70(6)°
between them and related by a glide operation
(figure H4.2). The ribbons stack to originate a
polar layer with chains either along [011] or [011]
and the three dimensional structure can be
described as polar layers piled along a. Adjacent
layers, alternately comprising chains oriented
along [017] and [017], are connected via a weak
C(ar)-H..O bond and all in all a polar
supermolecule along the [007] direction is formed.
The melting point of mNA, 386K, is also higher
than that in 2M5NA, again supporting the
contention that in 2M5NA short order prevails
while in 2M4NA and mNA long order prevails.

The results presented here show that
nitroanilines may not assemble in chains as the
first aggregation step in solution as previously
proposed. They also provide conclusive evidence
that the amino group is far from planar and that
the amino nitrogen can work as a HB acceptor in
these systems. These last two facts have not been
considered until now, when we have obtained the
first detailed accurate neutron structures of this
series. Clearly, however, they should be
considered in the future when performing
calculations on aggregation in such systems.

AE Goeta (Durham), G Punte, JC Autino (Universidad Nacional de La Plata,
Argentina), J Ellena (Universidade de Sao Paulo, Brazil), CC Wilson (ISIS)
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Structure and dynamics of polymer

electrolytes

The relationship between mechanical and electrical relaxation in polymer-lithium salt complexes

is a fascinating problem in condensed matter physics, with important bearing on the viability of such

materials for use as electrolytes in lithium batteries. Despite a large body of work on the electrical

and chemical properties of these materials, surprisingly little is known about the microscopic basis

of their behaviour. We have used SANDALS and IRIS to explore the structure and dynamics of polymer

electrolyte materials.

At room temperature polymer electrolyte
materials are biphasic, consisting of fluid
amorphous regions along with salt enriched
crystalline regions. lonic conduction is known to
occur predominantly in the former, via
mechanisms not yet fully understood. This
provides an ideal opportunity to exploit the
present state-of-the-art of neutron diffraction and
quasielastic scattering to probe the structure and
dynamics at an atomic level.

We have used SANDALS to determine the
structure of P(EO), LiTFSI (TFSI= LiN(SO,CF,),), a
polymer electrolyte whose conductivity, phase
diagram and chemical safety and stability make
it a promising candidate for battery applications.
Neutron diffraction with isotopic substitution
allows a direct determination of the structure
around the isotopically substituted element, in
this case Li, and provides information about
longer-range structural correlations. The S(Q)
measured for the ¢Li and Li samples (figure H5.1)
have identical features but there is a small
intensity variation arising from the different Li
scattering lengths for the two samples. The strong
peak at Q =1.5 A", highlighted in the inset to
figure H5.1, reflects the intermediate-range order
of the polymer network; it is similar to the first
sharp diffraction peaks observed in many network
and molecular liquids. The peak at Q = 0.57 A",
reflects the extended-range order (ERO) that
appears when the salt is added.

The structural environment about a Li* ion is
obtained from the first-order difference pair
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Figure H5.1. Neutron weighted average structure factor S(Q) for liquid
P(EO), ,LiTFSI at T=296 K. Inset: Low-Q region of S(Q) for the electrolyte

and liquid PEO at T=363K.

distribution function T_(r), shown in figure H5.2.
Making use of ab initio quantum chemistry results,
we can assign the peaks to various pair
correlations and allocate the distribution of
coordination numbers among them. This has led
us to a structural representation for the polymer
electrolyte where the Li* ions are bonded on
average to five ether oxygens belonging to pairs
of PEO coils which interlock to form cylinders
arranged in a 2-D dense random packing, with
the TFSI- anions occupying the spaces between
them. This picture implies a retention into the
liquid state of a high degree of ERO, similar to
that reported by Bruce and coworkers in
crystalline P(EO) LiAsF, (results obtained on IRIS),
and explains the relatively high conductivity of
this electrolyte. Li conduction must occur by
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breaking and remaking of the five Li-O bonds, as
observed in molecular dynamics studies of
polymer electrolytes, accompanied by fast
relaxation of the local polymer chain structure.

The dynamics of these systems can be explored
with quasielastic neutron scattering, which
provides a powerful probe on the nanosecond time
scale which appears to be relevant for the lithium
motions and associated relaxation of the polymer
chains. We have used IRIS to study pure PEO and
two electrolytes, P(EO), LiCLO, and the
P(EO), ,LiTFSI discussed above. The scattering
intensities I(Q,®) exhibited quite different
behaviour for each of the samples examined. For
the pure polymer, I(Q, w) could be represented by
aspectral function ¢, (), the Fourier transform of the
stretched exponential function ¢, (t) = exp[-(t/7)’],
commonly used to describe relaxation effects in
polymers. The rapidly increasing value of ¢’
(figure H5.3) indicates that the relaxation is
related to the translational diffusion of the chain
segments.

For the polymer electrolytes, the scattering
showed a quite different behaviour and was best
fitted by the sum of two terms, one describing a
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Figure H5.3. Variations of the inverse relaxation times ' for pure
PEO and P(EO), ,LiClO, electrolyte at 75°C. Inset: behaviour of ¢,
and ¢_ (t) for the two systems at Q = 0.91 A" (dashed lines are a
guide to the eye).

slow relaxation that appears static on the IRIS
time scale (0.09 ns) and the other a fast process
with a spectral function ¢ (w), the Fourier
transform of a pure exponential. We have recently
extended our investigations to longer times with
neutron spin-echo spectrometry at ILL and
confirmed that the slow process reflects a drastic
slowing down of the translational motions of the
chain segments due to the addition of the salt.
The form of ¢, (t) and ¢ (t), shown in the inset to
figure H5.3, illustrates the very different
behaviour of the fast process. The fact that 7' is
almost independent of Q indicates a rotational
character for this process, which must arise from
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Figure H5.2. Lithium difference pair distribution function for liquid P(EO), ,LiTFSI:

Green line: data; blue lines: fitted Gaussians; red line: residual.

rapid conformal fluctuations of the chain
segments between cross-links, presumably
associated with the making and breaking of the
coordination bonds that enhances the Li*ion
transport in the amorphous phases.

()

DL Price, M-L Saboungi, G Mao, RF Perea (Argonne National Laboratory, USA),
WS Howells (ISIS)
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Neutron diffraction study of molten

alumina

We report the first measurements by neutron diffraction of the structure factor and radial

distribution function of liquid alumina at temperatures up 2400K, using the SANDALS instrument. A

continuous wave CO, laser is used to heat and melt a 3 mm diameter alumina sphere, levitated in the

neutron beam by a jet of argon gas. The data are interpreted using a computer simulation structure

refinement process. The results are entirely in accord with an earlier X-ray diffraction study of

liquid alumina, with an average coordination of about 4.5 oxygens around aluminium. Contrary to

this earlier experiment however, which claimed that Al is predominantly 4-fold coordinated by oxygen

in the liquid, the present results indicate significant numbers of 5- and 6-fold coordinated Al are

present as well.

There has recently been much interest in
exploring the use of gas levitation techniques to
simplify the examination of high temperature
molten ionic oxides. These materials typically
have melting points in excess of 2000K which,
combined with their generally high reactivity,
precludes the use of a container in a conventional
furnace. Levitation, using a laser to heat the
material, avoids the possibility of chemical
contamination by the container, and therefore
presents a real opportunity for synthesis and in-
situ characterization of liquids or solids at highly
elevated temperatures. The possibility of using
aerodynamic levitation in association with CO,
laser heating to look at the structure of a melt
has been demonstrated in earlier investigations
of refractory oxides, including alumina, using X-
ray scattering as the structural probe. The
levitation technique however presents a major
challenge for a diffraction experiment since the
amount of material that can be supported by the
levitator is in the region of 20-50 mg, that is
around 1/20% to 1/100%* of the amount of material
used in a conventional diffraction experiment on
a liquid. Intense X-ray sources have allowed the
first determination of the structure factor of
molten aluminium oxide, but the interpretation
of those data in terms of there being
predominantly tetrahedral coordinations of
oxygen about aluminium in the melt is not fully
consistent with earlier NMR data and subsequent

CO; Laser

Flowmeter

Laser power supply

Figure H6.1. Experimental set-up of the levitation chamber for measuring
the neutron diffraction pattern from molten alumina at 2300°C.

computer simulations, where a range of
coordinations, in the region of 4 - 6, were found.
We present here the first structural data of molten
alumina obtained in a neutron diffraction study
using contactless conditions. The strong scattering
of neutrons by oxygen compared to aluminium
serves to accentuate the essential structural
features of molten aluminium oxide and so
complements the existing X-ray data.

The neutron experiments were carried out on
SANDALS. The starting material was a high-purity
powder of alumina pressed under isostatic
pressure to 250 MPa. The specimens were
spherical with a nominal diameter of 2.7 mm,
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corresponding to a weight of ~40 mg. On the
diffractometer the laser beam was incident
horizontally to the sample (figure H6.1). The
spherical sample rotated around a vertical axis
in the argon flow, so that the temperature of the
sample was stable and uniform. Any crystallinity
in the sample was readily detectable as sharp
Bragg peaks in the diffraction pattern, the
absence of which was the indication that the
sample was fully molten. The argon flow,
measured by a thermal mass flowmeter, was
precisely adjusted versus temperature by a
remote control computer in order to optimize the
stability of the sample. Contactless temperature
measurement was performed by optical
pyrometry.

Figure H6.2(a) shows the diffraction pattern
from molten aluminium oxide obtained in this
experiment, after subtracting the scattering from
the boron nitride levitator nozzle. The data shown
were aggregated from about 5 separate scans on
molten alumina, each one requiring about 20
minutes of neutron beam time. Obviously the
statistical quality of these data is not ideal, but
the fact that data from such small samples are
obtainable at all attests to the great power of
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Figure H6.2. (a) Measured neutron structure factor for molten alumina (circles).
The line shows the computer simulation fit to these data. (b) Estimated Al-Al, Al-O
and O-O site-site radial distribution functions for molten alumina as estimated from
the computer simulation of the diffraction data. Note the strong charge ordering
present in this system (Al-O correlations out of phase with Al-Al and 0-0), and that
the Al-Al near neighbour distance is slightly larger than the O-O near neighbour

distance.
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modern neutron diffractometers.

The neutron structure factor obtained here is
in fact a weighted sum of Al-Al, Al-O and 0-O
partial structure factors:

5,(Q)=0.081S, ,(Q)+0.406S,,,(Q)+0.5135,,(Q)
which shows that the measured data are
dominated by the important AlO and 0O
correlations. To interpret these data a computer
simulation procedure was invoked to set up model
ensembles of Al and O ions whose calculated
structure factor reproduced the measured
structure factor as close as possible. This
produced the set of site-site radial distribution
functions shown in figure H6.2(b), which can be
shown to be also perfectly consistent with the
previous X-ray data. The coordination number of
oxygen about aluminium in this simulation turned
out to be 4.5. What the previous experiments did
not reveal was the precise distribution of these
coordination numbers, between 3 and 6, as shown
in figure H6.3, where it is seen that there are
almost as many 5- and 6-fold coordinated
aluminium atoms combined as 4-fold coordinated
aluminium atoms. Thus the true picture of molten
alumina must be one where the octahedral
coordination of aluminium in the crystalline form
becomes highly defective in the liquid state.
However molten alumina certainly cannot be
described as a ‘tetrahedral liquid’.

oxygens at the
near neighbour
distance of 1.8 A.

C Landron, L Hennet (CRMHT, Orleans and LURE, Orsay, France), TE Jenkins,
GN Greaves (University of Wales, Aberystwyth), G Derbyshire (ISIS), JP Coutures

(CRMHT, Orleans, France), AK Soper (ISIS)
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In-situ real time reflectivity studies of
polymer/polymer spinodal dewetting at ISIS

The process of dewetting, in which liquid films break up into droplets, is of importance in many
areas of technology including coatings, microelectronics fabrication and surface patterning. The
subject has also been the focus of attention from a more fundamental point of view. Much of this
work has involved polymer films, both because of their technological importance and because their
high viscosity means that experiments can be carried out on convenient time scales. We have
performed in-situ, real-time neutron reflection experiments to study the dynamics of the spinodal
dewetting process in thin polymer films using the SURF reflectometer at ISIS.

The behaviour of polymeric fluids at surfaces, 100
interfaces and in thin films, is of importance in oL
many areas of technology such as coatings and
microelectronics fabrication. Our attention here E 107
is focused on dewetting, in which an initially %f joof ¢ Unameded "-_?,
uniform film becomes unstable and breaks up into & v 154 minutes e N
an array of droplets or holes. One mechanism of 107 - %?2 gmzz 'ﬁ-"‘"fi N
dewetting involves the nucleation and growth of 105 e ?’-f. "-.,,.
isolated holes. The initial distribution of these Lo | :I ¥
holes is random and hence there is no particular 0.01 0.1
length scale that characterises the morphology. Q (A7)

Another possibility is that the initial stages of
Figure H7.1. Typical reflectivity curves of a sample with a thickness of

the top d-PMMA layer of around 140 A and a thickness of the bottom h-
PS layer of 1400 A during annealing time at a temperature of 170 °C.

dewetting consist of the unstable growth of
capillary waves driven by attractive dispersion
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forces across the film. This process is known as
spinodal dewetting and is an important mechanism
of dewetting for ultra-thin polymer films. In this
case the morphology is characterized by one
particular length scale.

The study of the kinetics of dewetting, while
being of interest in its own right, is also a
potentially useful tool for probing the dynamics
of polymers in confined situations.

We have shown recently, with a series of
experiments using the reflectometers CRISP and
SURF, that the interface of two immiscible
polymers sustains a spectrum of thermally excited
fluctuations - capillary waves. The signature of
such capillary waves is a logarithmic dependence
of the interfacial width on the thickness of the
films. In the original experiments, the system
studied was a thin polystyrene (PS) layer on a
thick poly(methyl methacrylate) (PMMA) film
deposited on a silicon substrate. This system has

a positive Hamaker constant that describes the
dispersion forces acting across the thin PS layer
between air and the PMMA polymer substrate.
Subsequent work using neutron reflectometers at
both ILL and ISIS showed that by inverting the
order of the two polymers, the system was
destabilised and dewetting took place. The
Hamaker constant for the inverted system is
negative, and theory predicts the growth of long
wavelength capillary waves leading to dewetting.
The linear theory of spinodal dewetting predicts
that the fastest wave depends on the square of
the thickness of the top thin layer. The
characteristic rise time of the instability depends
on the viscosity, interfacial tension, thickness of
the film and the Hamaker constant. The rise time
depends on a power law on the top film thickness,
with a power that varies from 4 to 6. Preliminary
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observations were made on the silicon/PS/
deuterated-PMMA system by using specular and
off-specular neutron reflection to probe both the
length scale and the dynamics of dewetting, as a
function of the top d-PMMA layer.

To follow in detail the dynamics of dewetting,
we have now concentrated on the specular
neutron reflectivity. In particular by using a
narrow g range combined with a suitable choice
of molecular weights and annealing temperature
we were able to perform reflectivity
measurements in situ at ISIS as dewetting
proceeded. Neutron reflectivity profiles collected
at ISIS have the advantage of using a white beam
that gives a full reflectivity profile at a fixed
incident angle. Data collection times are then
limited only to the time required to gain enough
statistics. Using CRISP and SURF, the full
reflectivity profile of limited g range for a single
incident angle can be collected in a few minutes
to provide sufficient statistics for extracting the
interfacial widths from the data.

We have investigated how the time scale of
dewetting depends on the molecular weight of
the two polymers. By performing experiments in
the regime where the dynamics are independent
of the substrate PS polymer molecular weight,
we have investigated the possibility of using
dewetting to probe the viscosity dependence of
the PMMA thin film as a function of temperature
and molecular weight.
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Figure H7.2. Surface roughness and interface roughness as extracted

from the fitting of the reflectivity curves of figure H7.1 using a 2-

layer model.
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Figure H7.3. Characteristic growth time as a function of the PS

molecular weight extracted from data as in figure H7.2.

Bilayers of PMMA on PS were prepared on
silicon disk. A thickness of around 1500 A was used
for the bottom PS layer, and a thickness of around
140 A was used for the top d-PMMA layer. The
annealing temperature was around 170 °C, well
above the glass transition of the polymers. Figure
H7.1 shows typical in-situ reflectivity curves for
the system. From the model fitting the surface
roughness and interface roughness were
extracted. Figure H7.2 shows typical data for the
development of both surface and interface
roughnesses during annealing, revealing that after
an initial stage there was a gradual increase in
both roughnesses due to the dewetting. Figure
H7.3 shows the rise time for the growth of both
surface and interface roughness extracted from
figure H7.2 as a function of the PS molecular
weight. The rise time initially increases as the
substrate viscosity changes from a low value,
compared to the top PMMA viscosity (liquid
substrate regime), to a high value (solid substrate
regime) and then plateaus. From the analyses of
these data one can determine the crossover from
a liquid substrate regime to a solid substrate
regime and compare this with theoretical
predictions. These experiments also show the
potential of white beam at ISIS to explore the
initial process of spinodal dewetting of liquid/
liquid systems, opening the possibility of new and
exciting experiments in this field.

M Sferrazza (ISIS), AM Higgins, RAL Jones (University of Sheffield)
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Probing liquid/liquid interfaces

The liquid/liquid interface remains an important area of chemistry due to its widespread application

in practical systems in which the formation, stability and breakdown of liquid/liquid dispersions

(emulsions) are involved. Furthermore, liquid/liquid interfaces are essential constituents of biological

systems as well as being involved in many chemical separation processes. Recently, progress has

been made in developing the methodology for routine investigations of liquid/liquid interfaces using

specular neutron reflection on CRISP and SURF.

Overcoming the drastic attenuation of a
neutron beam upon transmission through a liquid
medium remains the major obstacle in the routine
investigation of liquid/liquid interfaces using
neutron reflection. The advances made in the past
have revolved around the ability to form and
maintain a thin oil film through which the neutron
beam is transmitted. This can be achieved in two
ways. One is the established method whereby an
oil film is condensed on to the surface of an
aqueous subphase. The second method is to
support an oil film on a solid substrate and then
bring this into contact with the water surface.
Both methods are complementary since together
they offer means of studying volatile and non-
volatile oils and water-soluble, oil-soluble and
insoluble polymers and surfactants. It is the
second of these methods which has seen
significant development over the last year.

The sample environment used in these studies
is shown in figure H8.1. The silicon surface is
modified by a hydrophobic moiety chemisorbed
onto the block’s native oxide layer. Hexadecane
with the desired scattering length density is
spread on to the modified surface. The block is
then spun until an oil film of several thousand
Angstréms is produced, which can be monitored
by visually observing the formation of Newton
rings produced by the film. The coated block is
cooled to T<T =16 °C to freeze the oil film and
then maintained at that temperature. This is
achieved by using a Peltier cooling device housed
in the upper part of the sample cell. The spread
or adsorbed film can be prepared in the trough
part of the sample cell. The frozen oil surface is
then brought into contact with the aqueous phase
and after some adjustments the oil film is allowed
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p QOH layer
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Figure H8.1. Schematic diagram, and section through, the liquid/

liquid reflectivity cell.

to warm up to T>T . Reflectivity spectra (R )
are then measured at several angles of incidence,
as in a typical solid/liquid interface experiment,
transmitting the incident neutron beam through
the silicon substrate. Some further measurements
are also required: the linear absorption coefficient
of the oil contrast used needs to be known and,
for convenience, the reflectivity spectrum (R,)
from the silicon/oil interface is also measured
independently.

The next stage is to extract the reflectivity
(R,) from the buried oil/water (o/w) interface
from the measured R_,. This then allows direct
analysis of R, to determine the structure at the
o/w interface. A convenient starting point for the
analysis is the thick film approximation for the
calculation of the overall reflectivity, R_,. It is
assumed that the overall reflectivity arises from
the reflections from two interfaces (with
reflectivities R, and R,) separated by a thick
absorbing layer and contributing incoherently to
the total signal. The direct measurement of R,
removes the model dependence of the silicon/oil



interface. R, can be determined by incorporating
an attenuation factor A(1) which accounts for the
absorption by the intervening oil film; if the
absorption coefficient is known this factor
depends only on the film thickness.

The film thickness can be readily determined
if two critical reflection edges are present in the
spectrum. The decrease in reflectivity between
the two edges is a measure of the attenuation
and hence optical path length. For conditions
where a double edge doesn’t occur the thickness
can be determined by use of a known scale factor
or by relying upon the reproducibility of oil film
thickness based on the spinning process. In either
case, negligible errors are incurred. The work
presented here is for refractive index contrasts
for which there is, at the very least, a total
reflection from the buried o/w interface.

Figure H8.2 shows the reflectivity spectrum
measured from a hexadecane/water interface
(T=25°C) based on this measurement procedure,
and the inset shows an example of a double
critical edge, from which the film thickness can
be determined. The spectrum can be analysed in
terms of a r.m.s. roughness, which has
contributions from both the (thermal) roughening
of the interface by capillary waves and the
intrinsic width of the interface. In this case it is
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Figure H8.2. Net reflectivity from the hexadecane/water
interface, with simulations of 3 A and 17 A roughness. The

inset shows the original double critical edge (in wavelength).
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Figure H8.3. Measured and modeled reflectivity spectra a) I'=4 mg m%;
b) =10 mg m2. H-H copolymer at CM4/D20 interface (red) and D-H
copolymer at CMSi/D20 interface (blue). Inset shows the corresponding

volume fraction profiles.

found that the intrinsic width of the interface is
~15 A indicating that molecular shape is a
dominant contributing factor.

Amphiphilic copolymers of poly(butadiene)
and poly(ethylene oxide) with molecular weight
of ~60,000 g mol' have been spread at the
hexadecane/water interface with concentrations
of 4 mgm? and 10 mgm2. Reflectivity spectra
and the derived volume fraction profiles through
the interface are shown in figure H8.3. For the
contrasts shown, the reflectivity is most sensitive
to changes in the conformation of the hydrophobic
poly(butadiene) block. In contrast to the air/
water interface the hydrophobic block exhibits a
more extended dilute region in addition to a
concentrated ‘collapsed’ region close to the
interface.

The results presented here indicate that the
approach described to measure neutron
reflectivity from a buried oil/water interface is
both practical and suitable, and show the
potential for future investigations of polymeric,
surfactant and biological systems.

J Bowers, A Zarbakhsh (QMW), J Webster (ISIS), R Richards (Durham)
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Towards improved drug delivery

Colloids, materials which have been dispersed into particles or droplets less than a micrometre in
size, form an indispensable component of modern technology and are used in fields as disparate as
foodstuffs, surface coatings, and pharmaceuticals. A detailed understanding of their production and
behaviour is not only important for their technical applications, but contributes much to our
understanding of organised microscopic systems. The length scales of interest in these materials,
and the ability to selectively ‘highlight’ regions of interest with contrast variation studies, make
them amenable to study by small-angle neutron scattering (SANS) on the LOQ diffractometer.

Figure H9.2. Schematic
Perhaps the most fundamental property of 9 2 84 !
L . . representation of the
colloids is that they experience an attractive Van o .
,@Y\“ o emulsion system
der Waals force, which causes them to aggregate 5 5 investigated on LOQ.
into a single mass. In order to produce useful 9 The pink fluorocarbon
. e o i i i
colloidal materials it is necessary to overcome 5 oil droplets with their
. s . . adsorbed polymer layers
this, by providing a more dominant repulsive force o poty v
. i . 9 are dispersed in an
that will then allow the particles to remain o
aqueous bulk phase
dispersed. One of the most widely used methods o ° 5 (shown in blue).

of accomplishing this is to cover the particle
surface with a layer of polymer that prevents the
particles coming into contact.

One class of polymers that have been widely
utilised for the steric stabilisation of colloids are
the Pluronic™ or Poloxamer™ block copolymers
illustrated in figure H9.1. Here a central mass of
poly(oxypropylene), or POP (in red), is linked to
two or four terminal blocks of poly(oxyethylene),
or POE (in green). The POE in these polymers is
rather more hydrophilic (water-soluble) than the
POP and this leads to a rich variety of phase
behaviour. These polymers have been used to
stabilise pharmaceutical colloids and, in the
process, found to influence the biodistribution of
the colloid after intravenous injection. Adsorbed
layers of structurally (and chemically) similar
polymers, differing only in the values of nand m,
targeted the colloidal particles to different

H- -(-CH,CH,O-),- -(CH(Me)CH,O-),,- -(CH,CH,0O-) - -H

H- —(POE), - —(POP) -(POP) - ~(POE) - -H

"N ~

N-C,H,-N
H- —(POE) — —(POP)m—/ o \—[POP)m— -(POE) - -H

Figure H9.1. The chemical structures of Pluronic™ (top) and
Tetronic™ (bottom) block copolymers; n and m represent
numbers used to describe the block lengths.

organs. The only explanation for these
observations is that the adsorbed layers are
mediating the biological response in different
ways. To be able to understand and control the
relationship between the adsorbed polymer layer
structure and the in vivo fate of the particle is
evidently of potential importance. To learn about
the adsorbed layer structure one can study them
in a model colloid and the system that has been
used here consists of an emulsion of
perfluorodecalin (a water-immiscible oil) droplets
dispersed in water (figure H9.2).

Since the density of perfluorodecalin is greater
than that of water, the oil droplets could be easily
manipulated by centrifugation, thereby allowing
the bulk phase to be washed free of unadsorbed
polymer, which would otherwise have complicated
the data analysis. Furthermore, because
perfluorocarbons can be readily contrast-matched
by a deuterium-rich H,0 / D,O mixture, the only
scattering that is measured is that from the
adsorbed layer. This is a huge advantage, and the
principle reason for using neutrons for this type
of investigation. Using inversion or minimisation
methods it is possible to extract the concentration
distribution function of the adsorbed polymer



Figure H9.3. Volume
fraction profiles
derived from the
SANS data for three
different adsorbed
polymers.
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layer from the SANS scattering data (figure H9.3).
This describes how the volume fraction of polymer
segments varies with distance from the interface,
and thus provides a very detailed view of the
adsorbed layer structure which can be correlated
with predictions from molecular modelling.

The volume fraction profiles are consistent
with a picture in which the POP segments are
mostly adsorbed at the oil/water interface and
where the POE blocks extend into the surrounding
water phase. However the shape of the profiles
indicates that the chains are not all extended to
the same length (which would yield a step profile)
and there are also clear differences in the amount
of each polymer at the interface. With this
information it has been possible to build up a
picture of the comparative arrangement of the
polymers at the oil/water interface (figure H9.4).

Further experiments have allowed an
understanding of the interactions between
electrolytes and the adsorbed polymers that had
not previously been studied in any great detail.
The hydrophilic POE blocks are normally heavily
hydrated (experimental evidence suggests around
3 molecules of water for each POE segment; i.e.
3 per n) and the hydration shells of dissolved
electrolyte ions compete for this water. Figure
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Figure H9.4. Schematic illustration of the arrangement of three different polymers

at the emulsion interface; left: Pluronic (n=76, m=29); centre: Pluronic (n=101, m=67)

which has the most adsorbed; right: Tetronic (n=119, m=17).
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H9.5 shows what the effect of this is on an
adsorbed polymer layer. It is evident that,
although the polymer chains collapse back toward
the interface at high electrolyte concentrations
the adsorbed layer actually becomes more
extended at intermediate ionic strength.

The most likely explanation for this effect is
that the lower electrolyte concentrations disrupt
a polar interaction between the POE blocks and
the surface. This reduces the number of loops in
the POE chains, allowing the whole chain to move
further from the interface despite the fact that
the POE blocks are becoming dehydrated. As the
electrolyte concentration is increased further the
segment-segment interactions in the polymer
become increasingly important and the adsorbed
layer collapses.

POE-based surfactants are among the most
widely used in pharmacy due to their reasonable
biocompatibility, ease of synthesis and low cost.
They are formulated into products as diverse as
oral medicines, skin creams and intravenous
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Figure H9.5. The variation of the mean thickness of the adsorbed layer

with electrolyte concentration for the Pluronic copolymer with n=76.

injections. Until recently the refinement of these
formulations has been performed on a largely
empirical basis. Detailed structural studies of this
type are providing a better understanding of the
behaviour of PEO surfactants in such complex
mixtures, and thus allowing the pharmacist to
devise more effective medicines for the new
millennium.

C Washington (University of Nottingham), SM King (ISIS)
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Glass corrosion: chemistry of the

water-glass interface

Flat glass produced by the Pilkington float process is of major economic importance in a wide

range of industrial applications. Float glass surfaces are often coated with thin films to give them

enhanced properties; for instance, indium tin oxide coatings are applied to the glass surface to

produce optically transparent electrodes and silica gel materials are commercially important as

water repellent coatings e.g. for the windscreen of aeroplanes. It has been suggested that atmospheric

water (liquid and vapour) can lead to degradation of the glass surface, which results in poor adhesion

and/or performance of the coatings. Specular neutron reflection on SURF and CRISP has been used

to investigate the interaction of water with untreated float glass surfaces and the effect of adding

fluorocarbon doped coatings.

The effect of prolonged exposure of float glass
to atmospheric conditions can be seen in the
atomic force microscopy (AFM) images in figure
H10.1. The deposits formed on the surface of the
stored sample are a type of sodium bicarbonate.

The incorporation of water into the glass
surface as a function of immersion time has been
investigated on SURF and CRISP. Four pairs of float
glass samples were prepared by immersing one in
H,0 and its ‘twin’ in D,0. The soak time was varied
from 1 week to 6 months, at ambient
temperature. The neutron scattering lengths of
H,0 and D,0 are very different (b,,,=19.15x10° A
and b,,,=-1.68x10° A), hence the difference in
reflectivity between a pair of glasses soaked for
the same time in H,0 and D,0 gives information
on the water penetration into the surface.

The number density N(z) profiles for water
and glass, which fit the reflectivity data, are
shown for all samples (including untreated float
glass) in figure H10.2. The data were fitted using

0

50 7.5
um um

Figure H10.1. AFM height image of the surface of float glass. Left: fresh
sample; right: a sample which has been stored under atmospheric conditions
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for a prolonged period. Height range (z) of the image is 50 nm.
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a modification of a standard slab model. The glass
and water number density profiles and their
relative origins are varied to obtain the best fit.
Two distinct regions can be observed. The first
layer starts at the origin, and has a thickness of
approximately 30 A, which appears almost
constant with immersion time. The second region
extends further into the glass; the water
penetration distance increases systematically with
immersion time, and after 6 months this can be
seen to extend to ~500 A.

The most likely explanation for the trends in
number density profile is that as the water
penetrates the glass surface, the mobile Na* ions
are leached out of the glass network and replaced
by H,0". Two mechanisms have been suggested
for this process: either the H,O* ions diffuse in
from the surface and exchange with the sodium
atoms, or molecular water diffuses in from the
surface and reacts to replace the sodium ions with
H,O" so that Na* and OH- diffuse out of the glass.

Figure H10.2.
Number density
profiles N(z)
versus
penetration
depth z into the
sample for float
glass immersed in
water for
different periods.



Figure H10.3.
Reflectivity data
for float glass
coated with silica
gel, immersed in
H,0 or D,0 for 2
weeks. The lines
are the fits
modeled to the
reflectivity data.

R(Q)4 (108 A7)

In the deeper layer, our results indicate that the
sodium atoms are only partially replaced by water
(or H,0), hence it is unlikely that there is
disruption of the Si-O network to accommodate
interstitial water.

Analogous measurements have been made on
float glasses coated with perfluoroalkylsilane
doped silica gel. The thin films were produced by
co-condensation using the sol gel process, which
results in a silica layer (~50 nm) on the glass
surface upon which a bound monolayer of
fluorocarbon chains form. The fluorocarbon layer
is very hydrophobic, producing the water
repellent surface utilised in the aeronautical
industry. Two samples were produced; float glass
coated with non-fluorinated silica gel (2.40wt%
tetraethoxysilane (TEQS)), and a fluoroalkysilane
(FAS) doped version (2.40wt% TEOS + 0.08wt%
FAS). Once again the samples have been cut into
pairs; one was immersed in D,O for two weeks
and the other in H,0 for the same period. The sol
gel coatings have a degree of porosity, which will
affect the water absorption properties of the film,
however they do not contain the alkali ions which
were present in the float glass, so leaching is not
expected to occur.

The neutron reflectivity data for the silica gel
coated float glass for H,O and D,0 are displayed
in figure H10.3. The difference between them
indicates that water has penetrated the coating.
The interference fringes present in both data sets,
with a periodicity of ~0.027 A", correspond to
the existence of a silica layer with a thickness of
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Figure H10.4. The number density profiles N(z) as a function

of penetration depth z into the sample for float glass coated
with silica gel (black), and fluorinated silica gel (red).

approximately 230 A. The effect of fluorine
content on the hydrophobic nature of the silica
coating is shown in figure H10.4.

The number density of the fluorocarbon
doped coating, in the region 0-500 A, is lower
than that of its non-fluorinated counterpart,
suggesting that the film layer is thicker in this
sample. Consequently the water profile of the
fluorinated film extends fractionally deeper into
the surface than in the float glass coated with
silica gel. In both samples the water penetrates
the surface to a depth of 500 A; the amount of
water which is incorporated into the coated
glasses is approximately the same. This is
surprising as the fluorine doped silica gel coating
appears to be very hydrophobic having a large
contact angle with water.

The non-invasive nature of neutron reflection
techniques, coupled with the fact that the
investigations can be performed under normal
atmospheric conditions, has meant that the effect
of aqueous solutions on the structure of the
surface of glass can be investigated in-situ. Water
was found to penetrate the surface of float glass,
both untreated and coated with a hydrophobic
perfluoroalkylsilane doped silica gel. The reaction
of float glass with water is very important,
commercially and scientifically, as it will effect
both the chemical durability and fracture strength
of the glass, as well as potentially modifying the
performance of coating films.

RM Richardson, T Brennan, RM Dalgliesh, MR Lovell, AC Barnes, JE Enderby
(University of Bristol), JRP Webster (ISIS), S Sergeant, D Wood (Pilkington Technology

Centre)
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Spin waves and electronic interactions

in La,CuO,

The magnetic excitations of the square-lattice spin-1/2 antiferromagnet and high-T_parent La,CuO,
are determined using high-resolution inelastic neutron scattering. Sharp spin waves with absolute
amplitudes in agreement with theory including quantum corrections are found throughout the Brillouin
zone. The observed dispersion relation shows evidence for substantial interactions beyond the nearest-

neighbour Heisenberg term, which are best understood in terms of a cyclic or ring exchange due to
the strong hybridization path around the Cu,0, square plaquettes. CuO, planes are thus the second
example of an important Fermi system (*He is the other) where strong cyclic exchange terms have
been measured. The technological advance enabling the present investigation is the use of position-
sensitive detectors for the scattered neutrons on HET, which increases the wavevector resolution by

an order of magnitude.

Magnetic interactions are revealed through the
dispersion of the magnetic excitations. The CuO,
planes and calculated excitations are shown in
figure H11.1. Figure H11.1(a) shows the atomic
orbitals involved in the magnetic interactions,
where J, J’ and J” are the first-, second- and
third-nearest neighbour exchanges and J_is the
cyclic interaction which couples all four spins at
the corners of a square plaquette. Arrows indicate
the spins of the valence electrons involved in the
exchange.

The effect of turning on interactions beyond
the nearest neighbour interaction is show in figure
H11.1(b) where the lower frame shows the spin-
wave dispersion surface for a square-lattice
antiferromagnet with nearest neighbour exchange
J (=136 meV) only. Spin waves emerge from the
antiferromagnetic zone centre (1/2,1/2) and

Figure H11.11(a). Diagram of the CuO, planes, showing the
first, second and third nearest neighbour magnetic interactions
involved, J, J’, J”’ and the cyclic interaction J.

disperse to reach a maximum energy 2J that is a
constant along the antiferromagnetic zone
boundary marked by dashed squares. The upper
frame of figure H11.1(b) shows the same
dispersion calculated but now with modest
interactions between next nearest neighbours.
Virtually the only visible effect of the additional
interactions is the dispersion along the zone
boundary.

The magnetic scattering throughout the
Brillouin zone as measured on a 48.6 g 7-crystal

300

200

S
o)
Intensity

Energy (meV)
o

Figure H11.1(b). Calculated dispersion relations for the CuO,
planes. The lower figure has J=136 meV with no higher order
couplings or quantum corrections whilst the upper figure shows
the effect if higher order interactions are turned on.
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multicrystal using HET are show in figure H11.2.
Data obtained by taking cuts through the
dispersion at constant energy transfers near the
antiferromagnetic zone centre are shown in figure
H11.2(a). The solid lines are fits to the one-
magnon cross-section convolved with the
instrumental resolution.

Figure H11.2(b) shows a series of constant-Q
scans collected at various points along the zone
boundary. The spin waves have a clearly
noticeable dispersion, from a minimum of 282+7
meV near Q=(3/4,1/4) to a maximum of 318+8
meV near (1/2,0). This is in obvious contrast to
the dispersion-less behaviour of spin waves for
the nearest-neighbour model (quantum
corrections predict a zone-boundary dispersion,
but of opposite sign from that observed).

Figure H11.3(a) shows the dispersion relation
along major symmetry directions in the Brillouin
zone and figure H11.3(b) displays the
corresponding spin wave amplitudes, in absolute
units calibrated using acoustic phonon scattering
from the sample.

The results can be explained by adding a small
second-neighbour exchange J’=-13.6 meYV,
however its sign is in contradiction with
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Figure H11.2. (a) Constant energy transfer cuts near the
antiferromagnetic zone centre (E=250 meV). (b) Constant Q
cuts measuring the dispersion along the antiferromagnetic zone
boundary (E, =750 meV). The vertical dotted line at E=300 meV
is a guide to the eye. A background measured near the nuclear

zone centre (1,0) has been subtracted.
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Figure H11.3. (a) Measured dispersion relation fitted to a spin-
wave model including higher order couplings. (b) Wavevector-
dependence of the spin-wave intensity compared with
predictions of spin wave theory (solid line) with an intensity-
lowering renormalization factor of 0.52+0.13 in agreement with
the theoretical prediction of 0.61.

superexchange theory and experiments on
Sr,Cu,0,CL. The data can also be explained by
including a ring exchange interaction coupling
quartets of spins at the corners of a square
plaquette. Asignificant cyclic interaction is in fact
predicted by expansions of the electronic Hubbard
model to higher orders in (t/U) where t is the
nearest-neighbour hopping energy and U is the
on-site Coulomb repulsion. The extracted values
t=0.32(2) eV and U=2.6(3) eV are consistent with
values obtained from photoemission. The
exchanges J=143.3+5 meV and J =48.4+9 meV are
also in agreement with numerical simulations for
finite clusters. We conclude that the dominant
further neighbour coupling is the cyclic interaction
favoured by the strong orbital hybridization in
the CuOQ, planes.

R Coldea (ORNL and ISIS), SM Hayden (University of Bristol), G Aeppli (NEC Princeton),
TG Perring , CD Frost (ISIS), TE Mason (ORNL), S-W Cheong (Lucent Technologies),

and Z Fisk (University of Florida)
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Experimental realization of a 2D
fractional quantum spin liquid

The ground-state ordering and excitations of the two-dimensional (2D) S=1/2 frustrated Heisenberg

antiferromagnet Cs,CuCl, have been explored using neutron scattering in high magnetic fields. We

find that the dynamic correlations show a highly dispersive continuum of excited states, characteristic

of a ‘resonating valence bond’ (RVB) state, arising from pairs of S=1/2 spinons. Large quantum

renormalizations of the excitation energies and incommensuration are observed.

The concept of fractional quantum states is
central to the modern theory of strongly
correlated systems. In magnetism, the most
famous example is the 1D spin-1/2 Heisenberg
antiferromagnetic chain where locally allowed S=1
states are de-confined into pairs of S=1/2 spinons
identified with quantum domain walls. A 2D
generalization of a fractional quantum spin liquid
has been proposed to take the form of an RVB
state comprising singlet spin pairings in the ground
state, and with pairs of excited S=1/2 spinons
separating via rearrangement of these bonds. To
date no experimental realization of such a state
has been found; in the case of the S=1/2
Heisenberg square lattice (HSL) mean-field
confining effects lead to S=1 magnons and a
renormalized classical picture emerges. However,
frustrating interactions can counteract the
staggered fields responsible for confinement, and
they may provide a route to generating fractional
phases in 2D. We explore such a scenario in the
anisotropic triangular antiferromagnet Cs,CuCl,
using high-field diffraction on PRISMA and cold-
neutron spectroscopy on IRIS.

In Cs,CuCl, magnetic interactions are mostly
restricted between Cu?* S=1/2 spin-sites in the
(b,c) plane, see figure H12.1(a), with coupling J
along b (‘chains’) and zig-zag ‘interchain’ coupling
J’ along c. A small interlayer coupling stabilizes
3D order below T,=0.62 K into an incommensurate
structure along b due to the frustrated couplings;
weak anisotropies confine the ordered moments
to rotate in cycloids nearly coincident with the
(b,c) plane (figure H12.1(c)).

Diffraction measurements were made on a
single crystal of Cs,CuCl, in magnetic fields up to
7 T using PRISMA. For fields along a (near
perpendicular to the ordering planes) the 3D
incommensurate ‘cone’ order is stable up to full
ferromagnetic (F) alignment (B =8.44 T at 7=0.03
K), see figure H12.1(b). At 0.2 K magnetic Bragg
peaks move from ¢:=0.030(2) in zero field to
£=0.047(2) at 7 T, where ¢ is the incommensuration
relative to Néel order, see figure H12.1(c). Mean
field theory predicts no change with field, and
the large renormalization observed is a purely
quantum effect. The value at saturation £ =0.064
(estimated by extrapolating a quadratic fit) and
the critical field B, determine the couplings as
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Figure H12.1. (a) 2D couplings in Cs,CuCl,. (b) Magnetic phase
diagram in a field along a. (c) Spin rotation in the (b,c) plane
upon translation along the b-axis. (d) Incommensuration ¢ vs.
field along a.
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Figure H12.2. Dispersion of the magnetic excitations along b*
at T=0.1K, zero field. A, B, C, and D are typical scan trajectories

with data shown in figure H12.3.

J=0.37 meV, J’=0.15 meV and the quantum
renormalization g /e =0.47.

Dynamical correlations in a 2.5 cm? single
crystal of Cs,CuCl, were probed using IRIS. The
sample was mounted with the (a,b) scattering
plane horizontal.

Figure H12.2 shows the dispersion along the
b* direction; no measurable dispersion could be
detected along a* confirming negligible coupling
between layers. The solid symbols show the
position of the main peak in the lineshape and
the solid line is a fit to the principal spin-wave
mode for a cycloid (dashed and dash-dotted lines
show the calculated dispersions of the other two
secondary modes). Light blue circles show the
experimentally estimated upper boundary of the
continuum and the upper (heavy) dashed line is a
guide to the eye. The dispersion can be described
by a spin-wave model with J_=0.62(1) meV and
J’_=2J_sinme,. The quantum renormalization of
the excitation energy J_ /J=1.67 is similar to the
exact result n/2 for the 1D chain.

A remarkable feature of the measured
lineshapes is that they do not show single particle
poles, but rather extended continua as shown in

figure H12.3(a)-(d). Because in a neutron
scattering process the total spin changes by
AS
and the presence of excitation continua implies

. =0> £1 the absence of single-particle poles
that the underlying excitations carry fractional
quantum numbers. For J’=0, these are rigorously
known to be S=1/2 spinons and two-spinon
production is the principal neutron scattering
process. The measured scattering can be well
described by the Miiller ansatz lineshape
appropriate to the 1D J’=0 limit generalised to
2D such as to include the incommensurate
dispersion relations and a modified upper
boundary (dashed upper line in figure H12.2). We
conclude that Cs,CuCl, has fractional spin
quasiparticles with a dispersion modified by the
two-dimensionality at all energy scales.
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Figure H12.3. Magnetic inelastic spectra along the shaded
regions A-D in figure H12.2. Solid lines are fits to a modified
two-spinon cross-section. Dashed lines show predicted lineshape
for polarised cycloidal spin waves and the dark shaded region
(shown only in (d) for clarity) indicates the estimated two-
magnon scattering continuum. All calculations include the

magnetic form factor and instrument resolution effects.

R Coldea (ORNL and ISIS), DA Tennant (ISIS and Oxford), AM Tsvelik (Oxford), MJ Bull,
MA Adams (ISIS), Z Tylczynski (Institute of Physics, Poland)
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Structure and magnetism of doped
ruthenium oxide superconductors

In recent years there has been considerable interest in the physics of transition metal oxide
perovskites. This has been due to the discovery of colossal magnetoresistance in manganites, charge
and spin stripes in nickelates and high T_ cuprate superconductors. The coexistence of
superconductivity and magnetic order has proved particularly intriguing, since in conventional s-
wave superconductors the local moment breaks up the spin singlet Cooper pairs and strongly suppresses
superconductivity. Much research has focused on finding an explanation for the mechanism of
superconductivity in high T_ materials and the interplay with magnetism. We have used time-of-
flight neutron powder diffraction at OSIRIS at ISIS to enable us to probe the magnetic structure of a
series of recently discovered ruthenium oxide superconductors. The ability of OSIRIS to observe
magnetic reflections at long d-spacings with high resolution provides the key to the successful
determination of the magnetic structure of these systems.

A recent systematic study has demonstrated
the coexistence of superconductivity and
magnetic ordering at lower temperatures in the
double perovskite Sr.Y(Ru, Cu)O,. The
observation of a superconducting transition, by
both magnetic and electrical measurements, with
T, as high as ~50K, in a system that contains no
CuO, planes, is quite remarkable. Similar
behaviour is also observed in samples in which
the yttrium is replaced by holmium. Magnetic
susceptibility measurements show the Ho
compound to display similar behaviour but with

Figure H13.1. The crystal structure of Sr,Y(Ru, Cu )O,

an additional transition, presumably due to Ho-
order, at ~15K while the sample remains
superconducting. The observed magnetic and
electrical features can be explained in terms of a
plausible theoretical model based on the double
exchange mechanism, which predicts the
existence of canting order at a temperature lower
than the magnetic ordering temperature.

The Sr.Y(Ru, Cu )O, series was studied using
high-resolution neutron diffraction at D2B at the
ILL. The structure (figure H13.1) is that of the
parent compound Sr,YRUO, with copper atoms
occupying the Ru-site rather than Y-site In addition
to the structural peaks, antiferromagnetic peaks
were observed at low scattering angles at
temperatures below 28K confirming the magnetic
order in a Type | spin arrangement of Ru ions.
The requisite canting was not observed in these
experiments due to insufficient resolution of the
magnetic peaks. It was hoped that experiments
at OSIRIS, with the extra intensity and higher
resolution, particularly at high d spacing, would
provide definitive answers on the existence of a
second magnetic transition to a canted state and
its relationship to the observed superconductivity.

The magnetic structure of Sr,YRu, ,Cu, 0, was
shown to be more complicated than a simple Type
| antiferromagnet. Preliminary analysis of the
OSIRIS data strongly suggests that for the



Sr,YRu, ,Cu, ,O,, the Ru moments have a canted
magnetic structure with the copper moments
acting as a balance. Thus, although individual Ru
and Cu moments are canted, the overall magnetic
structure is one of ferromagnetic (001) planes,
antiferromagnetically stacked. This observation
is important in determining the superconducting
mechanism in these materials.

More intriguing is the Sr,HoRu, ,.Cu, ..O, sample
with the huge magnetic moment of the Ho*" ion.
Such a large magnetic moment is expected to have
a tremendous impact on the magnetic structure
and implications for the superconductivity in the
sample.

The powder diffraction pattern is shown for
this sample at 1.6 K in figure H13.2 and clearly
the largest peaks in the pattern are the (100)
and (010) magnetic peaks. Previous neutron
studies had not been able to resolve these two
peaks due to the similarity of the a and b lattice
parameters (5.7692 A and 5.7812 A respectively)
but due to the high intensity of OSIRIS at this
wavelength and the good resolution, this was
achieved. The closeness of the a and b values
and the similar intensity of the magnetic peaks
indicate that the moments are at 45° in the a-b
plane. The Ru moments were similarly refined and
the components of the moments in the a-b plane
are shown in figure H13.3. Similarly, the same
refinements determined the canting of the
structure in the a-c plane as shown in figure H13.4.
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Figure H13.2. Neutron powder diffraction pattern of
Sr,HoRu, ,,Cu, .0, at 1.6 K from d = 1.5 A to 8.5 A. The inset

shows the two magnetic peaks (100) and (010) resolved at ~5.77 A
and ~5.78 A respectively.
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Figure H13.4. Magnetic structure projection in a-c plane of

Sr,HoRu, ,.Cu, ,.0,. The Ho ions are represented by blue circles,

the Ru ions red circles.

The observation of the two peaks was critical
in terms of determining the canted magnetic
structure of these materials and will have a
profound impact on the proposed models of high
temperature superconductivity in these systems.

Further studies of mixed ruthenium-copper
oxide superconducting materials are planned to
determine both their crystal and magnetic
structures, and also the local magnetic
environment with experiments on HET.

NG Parkinson, PD Hatton (University of Durham), MK Wu (National Tsing Hua
University, Hsinchu, Taiwan), KH Andersen (ISIS)
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Inelastic neutron scattering of bone

Inelastic neutron scattering (INS) spectroscopy is especially sensitive to vibrations of groups with

hydrogen and has been used on TFXA and TOSCA to resolve the extent of substitutions at the hydroxyl

group site in bone. Bone is a complex material consisting of a mineral apatite, (Ca,(PO,),OH) in an

extracellular protein matrix. Many aspects concerning the composition of the mineral are controversial.

It has been suggested that there is complete substitution by carbonate at the hydroxyl site. We show,

by INS, that in ox femur bone 40% of the hydroxyl groups are not substituted. The INS experiment

opens up new opportunities to monitor changes in bone composition which are important in bone

ageing and some pathological conditions.

The combination of strength and toughness
of bone derives from its construction as a
composite. Bone consists of a mineral,
hydroxyapatite (Ca,(PO,),0H), in a matrix that is
mainly collagen protein. The structure of
hydroxyapatite viewed down the c-axis is shown
in figure H14.1. The hydroxyl ions reside in
channels, so that substitution by other ions,
particularly carbonate, is facile. Changes in the
spatial and temporal properties of bone are
significant in the ageing process and in some
pathological conditions caused by the

incorporation of foreign ions.

There have been many studies on the
composition and structure of bone mineral.
Infrared and Raman spectroscopies provide
information on carbonate substitution sites and
on the presence of hydrogen phosphate. Despite
this, the extent of carbonate substitution at the
hydroxyl sites remains unresolved. Hydroxyl
groups were not detected by resolution enhanced
Fourier transform infrared spectroscopy of bone
nor by proton magnetic resonance, leading to the
suggestion that complete replacement of the
hydroxyls had occurred.

2
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Figure H14.1.

Crystal structure of hydroxyapatite in the ab-plane viewed down the c-axis. The hydroxyl ions lie in the channel

formed by the calcium ions at the intersection of the four unit cells shown. (Hydrogen: white, oxygen: red, calcium: blue, phosphorous:

purple).
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Figure H14.2. Comparison of the infrared spectra of (a) highly
crystalline hydroxyapatite (b) poorly crystalline hydroxyapatite
and (c) defatted, deproteinated, dried bone showing the regions
of the hydroxyl stretching vibration on the right and the
hydroxyl libration on the left.

INS spectra using TFXA and TOSCA, as well as
infrared and Raman spectra of ox femur and two
standard hydroxyapatite samples of different
degrees of crystallinity, were recorded. The bone
was successively defatted and then deproteinated
and spectra were obtained at each stage before
and after drying.

Figure H14.2 shows the infrared spectra of a
highly crystalline hydroxyapatite, a poorly
crystalline hydroxyapatite and the defatted,
deproteinated, dried bone. The hydroxyl group
has two characteristic vibrations; the stretching
mode at 3572 cm™ and the librational mode at
650 cm'. In the highly crystalline hydroxyapatite
both bands are clearly resolved, in the poorly
crystalline material, the 650 cm™ band is only
apparent as a shoulder and in the bone, there is
no evidence for hydroxyls at all. Concurrent with
the disappearance of the hydroxyl modes, bands
due to carbonate (broad feature at ~1400 cm™)
grow in, consistent with replacement of hydroxyl
by carbonate.

INS spectra of the same three samples are
shown in figure H14.3. In agreement with the
infrared spectra, the highly crystalline
hydroxyapatite shows an intense librational mode
at 650 cm™, the poorly crystalline material shows

Science Highlights
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a band at the same frequency but significantly
broader. However, the spectrum of bone shows a
broad but distinct feature at the same frequency,
indicating the presence of hydroxyl. This is in
marked contrast to the infrared results. The width
of the feature explains why it is not observed in
the infrared spectra.

(c)

(b)

500 1000

Energy transfer (cm™)

Figure H14.3. Comparison of INS spectra in the region of the
OH librational mode of the same samples shown in figure H14.2.
(a) Highly crystalline hydroxyapatite, (b) poorly crystalline
hydroxyapatite and (c ) defatted, deproteinated, dried bone.

To determine the relative hydroxyl
concentration in the bone compared with the
highly crystalline hydroxyapatite, we integrated
the peaks between 500 and 750 cm' normalising
the relative intensities to 1 gm of material. The
hydroxyl concentration in the bone was 42% of
that in the highly crystalline hydroxyapatite, thus
a significant fraction of the hydroxyl groups
remain in the bone.

The INS studies of bone mineral have shown
how the question of the extent of carbonate
substitutions at the hydroxyl sites in bone can be
resolved and have also allowed us to demonstrate
why the OH libration mode is not always seen in
the infrared spectra. This work opens up
opportunities of exploiting INS to monitor changes
in the composition of bone at various stages in its
growth and maturity and in pathological
conditions.

MG Taylor (University of Reading), SF Parker (ISIS), K Simkiss, PCH Mitchell

(University of Reading)
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Dynamics of H,O in confined 2D

geometry

The diffusion of water molecules or hydrogen atoms in confined geometries has a large variety of

applications, such as in biology, food and soil science. It is therefore important to elucidate the

nature of the diffusive dynamics of confined water. In this work we have used a hydrated Na-vermiculite

clay as an ideal model system for water in a confined 2D geometry. The water dynamics has been

studied at ambient temperature, as well as in its supercooled regime, by quasi-elastic neutron

scattering (QENS) and dielectric spectroscopy. The experimental results suggest that the temperature

dependence of the relaxational dynamics of the confined supercooled water changes from a highly

fragile behaviour at high temperatures to an Arrhenius behaviour at low temperatures, in accordance

with a proposed fragile-strong transition around 228 K for supercooled bulk water.

The behaviour of water in confined geometries
and near solid surfaces is of central importance
in nature since most of the water in, for instance,
living organisms is closely associated (within
approximately 5 A) with different kinds of
biomolecules. Since this associated water is
necessary for all living organisms it is essential to
elucidate its microscopic properties and
functional role. A comprehensive description of
the structure and dynamics of biomolecules
hydration water is however a difficult task and
therefore we have used a geometrically more
well-defined model system for such a study. The
Na-vermiculite clay chosen was studied with three
hydration levels, corresponding to zero, one and
two molecular layers of water between the
regularly spaced clay platelets.

The QENS experiments were carried out at
T=265 and 300 K in two different scattering
geometries; the clay platelets being at angles of
45° and 135° to the incident beam in order to
make the elastic Q-vector perpendicular and
parallel, respectively, to the clay platelets for a
scattering angle of 90° (Q ~1.33 A""). In the case
of the one-H,0 layer Na-vermiculite the data were
satisfactorily fitted with a single Lorentzian
convoluted with the resolution function, whereas
two Lorentzians were needed to fit the spectra
of the two-H,0 layer system. From the directional
dependencies of the quasi-elastic intensities it is

evident that almost no water dynamics occurs
perpendicular to the clay platelets on the
experimental time-scale (about 2-40 ps).

Figure H15.1 shows that the two-H,0 layer
vermiculite exhibits a planar rotational motion
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Figure H15.1. FWHM values of the two quasi-elastic components
as a function of Q? for the fully hydrated Na-vermiculite clay
at 300 K. Red squares and blue circles correspond to sample
orientations where the clay platelets are aligned perpendicular
and parallel, respectively, to the Q-vector at a scattering angle
of 90°.



of water molecules and a basically two-
dimensional translational jump diffusion motion
on the experimental time-scale. Since the
correlation time of the rotational motion was
estimated to be as long as 27 ps the motion is
interpreted as arising from rotating hydration
shells around the intercalated Na ions. The
translational motion was modelled using the
Gaussian jump-length distribution model,
resulting in a mean jump length (1.1 A) and an
average residence time (2.3 ps) similar to the
corresponding values for bulk water. This suggests
that the short range hydrogen bonding
interactions are mainly determining the water
dynamics.

In the case of the one-H,0 layer vermiculite
we were only able to observe a planar rotational
motion with a rotational correlation time of 16
ps, i.e. faster than in the two-H,O layer
vermiculite. This suggests that a smaller number
of water molecules are involved in the rotational
process in the one-H,0 layer vermiculite, and
furthermore that the translational motion, if
existent, is too slow to be observed on the
experimental time-scale.

The dielectric data of the two-H,0 layer
vermiculite shows a strong dielectric loss peak
(absent in the one-H,0 layer vermiculite),
corresponding to the main a-relaxation process
of the interlayer water not interacting with the
clay surfaces. It has an Arrhenius temperature
dependence and a relaxation time of 100 s at
T=127K (glass-transition temperatures in the
range 124-136K have been reported for bulk
water).

The combination of high temperature (265K-
300K) QENS data and low temperature (125K-
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Figure H15.2. Relaxation times obtained from fits of the
dielectric and neutron scattering spectra from the fully
hydrated Na-vermiculite clay together with literature data.
The red circles denote the relaxation times for the main
dielectric relaxation and the blue triangles show the relaxation
time of the second process observed at low temperatures. The
green triangles, coinciding with the relaxation times of the
second process, are from Cole-Cole fits of dielectric spectra of
bulk ice. The dashed straight lines are fits to the Arrhenius
equation, r=t7,exp(E/RT). Also included are new literature
data (green crosses) of the dielectric relaxation time of bulk
water at higher temperatures. The full line through the data
is a power-law fit diverging at T_= 228 K. The residence times
of the neutron scattering data of our system (red squares)
coincides with the neutron scattering data (green circle) and
the dielectric relaxation data of bulk water.

215K) dielectric data of the ‘free’ water molecules
in the two-H,0 layer vermiculite suggests that the
temperature dependence of the relaxational
dynamics changes from a highly fragile behaviour
at high temperatures to an Arrhenius behaviour
at low temperatures, in accordance with a
proposed fragile-strong transition around 228 K
for supercooled bulk water.

J Swenson and R Bergman (Chalmers University of Technology) W S Howells (ISIS)
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Li mobility in the battery cathode

material Li [Mn__ Li

0.04

]10,:

a technological application of uSR

The common use of rechargeable batteries as power supplies means that it is important for them

to be cheap, light and environmental friendly, properties shown by the newly developed battery

which uses Li [Mn_  Li
Li [Mn, Li

0.04

0.04

10, as the cathode material. We have characterized the Li* mobility in
wi e zero-field muon spin depolarization technique. The results suggest tha
10, with th field in depolarization techni Th It t that

the battery could be recharged more efficiently above room temperature than at room temperature

as is usually done.

For several decades batteries have been used
in consumer electronics such as cameras,
multimeters and radios, and more recently they
have become common in laptop computers and
cellular phones. There is still a demand for new
batteries with good rechargeable properties, and
research into materials which are harmless to the
environment is ongoing. A primary objective is to
use light metals, instead of heavy metals which
are a source of pollution. Additionally, for some
applications, batteries have to be stable at high
temperature. They must also be inexpensive to
produce.

Materials of the composition Li [Mn__Li ]O,
with the spinel cubic structure are very promising
as cathodes for Li batteries. In combination with
boriumphosphate as the intermediate solid
electrolyte and carbon or B,CN as the anode, these
materials form excellent solid state rechargeable
batteries, fulfilling all the requirements
mentioned above. They are based on the transport
of Li ions, which are light and give a high power
density per unit. Since compounds of the type
Li [Mn__Li ]O, are ceramics, they give access to
an interesting temperature range from 320K up
to at least 380K. This explains why Li batteries are
found in sensors on drilling heads in the oil industry.

As shown in figure H16.1 the flow of Li* ions
induces a voltage difference between the anode
and cathode of the battery when it is used as a
power supply. The battery operates between the
x = 0.2 (‘charged’) and x = 1 (‘empty’) states.
The x refers to the degree of occupation of the
regular Li sites.

Pure LiMn.,O, (x = 1, z = 0) contains equal
amounts of Mn* and Mn* ions. It undergoes a
phase transition at ~ 290K attributed to a cubic
to tetragonal structural transition driven by a
cooperative Jahn-Teller distortion mechanism
around the Mn3** cation sites, and this makes it
unsuitable as a cathode because of the bad cycling
performance. Small Li substitution on to Mn sites
gives rise to an increase in Mn* concentration
and subsequently a small decrease in Mn3*
concentration, leading to an increased stability
of the cubic spinel structure.

Li[Mn, ,
phase transition, and this makes it very suitable
as a cathode material. On the other hand, for

Li, 0,JO, does not exhibit a structural

efficient operation of the cathode, the amount
of Li substitution, i.e. the amount of Mn* ions,
must be restricted. Optimal battery prototypes
work with 0.04 < z <0.06.

To optimize Li [Mn,_Liz]O, for use as a cathode
material, the Li* mobility ion for different x and
z values needs to be known. Therefore we have
performed a detailed investigation of the Li* ions
behaviour with the zero-field muon spin relaxation
(uSR) technique for x=1 and x=0.2 with z=0.04.

The uSR measurements were done at the EMU

Figure H16.1.
Principle of a battery
based on the cathode

material

Limn, ,Liy,0,
working as a power
supply.
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and MUSR spectrometers of the ISIS facility. Above B ]
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Figure H16.3. Comparison of two uSR spectra of Li, [Mn ,Li, ]O,

As shown in figure H16.2, A drops by ~ 35%

measured in zero field at 300K. The solid lines are fits to the data.

Figure H16.2.

1.96 " 0.04-

between 230K and 300K for Li[Mn 10,. For
Li ,[Mn 10, the drop of Ais even larger but
starts at ~ 300K. This thermal dependence of A

1.96L]O.04

1A96L]OAO4

cannot be a muon diffusion effect; in fact the
muon is quasi-static for both compounds in the
whole temperature range investigated. The
decrease of A can only be understood if we
suppose that some of the Li* ions do not contribute
any longer to the depolarization. This means that,
as the temperature is raised, some of the Li* ions
diffuse and their contribution to the muon
depolarisation is motionally narrowed. A
quantitative discussion of the magnitude of A
supports our interpretation.

We performed some measurements up to 600K.
In figure H16.3 we compare two spectra recorded
at 300 K on Li [Mn
taken before heating the compound above 300K.

1 66110041 0,- One spectrum was
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JO, and Li, [Mn_  Li

106L10.0:]0,- The solid lines are guide to the eye.

The other spectrum was recorded after
measurements done up to 600K. Clearly the two
spectra are different. The observed irreversibility
is not surprising since it is known that a phase
transition occurs at ~ 490K. We have checked that
no irreversibility effect occurs if the two
compounds (x = 0.2 and x = 1) are heated only up
to 380K.

In contrast to the Li* ion behaviour, the muon
is quasi-static in the whole temperature range
investigated. This rather surprising result is
understood if the diffusing particle passes through
a bottle neck in the transition state as for example
if it has to squeeze through the lattice from one
interstitial state to the next. Then the lighter
particle has the higher activation energy and so
may not diffuse as fast as the heavier particle.

In conclusion we have discovered that the
onset of Li* diffusion in Li[Mn__ Li ]O,occurs at
230 K and for Li ,[Mn 10,at 300 K, i.e. just
above room temperature. This latter result

0.96 L]OAO4

suggests that the battery could be recharged more
efficiently above 340 K than at room temperature
as usually done since, according to figure H16.2,
the Li* ions start to diffuse above 300 K. However,
the temperature should not be too high to avoid
irreversibility effects. Quite remarkably, for our
study we did not need a single crystal sample. In
fact our sample was quite close to the cathode
material which will be used in commercial
batteries.

CT Kaiser, VWJ Verhoeven, PCM Gubbens (IRIl, TUDelft, The Netherlands)
P Dalmas de Réotier, A Yaouanc (CEA-Grenoble, France), SP Cottrell (ISIS)
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Muonium models for hydrogen defect
centres in CdS and GaN

A novel muonium state discovered by uSR studies of CdS implies that interstitial hydrogen forms

a shallow-donor state in this and perhaps other II-VI compound semiconductors. This result is without

precedence, the various muonium and hydrogen defect centres known in Group IV semiconductors

(Si, Ge) and in IlI-V compounds (GaAs, etc) all having energy levels which lie deep in the semiconducting

energy gap. In GaN, uSR data are likewise clarifying the structure and dynamics of muonium states

which mimic the behaviour of hydride ions. In all of these new wide-gap materials currently being

developed for solar cells and for blue light emitters, hydrogen impurity influences fabrication processes

and can also alter final electrical properties. The uSR studies are providing a unique atomistic picture

of hydrogen behaviour and are now extending our understanding of its site preferences and dynamics

from covalent to ionic semiconductors.

With applications in photovoltaics and
optoelectronics in mind, ionic semiconductors
with wide bandgaps are the subject of intensive
R&D efforts worldwide. CdS and other II-VI
compounds, together with the related
chalcopyrites, are the most promising materials
for the fast-developing thin-film solar cell
industry. GaN and its alloys with other Group-llI
nitrides are being developed for blue light
emitting diodes and lasers. Hydrogen impurity,
incorporated during the processing of these
materials, can have a profound influence on
electronic properties even in trace quantities. Yet
atomistic pictures of its crystallographic sites and
dynamical behaviour are lacking.

We need to understand what sites are occupied
by the various charge states — the interstitial
proton, the neutral trapped atom and the hydride
ion — together with the mobilities of each state,
their relative stabilities as a function of
temperature and doping, and the possible
processes of interconversion caused by capture
and loss of charge carriers. This is exactly the
sort of information provided by studies, not of
the hydrogen states themselves, but of their
muonium counterparts. Here, muonium is the
light pseudo-isotope of hydrogen in which the
proton is replaced by a positive muon. Suitable
sources of muons are available at ISIS and at a
few other facilities worldwide (PSI, TRIUMF and
KEK). The muons are stopped (not scattered) in

the sample, so that in semiconductors an
individual muon can either remain as the positive
ion, mimicking the interstitial proton, or pick up
an electron to mimic atomic hydrogen.
Occasionally a muon can pick up two electrons
to form the hydride-ion analogue. uSR
spectroscopy has the sensitivity and selectivity
to detect muonium in all its different charge
states and to characterise their structure and
dynamics.

Cadmium sulphide

Neutral muonium centres are recognizable by
the distinctive hyperfine coupling between the
muon and the single unpaired electron; a slow
beating in the muon spin rotation signal shows

S

Asymmetry

Time (us)

Figure H17.1. Muon spin rotation signal in CdS recorded on EMU at

3.7K and its Fourier transform.



Conduction band

18 meV

(b)

Valence band

Figure H17.2. Antibonding site (a) and energy level scheme (b) for the novel shallow
donor state of muonium or hydrogen in CdS.

this in CdS, figure H17.1. The corresponding
frequency-domain signal exhibits satellite lines
on either side of the muon Larmor precession
frequency: the frequency splittings are a measure
of the muon-electron hyperfine interaction.
Spectra of this sort require a particularly low
background; those from PSI have recently been
improved in this respect by the MORE (Muons On
REquest) development but the pulsed muon
source at ISIS still offers the cleaner spectra — in
figure H17.1 out to almost 10 muon lifetimes.
The muonium hyperfine interaction in CdS is
just 50 ppm of the free-atom value, indicating
that the electron wavefunction is highly dilated.
It corresponds to a shallow, rather than a deep-
level defect with the ionization or binding energy
deduced to be 18 meV. This finding is without
precedent, since no shallow state was known
previously for hydrogen or muonium in any
semiconductor. In figure H17.2 we assign the
muon to a site which is antibonding to sulphur (as
would also be expected for the positive ion or
interstitial proton in this ionic material).

A unified picture

Our work on a variety of covalent and ionic
materials allows proposal of the following general
description, to be tested by future experiments.
The stable states are the positive (in p-type
material) and negative (in n-type) ions. Whereas

Science Highlights

the positive ion adopts the bond-centre site in
covalent materials it prefers an antibonding site
in ionic materials. The negative ion invariably
prefers an antibonding or cage-like site in all
materials - in GaN we find it antibonding to Ga.
Neutral centres can be formed from each without
site change, leading to metastability or choice of
site for the neutral states. In Si, Ge and GaAs the
neutral states associated with the positive ions
are bond-centred, forming a donor level quite
deep in the gap, and with electronic spin density
localised on the two nearest neighbour host
atoms. In CdS, the neutral state associated with
positive ion proves instead to be shallow, with
the electron wavefunction distributed over many
host atoms. In all materials, the neutral centres
associated with negative ions have their electron
wavefunctions tightly localized on the muon or
proton and the corresponding acceptor levels lie
deep in the energy gap.

At normal temperatures, the neutral states
are short-lived but transitions in and out of them
control the capture and loss of conduction
electrons or the dynamic exchange of charge with
other nearby defects. At cryogenic temperatures,
on the other hand, where no such exchange is
possible, the neutral states can be relatively long
lived and they are naturally formed when an
implanted positive muon comes to rest bringing
an electron with it; they are then particularly
informative on local structure via their hyperfine
and superhyperfine interactions. Their stability
against conversion to other states likewise defines
the influence of real material properties, notably
doping, temperature and the presence of other
defects or impurities. As a guide to the behaviour
of hydrogen impurity in these materials, the new
muonium data are virtually unique. Local
geometric and electronic structures are
essentially identical for muonium and hydrogen,
subject only to small zero—point corrections; the
dynamical behaviour can exhibit significant
isotope effects but all this information should
carry over, mutatis mutandis, to the properties
and behaviour of hydrogen itself.

SFJ Cox (ISIS), J Gil (University of Coimbra), A Weidinger (HMI Berlin), R Lichti (Texas

Tech University, Lubbock)
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Lighter, stiffer, stronger . ..
engineering aeroengines for the 21st

century

Innovative aeroengine designs demand combinations of properties unavailable in conventional

advanced alloys.

In principle, metals reinforced with ceramic fibres can meet the need, but in

practice thermal stresses caused by differences in thermal expansion between the phases need to be

monitored and intelligently managed through the manufacturing process. The challenge is to measure

the stresses in the fibres and matrix in prototype components at depths of many millimetres non-

destructively. Neutron strain scanning on ENGIN is providing the solutions.

The drive toward improving the thrust - weight
performance of modern aeroengines places ever
increasing demands on the materials from which
they are made, with the present challenge to
develop lighter, stiffer, stronger materials (figure
H18.1). Composites are attractive in this respect,
and the combination of ceramic fibres within a
titanium alloy as a Ti Metal Matrix Composite
(TiMMC) offers the designer the potential to save
weight in highly loaded rotating structures,
enabling integrally bladed ring structures (blings)
to be considered as an alternative to traditional
bladed discs. Such structures are, of course,
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Figure H18.1. New aeroengine designs require new materials,
the use of Ti/SiC composite reinforced components would lead
to significant improvement in thrust-to-weight ratio.

predominantly hoop loaded, with stresses much
higher than their conventional counterparts, and
hence composite rings are constructed as hoop
reinforced structures to take advantage of the
high strength and stiffness along the fibre axis,

Figure H18.2. A prototype Ti/SiC reinforced bling, courtesy of Rolls-Royce plc.

in much the same way that a tennis racket is hoop
wound to resist hoop compression. A prototype
structure is shown in figure H18.2.

The production of integrally bladed rings
presents considerable manufacturing challenges.
They are first produced as a cylindrical blank by
hot isostatic pressing at temperatures in excess
of 900°C prior to substantial machining to form
the final shape. While it has been shown on
test-pieces that
considerable thermal stresses are generated

laboratory composite
between the cladding, matrix and fibre
constituents, until recently it has not been
possible to measure the stresses in real
components. Furthermore, as machining modifies
the residual stress state, a non-destructive
technique is required if one is to monitor the
evolution of stress through the complete
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processing route. Neutron strain scanning is
perhaps the only method capable of measuring
the elastic strains non-destructively at the depths
required for this component. Furthermore,
because Bragg diffraction is phase selective, the
technique provides an atomic strain gauge for
each phase of the composite separately.

ENGIN, the purpose built neutron strain
scanning instrument on the PEARL beam line, is
well suited to this type of measurement. The
focusing collimators mean that detectors occupy
large areas of diffraction space around 26=90° to
give good data collection rates with low levels of
background. This is essential for the long path
lengths (up to 20 mm) required to locate and
monitor the SiC fibres since they are clad in Ti-
6%Al-4%V alloy (titanium is a strong attenuator
and both Ti and V are strong incoherent
scatterers). Strains have been mapped to 1.5 mm
spatial resolution. Furthermore, the fact that
complete diffraction profiles are collected as a
function of time of flight means that it is simple
to identify when the reinforced region is reached.

_=| |E| (B

Reinforcement
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/ /
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Figure H18.3. Schematic of the machining steps required to
form the bling.

In a collaboration between Rolls-Royce plc.
and the University of Manchester, funded as a joint
EPSRC/MOD project, the strain evolution is being
monitored on a single component through the
various stages of manufacture shown in figure
H18.3. At the same time a finite element model

Neutron Measurements FE Calculations
(a) Radial
€ fibre = -0.20 8*fibre = _Ozll
-1 0 -1
(b) Axial

8*fibre =-0.03 8*fibre=_o‘o3

Figure H18.4. Aside by side comparison of the strain field measured
on ENGIN and predicted by finite element modelling (in normalised

*

units). &, is the normalised strain of the SiC fibres.

has been constructed to predict the measured
strains in the initial bling blank and after each
subsequent manufacturing stage. It is clear that
the volume fraction of the composite region
becomes successively greater as more and more
cladding is removed. As a result the fibre strains
decrease and cladding strains increase through
the stages. Measurements on stages | and Il show
excellent agreement with the manufacturing FE
model. This is exemplified by the agreement
between the predicted and measured strain maps
in figure H18.4. As might be expected, large
compressive hoop strains are observed in the SiC
fibres with correspondingly lower hoop tension
in the Ti-6Al-4V cladding. As with any material,
the understanding of residual stress is an
important element of safe life prediction.

JWL Pang, G Rauchs, PJ Withers (Manchester Materials Science Centre, University of

Manchester) NW Bonner, ES Twigg (Rolls-Royce Plc., Derby)
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Megawatt upgrades for ISIS

ISIS beam power is presently 160 kW, and is set to increase to 240 kW on installation of a dual

harmonic RF (DHRF) system now under development. Here we describe upgrade options for higher

beam powers, between 0.5 and 5.0 MW. A summary is given of options for a scheme of staged

upgrades which exploit the existing accelerators and infrastructure, and provide long term flexibility.

The dual harmonic RF upgrade

Presently, ISIS is based on a 50 Hz high intensity
proton synchrotron which accelerates 2.5x10"
protons per pulse (ppp) to 800 MeV, providing two
100 ns pulses spaced by 220 ns to the spallation
target. Installation of the DHRF system, adding
four new RF cavities operating at the 4th harmonic
to the six existing 2nd harmonic devices, is
expected to increase the intensity to 3.75x10"
ppp which is equivalent to 0.24 MW.

Upgrade options

Power levels above 0.24 MW require
substantial increases in beam current or energy
or both. The requirements of machine protection
and ‘hands on’ maintenance mean beam loss is a
critical issue in any upgrade and should be limited
to present ISIS levels at most.

Increasing the injection energy into the
existing ring would reduce space charge related
losses and provide increases in current. However,
losses associated with a larger extracted
emittance, the problems of injecting higher
energy beam in limited space, and the
practicalities of upgrading the injector with

buckets, matched to the structure of the 0.8 GeV
fast injected bunches, for near lossless capture.

Upgrades to 1 MW

There are a number of possible schemes for
operating 25 Hz high energy rings, with a 50 Hz
‘injector’, to achieve upgrades to 1.0 MW.

The preferred option, which is more expensive
but has much potential, uses two 25 Hz, 3.5 GeV
RCS’s filled on alternate 50 Hz cycles, with two
out of four RF buckets being occupied during
acceleration.

The other, cheaper option uses a 25 Hz, 3.5
GeV RCS plus a 0.8 GeV storage ring (SR). Here,
two 0.8 GeV bunches are stored for 20 ms, until
the next two bunches emerge from the 50 Hz RCS,
and all four are then injected into the high energy
ring. Following the 20 ms acceleration interval
the beam is extracted in a single turn and
transported to the appropriate targets.

To provide convenient, manageable stages for
the upgrade, a single 25 Hz RCS could be added
initially, providing 0.5 MW to a new target and
leaving the remaining 25 Hz, 0.12 MW beam going

minimal interruption to operations, do not make Description Power (MW)
this a favoured option.

The scheme with the most potential is the 0 Freseuteiai LhLCe
addition of further rapid cycling synchrotrons 1 Current DHRF upgrade 0.240
(RCS’s), raising the energy of the existing beam

2 Add 1x3.5 Gev RCS, 25 Hz 0.645
to 3.5 GeV.

Principal concerns for the 3.5 GeV RCS are 3 Add 2x3.5 GeV RCS, 25 Hz 1.05
provision of space for the required RF systems, e Add 13 Te . .

a 3 e + .
and keeping beam losses below 0.1%. This has ()
influenced the selection of a repetition rate of 4  Add 2x3.5 GeV RCS + 800 MeV Linac 5.0
25 Hz and a circumference twice that of the

o . 4(a) Add 2x3.5 GeV RCS + 0.8 GeV RCS 2.0
existing ring. The RF system provides four RF

Table H19.1. Summary of upgrade routes for ISIS.
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Figure H19.1. Proposed
800 MeV Linac site layout for the ISIS

/ upgrades.
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to the existing target. Beam could also be directed
to the planned new low power second ISIS target
station. At a later stage, a second RCS or storage
ring would be added, taking the power to 1.0 MW.

These upgrades should all be possible with
minimal interruption to the ISIS operational
programme.

Beyond 1 MW

The addition of a second 800 MeV RCS, fed
from the present 70 MeV injector, could be used
to fill the two free RF buckets in each new 3.5
GeV RCS. In this scheme all four RF buckets of
each 3.5 GEV RCS would be occupied on each 25
Hz cycle, taking the power to 2.0 MW.

To take beam power to 5.0 MW levels, the
most promising route would involve converting
the two 3.5 GeV RCS’s to multi-turn charge-
exchange injection, and adding an 800 MeV linac.
This is similar to a scheme already studied for
the European Spallation Source. It would require
some careful ring lattice design to allow
conversion to the highly optimised multi-turn
injection scheme.

Site Layout

The 0.5 to 5 MW upgrade paths detailed above
require the siting of a new 800 MeV RCS, one or
two vertically stacked 3.5 GeV RCS’s, a new 800
MeV linac, a target station and the associated
injection/extraction beam lines. A possible layout
is shown in figure H19.1.

Upgrades to 1 MW use the existing ISIS
infrastructure as an injector. An 800 MeV beam
could feed the new 3.5 GeV ring(s) using a beam
line which extracts from the existing 800 MeV
beamline or the proposed Second Target Station
beam line. This would have minimal effect on
the ISIS user run schedule since the extraction
point could be built within a scheduled
maintenance period.

A 2 MW upgrade uses a new ‘ISIS like’ 800 MeV
ring. This would probably be stacked on top of
the existing ring to make optimal use of the 800
MeV beam lines. The impact on the ISIS user
schedule would have to be carefully considered.

The 5 MW upgrade requires a new 800 MeV
linac and injection collimation line and could be
sited as shown.

DJ Adams, ISK Gardner, GH Rees, CM Warsop (ISIS)
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Development at ISIS is a continuous
process, driven both in response to the
changing needs of the user community and
to maintain the facility as a world-leading
neutron and muon source. Evolution and
development of existing instruments, and
design and construction of new ones, open
up fresh areas of research. Some of the
major improvements over the past year
are described here.
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Figure 4.1. The ISIS instrument development programme.

Since ISIS began operations in 1985, the
complement of scheduled neutron and muon
instruments has increased from 4 to 20. Figure
4.1 shows the ISIS instrument development
programme. This investment, worth over £30M,
has come from collaborations with international
partners (Australia, the EC, France, Germany,
Italy, India, Japan, the Netherlands, Spain,
Sweden, Switzerland and the USA) together with
applications through the Research Council grant
system by UK university-led consortia. Some of
the ongoing instrument developments and
upgrades are described in this chapter.
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MAPS

MAPS is the first chopper spectrometer
optimised to measure magnetic excitations in
single crystals. At the time of the ISIS 99 annual
report, it had just received its first neutrons. Since
then the spectrometer has been in its
commissioning phase, during which various
beamline components have been commissioned
and the first inelastic data has been taken. The
new-design background suppressing chopper has
been running routinely at 50 Hz, monochromatic
beam has been produced, and numerous
photographs have been taken along the primary
beamline to check the alignment of the
components.

The full complement of MAPS detectors has
now been installed. Tests of the detectors reveal
uniformity of response along their length,
resolution typically 14 mm FWHH along the tubes,
and there is no loss of efficiency compared to
equivalent length non-PSD 3He tubes. Background
count rates are the same per unit area as for the
non-PSD tubes on HET and MARI. Figure 4.2 shows
the first inelastic scattering data taken on MAPS.

All the detector electronics are now installed
and tested. At the time of writing, commissioning
on MAPS of the new generation data acquisition
system, DAE-IlI, is nearing completion.
Accordingly, the spectrometer has now been
opened up to the user community. The first
experiments are due to start in the July 2000
cycle.
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Figure 4.2. (Left) scattering data and (right) corresponding simulation of scattering from a single crystal of cobalt, taken on MAPS
with incident energy E, = 450 meV. The data are taken in the (h0l) scattering plane. Rings of intensity are visible around the (101)

and (002) reciprocal lattice points. A weaker ring is also visible around (102). The rings of intensity correspond to the intersection

of the ferromagnetic spin wave dispersion with the neutron phase space surface probed by the spectrometer.



Figure 4.3.
Temperature
evolution of the
90-degree
scattering from
the fast-ion
conductor Ag.SI.

GEM

The first opening of the GEM shutter on
October 12, 1999 was undoubtedly a momentous
event. After four years of planning and
construction by the members of the Collaborative
Research Group (under the leadership of Peter
Day (The Royal Institution) and including several
leading UK universities, the Japanese RIKEN
Institute and ISIS), the new, high-intensity, high-
resolution diffractometer for crystalline, liquid
and amorphous materials was about to see its first
neutrons. GEM was expected not only to meet
high performance expectations, such as a peak
resolution of 0.2% and a detector stability better
than 0.1%, but also to be able to handle extremely
high data rates (in excess of 100 Mbytes/min) in
a user-friendly manner. It is fair to say that GEM
passed its first exams with flying colours. For
example, the first high-quality, multi-bank
Rietveld refinement of GEM data was produced
only 48 hours after the first shutter opening.

The initial 5 months of operation, which were
devoted to scientific commissioning, enabled
exploration of the envelope of the instrument
performances and its interactions with the many
pieces of sample environment equipment
available. Also, commissioning experiments
produced a number of high-quality pieces of
science. An example is presented in figure 4.3,
which shows the temperature evolution of the
90-degree scattering from the fast-ion conductor
Ag Sl (work performed by S Hull and D Keen).
Clearly seen is a dramatic phase transition in the
Bragg peak intensities arising from the ordering
of the silver ions. At the same time, the order-
disorder transition is reflected in changes of the
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Figure 4.2. The GEM instrument.

diffuse scattering. The collection time for each
of the 50 data sets, which are suitable for both
Rietveld refinement and Radial Distribution
Function calculation, was 30 min. Very recently,
we have managed to collect Rietveld-quality data
sets on Ni superalloys at a rate of one every 30
seconds, including the on-line data reduction.
GEM has now 4 complete detector banks (20
degrees, 90 degrees, 140 degrees and 160
degrees) and a portion of the 65-degree bank,
for a total of 4200 elements and a solid angle of
2.85 sterad.
instrument development continues, including

Further work to continue the

& Detector completion: the improvement
of the low-angle coverage is an essential
prerequisite to maximise the impact of GEM in
the fields of non-crystalline materials and
magnetism.

& Advanced sample environment: during
next winter we will install an innovative oscillating
radial collimator, which will enable the study of
small samples (-2 mg) inside cryostats and other
pieces of sample environment. There are also
plans for a new 10 Tesla cryomagnet, and fast
sample changers are also in the advanced testing
phase.

& Ultra-fast and
measurements: it is hoped to improve the data

stroboscopic

transfer rate to allow sub-second measurements
on transient phenomena and stroboscopic
measurements on cyclic processes.



HRPD

The EPSRC-funded project to upgrade the 90°
detector bank for HRPD is advancing well. This
development will provide an order-of-magnitude
enhancement of the 90° bank count-rate,
matching it to the existing backscattering
detector bank. This will have significant benefits
by substantially improving the count rate for
longer d-spacings and by offering in many cases
the possibility of measuring all parts of the pattern
of interest in a single shot. The improvement
will lead to better data for larger unit cell systems
and in studies using bulky sample environment
apparatus such as reaction vessels and pressure
cells. The transfer of the technology used to
produce the detector modules for GEM has been
important in keeping both the costs and the
timescales for this upgrade to a minimum. The
manufacture of the fourteen detector modules is
now complete, and the programme is ahead of
schedule with the new bank due for installation
in the second half of 2000. The possibilities
offered on HRPD by replacing sections of the 15-
year-old neutron guide, using new supermirror
components, are being assessed.

SXD
The EPSRC-funded project to upgrade SXD is
also advancing well. This complete reconfiguring
of the diffractometer has been planned based on
the increased understanding gained at ISIS of the
capabilities of single crystal diffraction on a pulsed
source. The new instrument will have an
integrated sample and detector support, which
will contain 11 PSD modules and together with
some improvements in the scintillator
material will offer an overall count
rate increase of around an order
of magnitude. The motivation is
towards better science by
allowing structural work to be
carried faster, on larger unit cells,
and on smaller crystals. The
design of the array of 11 detector
modules is complete, and
manufacture has begun. The
projected installation date for the

reconfigured instrument is mid-2001, with a
commissioning period to follow.

TOSCA

At the end of March 2000, TOSCA was closed
to allow the upgrade from TFXA to be completed.
For the ‘mid-infrared’ energy range (0 - 4000 cm'')
TOSCA is already the best instrument in the world.
The new TOSCA will build on this and will
simultaneously provide still better resolution and
greater sensitivity, while retaining the ease of use
that made TFXA so popular. Figure 4.4 shows an
exploded view of the instrument; there will be
analyser modules for both forward and
backscattering with the detectors sandwiched
between them.

TOSCA Il will be at 17 m from the source rather
than the 12 m of TFXA and TOSCA . To compensate
for the reduced flux (from a smaller solid angle),
the beam size will be increased by 60%. In
addition, a Nimonic chopper is required to prevent
frame overlap. As a consequence, it was necessary
to rebuild the beamline from the shutter onwards.
The new position of the beamstop meant that
the TOSCA cabin had to be removed, to be
replaced by a new one on the mezzanine. At the
same time, TOSCA was shipped
back to ltaly for the
installation of the new
analyser modules. The
instrument returned
on time and

Figure 4.4.
Schematic of
TOSCA.
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Dennis Abbley and Howard Vizor installing guide field coils on OSIRIS (99RC1109).

the detectors are being installed. Overall the
project is both on-time and on-budget. First
neutrons are expected in cycle 00/2, the
remainder of the cycle being used for calibration
and commissioning. The first users are scheduled
for the start of cycle 00/3 in November.

OSIRIS

OSIRIS is 50% scheduled for diffraction
experiments to allow sufficient time to develop
the required polarised-neutron techniques for full
polarisation analysis. The diffractometer section
of the instrument has recently been completed.
The final diffraction detector modules were
installed during the May 2000 shutdown, bringing
the total up to 8 modules, covering 0.7 steradians
of solid angle.

The spectroscopy section will be installed
during the first half of 2001. This involves a 40
cm high array of graphite crystals in near-
backscattering, cooled to liquid helium
temperatures, providing an energy resolution of
25 peVv.

Polarisation analysis will be performed using
a 3He spin-filter. A 10 Watt fibre laser will be used

pump. OSIRIS will use a novel continuously
circulating system, which is expected to improve
the polarisation level and avoid the problems
associated with time-dependence of the beam
polarisation. This system is expected to be
available for first on-line tests by 2002.

IRIS

The pyrolytic graphite (PG) analyser bank on
IRIS has been upgraded. While the original design
utilised a 6 row by 225 column array of 1 cm? (2
mm thick) graphite crystals, the new design
comprises of 4212 crystal pieces (1 mm thick, 18
rows by 234 columns). Installation of the new
analyser is now complete and commissioning
measurements highlight a 3-fold increase in the
number of detected neutrons. In addition, a
significant improvement in the ratio of signal to
background is achieved; a consequence of cooling
the graphite crystals from the previously achieved
25K to liquid helium temperature. More
importantly, however, only minimal broadening
of the instruments resolution for both PG002 (from
15 peV to 17 peV) and PGO04 (from 50 peV to 54
ueV) spectrometer configurations is observed
despite the increased vertical extension of the
new analyser out of the horizontal scattering plane.

Future effort on IRIS is focused toward fully
exploiting the increase in surface area of the new
pyrolytic analyser array by considering improved

collimator and detector geometries.
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The new IRIS analyser being built (0ORC1511). The inset shows a close-

for the metastable pumping of the low-pressure up of the individual graphite crystals mounted on the analyser support

3He gas, which is then compressed by a peristaltic structure.



Muon developments

The ability to measure small samples by
suspending them in the muon beam has undergone
considerable development during the past year.
Of particular note were measurements carried out
by a team from the University of Coimbra:
muonium states in a small sample of CdS were
studied with an almost total absence of
background signal (see the Highlight article on
page 64 for further details). Our present sample
environment equipment allows these ‘flypast’
measurements, which can be made on samples
as small as 4 mm across, to be carried out between
4K and 400K; further developments are planned,
however, to extend this temperature range down
to 350 mK.

The development of radio-frequency (RF) uSR
techniques has continued using the new
spectrometer on the DEVA beamline, work being
focused on applying novel pulsed RF methods to
muon measurements. The recent demonstration
of continuous wave decoupling to cancel the
dipolar interaction between the muon and
neighbouring nuclei (figure 4.5) is a particularly
exciting development that promises to become
an important tool in future pSR investigations.
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Figure 4.5. (a) Muon precession signal in Ca(OH), following a 90° pulse.
(b) Signal recorded with an RF pulse simultaneously applied at the proton
resonance frequency to decouple the dipolar interaction between the
muons and the protons.

H Yabuki, M Hazama and H Itoh (RIKEN) with R Lawrency-Wilson, A Taylor, WG Williams
and G Stirling (CLRC) at the signing of the agreement enabling a new muon beamline
to be constructed on the existing RIKEN muon facility at ISIS (0ORC3742).

The method works by applying a decoupling field
at the nuclear resonance frequency while
simultaneously measuring the muon free
precession signal following a 90° pulse.

PRISMA

Phase 1 of the Prisma neutron guide project
was completed during the April shutdown and
initial results look promising with flux gain factors
of 2.5 already realised for cold neutrons. The
short, straight, tapered design of the guide is
unique to ISIS instruments, and the
system incorporates many features to reduce the
background from fast neutrons and to tailor the
beam characteristics to the required experimental
conditions.

Other measures incorporated to reduce
background include regular sintered B,C absorbing
irises, a modified nimonic chopper, a GEM-type
variable aperture disc chopper, interchangeable
Soller collimation and a set of beam defining jaws.
A set of supermirror-on-silicon frame overlap
filters will remove very cold neutrons (< 0.6 meV)
from the beam.

During phase 1, supermirrors have been
installed in the Prisma shutter, the chopper and
sample pits have been reconfigured, and the
choppers and frame overlap filters have been set
up. In the sample pit, a new nose section has
been constructed to replace the existing
collimation, containing two sliding collimator
changers, monitors and a set of beam defining
jaws.



In the October 2000 shutdown, the remainder
of the guide system will be installed. Once this
has been completed, Prisma will receive the full
benefit of the neutron guide with cold neutron
fluxes increased by factors of up to 10.

ENGIN-X

The physics design of the new ENGIN-X has
been completed. ENGIN-X is a departure from
the philosophy of previous diffractometer designs.
Unlike the majority of neutron diffractometers
which are generally built as ‘all-purpose’
instruments, with designs that are compromises
balancing the competing requirements to measure
the intensities, positions and widths of diffraction
peaks simultaneously, for ENGIN-X the overriding
requirement of the instrument is the accurate
measurement of a lattice parameter, at a precisely
known location within the component under study.

Through the design of its neutron optics,
ENGIN-X will provide an order of magnitude
improvement in performance over the existing
ENGIN diffractometer. With the design of the 50
m flight path instrument now complete, building
is expected to begin in the autumn of 2000, with
first neutron expected by mid 2002.

A lens for neutrons

The development of effective thermal neutron
lenses would offer considerable advantages to
neutron instrumentation by adding to the tools
available for new instrument designs. This is
particularly true for time-of-flight
instrumentation - which up to now has not had a
method, apart from neutron guides, of de-
coupling the divergence of the neutron beam from
its flight path, and allowing optimised design of
instruments.

Mike Johnson and Mark Daymond of the
Engineering group at ISIS have come up with an
adaptation of the X-ray ‘lobster eye’ lens for
neutrons. The ‘lobster eye’ works by having
multiple 2D layers of reflective material, but the
new ISIS design incorporates a number of
improvements. By restricting the focusing to a
single dimension, better exploitation of super-
mirror optics is possible. Secondly, by designing
the layer thicknesses and separations such that

every neutron makes one, and only one, reflection
in its path through the lens, all neutrons incident
on the lens will be reflected towards the focal
point. The simplest design of 140 sheets of single
crystal silicon coated with super-mirror has been
constructed and has been successfully tested on
OSIRIS. Results are promising and presently being
analysed.

Prof. Masayoshi Ono (Kyoto University), Dr. Lyndon Edwards (The Open

University) and Prof. George Webster (Imperial College) examine the
ENGIN stress rig during a recent Versaille Project on Advanced Materials
and Standards, Technical Working Area 20 meeting held at ISIS to discuss
international standardisation of the neutron stress measurement
technique (00RC3537).

VESUVIO

eVS is about to undergo a major upgrade, with
the installation of the EU funded VESUVIO
modifications, which will considerably improve
the resolution for quantum fluid studies. These
improvements will be obtained by cooling uranium
foils to 77K and by using a double difference
measurement, rather than the single difference
technique used at present. The construction of
the new sample tank and filter-cooling device is
complete and the system is being tested in Italy.
Installation is planned for November 2000. The
design for a new back scattering bank of ¢Li doped
glass scintillator detectors, with a geometry
opimised for the new filter, has also been finalised.



Above: Uschi Steigenberger and
Zoe Bowden inspecting MAPS
during its installation
(98RC5889). Centre: the GEM
installation team (99RC5316).
Below: Chris Frost (ISIS) shows
attendees of the Sixth Oxford
Neutron Summer School the new
MAPS instrument (99RC4551).

Above: Paolo Radaelli (1SIS)
oversees the mounting of
GEM'’s top-loading 4K CCR,
watched by Simon Hibble
and Simon Cheyne (Reading
University) (99RC5755).
Below: Careful sample

mounting for a GEM
experiment by Richard
Walton (Oxford University)
(00RC3808).
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Studies of the accelerator and target
characteristics, and modifications to the
accelerator equipment, enable continual

improvements to be made to the beam
intensity and stability. This chapter details
the performance of the accelerator and
target over the past year along with an
outline of new developments.
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ISIS Beam Statistics 1999-2000

ISIS continues to be the world’s most intense pulsed spallation neutron source. For the period of
this report and during scheduled operating cycles, ISIS delivered a total of 687 mA.hrs of user proton
beam to the muon and neutron targets at an average current >171 pA. Table 5.1 gives beam statistics
for the individual cycles in the year 1999-2000. Year-on-year statistics for ISIS performance are
given in table 5.2. Figure 5.1 indicates the improvement in operational efficiency obtained since
1987 and figure 5.2 shows the total integrated current for each year also since 1987.
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Figure 5.1. Year-on-year operational efficiency
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Figure 5.2. Total integrated ISIS current.

improvements.
Cycle 99/1 99/2  99/3 99/4  99/5
Beam on target (hrs) 869 854 667 778 508
Total beam current (mA.hrs) 159 158 128 150 92
Average beam current on target(uA) 183 185 192 193 181
Peak beam current (uA, averaged over 24 hrs) 186 188 198 195 183
Current averaged over cycle (uA) 164 167 183 173 174
Average beam trips per day 64 39 37 28 12
Table 5.1. ISIS operational statistics for year 1999-2000.

Year 1993 1994 1995 1996 1997 1998 1999
Total scheduled user time (days) 168 168 168 168 168 175 168
Total time on target (days) 152 155 151 152 153 160 153
Total integrated current (mA.hrs) 623 653 661 621 672 656 687
Average current on target (nA) 171 176 182 171 183 171 187
Peak current averaged over 24 hours (unA) 187 184 201 204 197 193 198
Current averaged over year (uA) 145 145 162 153 167 156 171
pA.hrs per trip 59 59 80 115 81 72 106
Total power consumption (GWh) 45 50 46 47 47 42 52
Energy efficiency (mA.hr/GWh) 13.8 13.1 14.4 13.1 14.9 14.9 13.2

Table 5.2. Year-on-year ISIS performance summary.
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Accelerator and Target Developments

The Accelerator and Target Station have had a very good year, surpassing the Service Level

Agreement with EPSRC and providing an availability of 92%. To maintain this performance, considerable

effort has been made to increase machine reliability by replacing obsolete equipment and developing

new systems - the major projects are described in this chapter.

Injector

The 70 MeV drift tube linear accelerator
(linac), the 665 keV Cockcroft-Walton preinjector,
and the H-ion source have yet again maintained
good availabilities during the year.

Major refurbishment work was completed on
Tank 3 of the linac this year (Tank 3 accelerates
the H- particles from 30 to 50 MeV). Several weeks
were also spent replacing all the water-to-vacuum
O-rings on Tank 2, again with major efforts to
avoid disturbing the alignments of the drift tubes.
During the Tank 3 work, the plant supplying
temperature-controlled water to the linac was
refurbished. Other work carried out this year
includes procurement of new pulsed power
supplies for the drift tube quadrupole magnets in
Tank 1.

During the year the 665 keV RFQ accelerator
built at the University of Frankfurt and intended
as a replacement for the present ISIS Cockcroft-
Walton preinjector was delivered to RAL and
installed in the RFQ Test Stand. Following a
successful review of safety arrangements,
conditioning was carried out, and the RFQ has
been run with the full design input RF power
(200 kW at 202.5 MHz). Equipment to measure
X-ray spectra during operation has been installed
and is delivering key diagnostic information on
the peak voltages achieved between the
(modulated) rods.

The ion source development rig is nearing
completion. An ion source has been run on the
rig with a new form of arc driver which promises
well for the programme to upgrade ion source
performance towards levels appropriate for the
European Spallation Source (ESS).

Jim Loughrey assembling the ISIS RFQ (99RC4375).

Synchrotron and electrical
engineering

Continual assessment of the synchrotron
performance has ensured safe and effective
operation.

Work continues on upgrading the extract
kicker power supplies. New switching thyratrons
have been installed in system two after the
success of the 1998 installation in system three.
Studies on the kicker power supply pulse forming
networks (PFN’s) show that upgrading the
capacitors to a higher maximum voltage and the
addition of clamping diodes will improve
operational reliability.

A study has started to look at the future
operation of the main magnet power supply
(MMPS) and in particular the large storage choke
and capacitor banks. The choke is 30 years old
and was installed on ISIS after many year’s service
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on the NINA facility at Daresbury. Being a large
item (120 tons) the study is looking at ways of
replacing it with 5 smaller chokes.

A number of tests were completed on a spare
synchrotron RF shield, to determine why some
shields have failed in operation causing a
reduction to the beam aperture. A greater
understanding of the failure mechanism is now
known and the importance of accurate assembly
of vital coupling capacitors recognised.

Kevin Tilley measures the thermal expansion of a
synchrotron dipole RF screen (99RC3433).

A programme of work is underway to replace
ageing components in the straight 1 section (SP1)
of the synchrotron. The components located in
SP1 experience high radioactivity levels from
collectors, used for collecting non-trapped low
energy beam, and induced activity from the
occasional malfunction of extraction equipment
used for diverting the beam to target. The
programme includes replacement and upgrading
of the extract septum and the collector system.
It is planned to install the new components in 2002.

Work towards the 300 pA ISIS upgrade
continues where the intention is to install four
RF cavities operating at twice the harmonic
frequency of the existing cavities. Initial
measurements on a test cavity have been
completed, and equipment is now being
manufactured to test the cavity at high power
RF. A space in straight 5 of the synchrotron has
been cleared for the installation of a cavity.

Collaboration with KEK, Japan and ANL, USA is
progressing well with ISIS supplying KEK with a
cavity and other equipment for testing in Japan
by the end of 2000.

The group continues to give electrical
engineering support to many projects on ISIS, for
example design of the electrical systems of the
MAPS and GEM neutron beam lines and for the
RIKEN muon beamline laser.

Target Station

The conceptual design for a Second Target
Station has been completed and a detailed costing
made for the proposal - see also page

Explorations continue of ways to overcome the
constraints on ISIS running imposed by the current
methane moderator lifetime. Measurements of
the neutron energy and time spectra using ethane
as a moderator material instead have been
completed and show that ethane would be
acceptable. Irradiation experiments have also
continued at the CARE reactor of Imperial College
London to assess the effect of chemical scavengers
in reducing the build-up of high mass hydrocarbons
in moderator material. Measurements have been
made with methane and methane with 1%
ethylene and 1% propylene. The production of
hydrogen gas from all three is essentially the
same. A feature of all irradiations has been the
low measured production of higher mass
hydrocarbons (wax). Whether the production of
hydrocarbons is lower than expected or they are
not being efficiently extracted is an open question
at present. More measurements are planned with
higher concentrations of additives, and also with
ethane. However, initial results are not
encouraging from the point of view of providing
a longer operational lifetime for the methane
moderator. As an alternative the mechanical
design of the moderator system and the remote
handling procedures are being examined to find
a way of reducing the time to change a moderator
from three weeks to one.

The decision has been taken that uranium
targets will not be used on the target station in
future and all spent uranium targets have been
sent for disposal. A new tungsten target has been
manufactured and this will be installed at the
end of life of the current tantalum target.
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Ken Louch Supervises the installation of a dipole (96RC2021).

Controls Group

Controls Standard STEbus (CSS) control and
acquisition systems have been developed for the
RFQ and ion source projects, and their respective
test areas have been included in the ISIS Controls
network and ISIS distributed timing system. In
addition, a temporary CSS system for unattended
RFQ running was provided. As part of the project
to replace all the LINAC Tank 1 quadrupole power
supplies, their control has been transferred to
the new control system.

Transfer of the synchrotron correction magnet
control to the new control system is complete
and the task of transferring the synchrotron RF
control will be complete before the year end.

Transferred application programs for filling
and draining operations on the ISIS target have
completed initial tests successfully on the new
control system. The conversion of control
software for the target control (Fisher) valves is
the last task to be done before the old target
control computer can be removed.

Analogue Waveform Switching (AWS) control
has now been transferred to the new control
system - replacement commercial hardware for
the AWS system is being evaluated. PLC and PXI/
PCl based control and acquisition systems are now

being integrated into the new control system.

The group continues to provide a divisional
resource for CAD/CAE system and expertise for
the type of electronics (both conventional and
surface mount) prevalent on the accelerator and
target. We are now expanding this to include an
EMC evaluation capability.

Future developments will include migration
of parts of the new control system to NT. A fully
functional ISIS controls NT domain has already
been created and Vsystem (the commercial
package used for ISIS controls) for NT is under
test. The machine physics computer node will be
the first to be moved to an NT machine. The
upgrade of the ISIS controls graphics library to a
multi-platform X-version is well under way.

Operations

The Operations Group have dealt with a
variety of equipment faults and problems during
the year, such as the failure of a support insulator
in one of the four high power RF drive systems of
the linac. These systems provide the ~ 2 MW of
pulsed RF power to each of the four RF cavities
that make up the linac. The resultant high power
breakdown within the drive system caused severe
damage (and a small fire) requiring several days
of work by skilled craftsmen and RF engineers to
strip down and refurbish failed components before
successful reassembly and testing.

Mick Mills repairs a damaged Muon Target (OORC1645).
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Above left: Mohammed
Kemali (Salford) inserting
the Orange Cryostat into eVS
during an experiment on a
single crystal of palladium
deuteride (OORC1879). Main
Picture: Simon Cheyne
(Reading) preparing samples
for an experiment on GEM
(99RC5036). Below left:
Rebecca Green and Louise
Peel (Surrey) cleaning up
their surfactant samples
after an experiment on
CRISP (00RC1715).

Above right: David Bucknall
(Oxford) and lan Gentle
(Brisbane Univ) preparing
Langmuir-Blodgett films in the
CRISP blockhouse (00RC1432).
Below right: Umpali
Jayasooriay, Susan Hall and
Penny Hubbard preparing a
cryostat for the RIKEN ARGUS
muon spectrometetr
(00RC1291).
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Essential for the successful operation of
ISIS experiments are the specialised teams
responsible for maintaining and
developing experimental and computing
facilities. The technical support given by
these groups is complemented by the
organisational and administrative services
provided by the User Office, which
oversees the arrangements for the 1600
scientists who visit ISIS annually.
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Organisation and User Interaction

There are two calls for experimental proposals
each year in April and October, and these are
followed in June and December by meetings of
the Instrument Scheduling Panels (ISPs). The seven
ISPs comprise 70 international scientists (see table
6.1) who have the job of assessing the scientific
quality and timeliness of submitted proposals, and
to advise on the allocation of beamtime.

User Liaison

The User Office (UO) plays a central role in
user reception and programme organisation. More
than 1000 proposals are received each year for
the use of ISIS instruments, and these are collated
and recorded by the UO for the ISP meetings.
The information entered into the ISIS integrated
data base system forms the first stage in the
scheduling of the instruments and the sample
environment equipment which is carried out by
the instrument scientists and the user support
group. The UO is also responsible for travel and
accommodation arrangements for the 1600
researchers who visit the facility annually.

Information about ISIS, the ISIS instruments
and how to apply for beamtime at ISIS is available
World Wide Web (http://
www.isis.rl.ac.uk), including electronic versions
of the ISIS beamtime application forms. Some 75%

on the

of the applications during the year were by
electronic submission.

ISIS User Committee

The ISIS user community is represented by the
ISIS User Committee (IUC). The Committee draws
its membership from the seven ISIS Instrument
User Groups. The chairman from each group plus
an elected representative attend, together with
the Division Heads of the ISIS Science Divisions
and the Leader of the User Support Group. The
Committee reports to the Director of ISIS. The
present committee membership is shown in table
6.2. The group meets twice a year following the
ISIS Scheduling Panel meetings. Its terms of
reference are:

& To address all aspects of user satisfaction
at the facility, including scientific and technical
support, source reliability, instruments and
sample environment, detectors, electronics, data
acquisition and control, computing and data
food,
accommodation, and transport and claims;

analysis, safety and security,

& To provide input and advice on
development of instruments, and sample
environment and associated equipment;

& To coordinate user groups and user
meetings;

& To recommend specific training courses
for the community.

I1SP-1 I1SP-2 ISP-3
Diffraction Liquids Large Scale
Structures

P Attfield P Madden RK Thomas
W Clegg MC Bellissent- N Clarke
M Davidson Funel T Cosgrove
MA Estermann H Fisher P Grundy
| Gameson GN Greaves CC Jones
C Henderson D Holland J Lawrence
T Kamiyama U Hoppe FAM Leermakers
A Powell P Lamparter RM Richarson
MT Weller G Neilson
S Zochowski T Ottomo

DH Powell

N Skipper
RM Ibberson AC Hannon JRP Webster
CC Wilson AK Soper J Penfold

ISP-4 ISP-5 ISP-6
Excitations Molecular Muons
Spectroscopy
KA McEwen D Jones R De Renzi
AT Boothroyd JP Bradshaw P Carretta
ME Hagen RG Delaplane P Dalmas De
K Kakurai JZ Larese Reotier
M Loewenhaupt  LC Li R Jones
T Mason A Navarro RL Lichti
D McMorrow W Petry SL Lee
R Reynolds K Prassides N Nishida
D Timms | Reid
B Winkler
TG Perring J Mayers SP Cottrell
RS Eccleston J Tomkinson PJC King

ISP-7
Engineering

P Withers

ME Fitzpatrick
P Holdway

T Lorentzen
DJ Smith

M Daymond
MW Johnson

Table 6.1 Instrument Scheduling Panel membership.
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Chairman RJ Stewart (IUG 3)
IUG1 Crystallography P Attfield
RJ Nelmes
IUG2 Liquids and Amorphous P Salmon
AC Wright
IUG3 Large Scale Structures RK Thomas
IUG4 Excitations D McK Paul
SM Hayden
IUG5 Molecular Science V Arrighi
DK Ross
IUG6 Muons EA Davis
S Blundell
IUG7 Engineering L Edwards

M Fitzpatrick

Dr AD Taylor

Dr U Steigenberger
Dr J Tomkinson

Dr MW Johnson
Dr WG Williams
Ms Z ABowden

Ms C Wadley

Dr J Green

Director, ISIS

ISIS IUC Secretary
EPSRC

ISIS Spectroscopy and Support Division Head
ISIS User Office Co-ordinator

ISIS Instrumentation Division Head

ISIS Diffraction and Muon Division Head

ISIS User Support Group Leader

University of Reading

University of Cambridge
University of Edinburgh

University of East Anglia
University of Reading

University of Oxford

University of Warwick
University of Bristol

Herriot Watt University
University of Salford

University of Leicester
University of Oxford

Open University
Open University

Table 6.2. ISIS User Committee membership.

User satisfaction

ISIS values the opinions of its users, and all
visiting scientists are asked to complete a
satisfaction survey after each experiment. Ascan
be seen from the survey results (figure 6.1), the
facility scores consistently highly in areas such as

Scientific support | |

scientific and technical support, and instrument
performance. Areas where improvements are
needed are noted and appropriate action taken -
a good example is the processing of claims, which
is now handled by ISIS and which has seen a marked
improvement over the past couple of years.

Outofhours scientific support |

Technical suppor |

Outofhours fechnical support gy

User liaison offic. |y

ISIS reliability M—

Insfrument performance

Instrument information

Sample environment equipment -

Computing and software

Accommodation on site M—ﬁ
Accommodation off 1 | = 1999
Food in RAL restauran; | m 1998
01997
Processing of cliams ;
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Figure 6.1. ISIS User survey results 1996-1999.

Satisfaction as percentage
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News and Events

A Second Target Station for ISIS

The proposed Second Target Station
on the ISIS pulsed neutron facility
represents a new generation of neutron
production target and instrument suite.
It will offer unique instrumentation and
unrivalled potential for structural and
dynamical studies of matter, using cold
neutrons and high resolution
spectroscopy. Such studies will be inter-
disciplinary, with applications
predominantly in Soft Condensed Matter,
Bio-molecular Sciences and Advanced
Materials.

HRPD-II

A User Consultation Meeting was held at RAL
in May 2000 to discuss the scientific possibilities
offered by the proposed Second Target Station.
The meeting, attended by around 120 potential
users and chaired by Bob Thomas (Oxford)
provided information on the potential
performance on the target station and the possible
instrument suite, and offered a forum for users
and to discuss the scientific opportunities that
will accrue.

The morning consisted of a plenary session
including technical accounts of the possibilities
offered by the Second Target Station (Andrew
Taylor and Jeff Penfold, ISIS) and four wide-
ranging talks on the scientific opportunities and

challenges, given by Tom McLeish (Leeds; ‘Soft
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Condensed Matter’, Chris Dobson (Oxford; ‘Bio-
molecular Sciences’, Steve Mann (Bath; ‘Nano-
scale Materials’) and John White (ANU Canberra;
‘Advanced Materials’). These themes were then
picked up in a series of afternoon discussion
sessions with feedback from these forming the
focus of the final session.

The meeting enthusiastically endorsed the
proposal and it is clear there are many exciting
scientific opportunities which will be offered by
the proposed new Target Station, for which
funding is now being sought. The science case
for the Second Target Station can be found on the
CD accompanying this report, and on the ISIS web
at http://www.isis.rl.ac.uk/targetstation2/case.

Right: Participants at the
User Consultation Meeting
listen to presentations of
Science for the Millennium
(00RC2809). Left: John
White (ANU), Tom McLeish
(Leeds) and Bob Thomas
(Oxford) discuss future
science prospects
(00RC2787).
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ISIS and the New Synchrotron
Synchrotron radiation and neutron scattering

have together provided much of what we know
at the microscopic level about the nature of the
material world around us. Synchrotron radiation
has been the diffraction tool of choice for large,
complex systems such as protein structures, while
neutron diffraction is the preferred tool for
simpler systems. There is, however, considerable
overlap in the use of both techniques in Materials
Science, Physics, Chemistry and Engineering.
Furthermore, significant advances have been
made in the past decade in the study of more
complex systems such as polymers, surfactants
and catalysts by neutron scattering. The proposed
Second Target Station at ISIS, optimised for the
study of complex systems, Soft Condensed Matter,
Advanced Materials and Bio-molecular Sciences,
will give a breadth of new research possibilities
using neutron scattering that will complement the
science performed at synchrotron sources. The
fact that this next step in neutron scattering is
planned to take place on the same campus as the
New Synchrotron provides unique opportunities
for complementary and combined research
programmes that optimise the use of both
facilities and which will give UK researchers a
once-in-a-generation opportunity to command a
leading role in many aspects of condensed matter
science.

Progress with the ESS

With the appointment of Peter Tindemans as
new Chairman of the ESS Council, the ESS project
has entered a new phase of concerted activities.
A Central Team has been set up at the Research
Center in Jilich, headed by Kurt Clausen as new

Project Director. The Central Team have overall
responsibility for the progress of the project and
will provide the link between the three technical
R&D tasks: accelerator, target systems and
instrumentation.

These three tasks are managed by lead
laboratories: ISIS for the accelerator, the
Forschungszentrum Julich and the Paul Scherrer
Institut for the target, and the Hahn Meitner
Institute and ISIS for instrumentation. A detailed
workplan with clearly defined milestones is in
preparation which will guide the work of the
individual teams for the next three years. A
Science Advisory Committee under Dieter
Richter’s stewardship is acting as a focus for the
users’ points of view and will guide the project
towards the optimal solution for the next
generation Neutron Source in Europe.

In parallel to the ESS R&D work, the French
CEA has proposed a feasibility study for a
multipurpose accelerator driven facility. Potential
applications include a neutron spallation target,
a high power irradiation station, a demonstrator
for transmutation of nuclear waste, radioactive
beams, neutrino production, etc. This study will
explore possible synergies of such a facility
compared with a stand alone solution for the ESS
and will address issues like reliability, R&D needs,
construction and operating costs.

ISIS users and staff continue to play an active
part in the ESS project, as members of the newly
formed Scientific Advisory Committee, in the R&D
activities and through their active involvement
in many associated projects, in particular
instrumentation issues.

ISIS is fully committed to supporting the R&D
efforts to realise a 5 MW ESS on a green field
site. In the meantime ISIS continues to evolve:
the first step of the upgrade to 300 pA has been
approved and will be completed by 2002. The
Scientific Case for the Second Target Station has
been endorsed by the User Community and further
upgrade options have been identified to take ISIS
to 1 MW and beyond. This evolutionary approach
will allow the science programme to continue to
develop and progress as new experimental
opportunities become available.
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Neutron and Muon Beam Users
Meeting (NMUM)

The 1999 Neutron and Muon Beam Users’
Meeting was held at Collingwood College,
University of Durham from September 9t - 10,
The objective of the meeting, organised and
funded by the Engineering and Physical Sciences
Research Council (EPSRC), was to provide an
informal forum for researchers to discuss the
current operations and future opportunities at ISIS
and the ILL. The meeting was attended by 135
participants from 32 different institutions, both
academic and industrial, and was chaired by

Professor Andrew Harrison (Edinburgh University).

The international Review Panel of UK Physics visited ISIS in April. Their

report commented that ‘. . . outstanding work is being performed at
RAL on the neutron spallation source ISIS . . .’ (00RC2215).
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Scientific Meetings

In August, the International Union of
Crystallography Satellite Meeting on Structural
and Dynamical Aspects of Molecular and lonic
Solids Using Neutrons was held at Merton College,
Oxford and was attended by over 40 delegates
from 10 countries. Twenty-four short talks were
given in a wide range of sessions from model
organic structures and intercalates and
composites to the future impact of computers,
and the informal atmosphere provided for much
discussion.

Steve King (centre) and Sam Foster (second from right) from ISIS presenting copies of

the ISIS calendar to poster prize winners at a reception for young chemists held at
the House of Lords at the beginning of the year.

September saw the third ‘New Perspectives
in Neutron and Muon Science’ meeting, organised
by ISIS staff and held as a satellite to the NMUM
in Durham. The meeting provided an opportunity
for the 30 or so PhD students and post-docs who
attended to present their work in a friendly
atmosphere, and consisted of three keynote
lectures and nine contributed talks.

To mark the occasion of the retirement of
Professor Alan Leadbetter CBE as Associate
Director of the Institut Laue Langevin, and to
celebrate his research career in physical chemistry

and neutron scattering, the joint Neutron

The TECHNI Network at their first meeting at the Cosener’s House in Abingdon. TECHNI
(Technology for Neutron Instrumentation) draws together expertise from 12 European

laboratories with the aim of developing new detectors and optical devices for neutron
instruments (OORC2115).



User Interaction and Support

Members of the Sixth Oxford Neutron Scattering Summer School visiting ISIS in
September (99RC4553).

Scattering Group of the Institute of Physics and
the Faraday Division of the Royal Society of
Chemistry held a scientific meeting entitled
‘Science, Facilities and Facilitating Science’ at
the Cosenor’s House, Abingdon on 22 and 23
October 1999. The meeting focused upon recent
progress in those areas of physical chemistry with
which Professor Leadbetter has been most closely
associated, and also upon the developments and
future prospects at the major international
research facilities that he has both used and
managed during the course of his scientific career.

The VESUVIO project is a collaboration
between ISIS, INFM, Italy and Liverpool University

Members of the London International Youth Science Forum touring ISIS with Andrew
Taylor (99RC4012).

under the EU TMR Programme to redesign the eVS
instrument for improved resolution and higher
count rate. A workshop was held in November at
the Cosener’s House, Abingdon, to introduce
potential new users to the applications of eVS, to
outline the developments planned under the
VESUVIO project and allow users to input their
requirements, and to discuss future applications
of the technique.

November also saw the British Crystallographic
Association Physical Crystallography Group
Autumn Meeting ‘Pushing the Limits of Powder
Diffraction’ held at RAL and organised by Chick
Wilson. Fifty participants heard 17 contributions
on instruments, techniques and software,
opportunities and challenges presented to powder
diffraction, and disorder and conditions. The
meeting allowed a free-flowing exchange of ideas,
showing the strength of the area and the way in
which powder diffraction is developing to meet
current and future challenges posed by structural
scientists.

ISIS People

ISIS has welcomed several new faces this year:
Ken Andersen (OSIRIS), Bjorn Fak (PRISMA), Oleg
Petrenko (MARI), Daniel Bowron (SANDALS), Carlos
Borlado (ENGIN), Alan Tennant (Excitations Group)
Sam Foster (Large Scale Structures Group) and
Matthew Dickson (Laboratories Manager). ISIS has
bid a fond farewell during the year to Chris Scott
who has retired from things muon, Michele
Sferraza leaving for Surrey University, and Chris
Benmore who is now at the IPNS in Chicago. Brian
Boland has retired as Leader of the ISIS User
Support Group, a role now taken on by Zoe
Bowden. On the accelerator side Brain Fail, Ken
Louch and Tony Borden have retired. The ISIS
User Office has seen a productive year, with
Rachael, Jackie and Paula giving birth to Alex,
Elodie and Adam respectively.

Congratulations to Sean Langridge who has
been awarded this year’s Philips Physical
Crystallography Prize by the Physical
Crystallography Group of the British
Crystallographic Association. Sean joins the
illustrious list of previous ISIS winners of this prize:
Mark Harris, Chick Wilson and Steve Hull.
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Experimental Support

Sample Environment

This was another successful year for the
Sample Environment Group with a number of
notable achievements, including lost time due to
SE problems at less than 0.75%.

More than 100 gas handling and high-pressure
experiments were performed during the year, in
both furnaces and cryostats, while the total
number of helium cryostat days, more than 1200,
represent an average of 7 cryostats in use every
day. The cryogenics team moved into new
territory supporting the first experiments at ISIS
combining the 7.5 T cryomagnet with He3/He*
dilution fridge and He® sorption insert.

Thirteen of the projects supported by the
Advanced Sample Environment grant from EPSRC
have been completed, with the remaining 3
projects either at an advanced design stage or
in-build with external suppliers. One of the
projects, a LabVIEW® controlled 15-position
variable temperature sample changer, underwent
trouble-free commissioning and has been put into
regular service. Use was made of commercially
available components to simplify and accelerate
the design process on this project, and a similar
approach has been taken for the 9 position
ambient temperature sample changer for GEM.

Sam Foster adjusts a liquid-liquid interface cell on CRISP (99RC5538).
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Richard Downs of the Sample Environment Group nursing an orange cryostat (0ORC1438).

A full test, at 20K, of the 24-position TOSCA
sample changer built at Salford University, was
also completed. Sample tracking and
identification uses an innovative web-camera
based system and character-recognition LabVIEW®
software.

In response to an increased demand by
diffraction instruments a new vanadium-
windowed variable temperature insert has been
ordered for the 7.5 T cryomagnet. A replacement
for the original MuSR dilution insert has also been
ordered which will allow temperatures from 50mK
to 300K to be accessed in a single cryostat.

The high-pressure section’s major facilities
have been upgraded by a purpose-built automated
1.0 GPa Helium gas intensifier. It will be LabVIEW®
interfaced allowing users greater flexibility and
control of their experiments.

The mechanical hardware of a reflector
furnace to mount directly on to the ENGIN
extensometer has been completed. This will
enable for the first time at ISIS strain
measurements at elevated temperatures.

We have also introduced for most instruments
a new generation of Eurotherm-based
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temperature controllers. Features of the new
controllers are the options of one-shot auto-
tuning, continuous adaptive tuning of PID values
and an auto-ranging cryostat heater voltage.

Electronics

The detector electronics for MAPS has been
completed with the manufacture and testing of
80 front-end pre-amps. Regarding the back-end
of the detector electronics, a total of 34 16/18
Channel ADC Cards were designed, manufactured
and tested. Each card has twelve layers of PCB
tracking and over 3000 surface mount
components, with over 150000 gates of
programmable logic on-board controlling the
position encoding process. The whole MAPS
detector system represents the biggest single
instrument source of work that the Electronics
Group has ever undertaken.

The MAPS DAE-II system has been successfully
taking data since it was installed in March 2000.
Four detector cards each with 64 Mbytes of
histogram memory allow data to be taken for over
27000 spectra. This represents more detector
elements than the rest of the ISIS instrument
detector suite put together. Since then the
number of detector elements has risen to over
92000, with the final third of the detector cards
currently being tested. Once MAPS has been

Joe Russell testing a data acquisition board (99RC2981).

completed, then work will start on delivering the
DAE-II systems for GEM and SXD.

The other significant work in the past year
has been GEM. For the first GEM neutrons in
October, approximately 400 photo-multiplier tube
electronic front-end sets, nine power supply
distribution boards, thirteen integrator/
discriminator cards and two crates were
produced. Since then, second phase of bank 6
has also been delivered. The success of the GEM
electronics has led to its implementation in the
HRPD 90 degree bank upgrade which is currently
being manufactured, and the possibility of using
GEM detector electronics for SXD-Il is being
investigated.

On eVS, measures have been taken to resolve
the DAE-related data saturation problem at short
times. Both HRPD and SANDALS have had 64 Mbyte
histogram memory cards installed and electronics
supplied to GEM and HRPD to enable evaluation
of the ILL Gas MicroStrip detector. Also, as part
of the completion of the OSIRIS detector array,
five DIM2’s were delivered. Currently, the testing
of two DIM3’s for TOSCA-Il and a third Julios
detector-to-DAE Interface for ROTAX is underway.
Preliminary design of the LOQ Ordela Multi-Wire
detector-to-DAE Interface has now started.

Detectors

Three major detector systems, GEM, MAPS and
OSRIS, have been delivered this year, while further
detector upgrades to other instruments are well
advanced.

During cycle 99/2 phase | of the GEM detector
installation programme was successfully
completed with twenty-three GEM detector
modules being brought into operation. One of
the great successes of this project has been the
transfer of bulk detector manufacture to outside
industry, enabling large numbers of detector
heads to be delivered in relatively short periods
of time. This success was repeated for cycle 00/
1 when the backscattering detector array was
installed, consisting of a further twenty-four
modules.

Assembly, testing and installation of the MAPS
resistive wire detectors has progressed well
throughout the year and the installation of all
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576 detectors comprising of more than 30,000
separate pixels was complete for cycle 00/1.

A fourth OSIRIS backscattering detector has
been assembled and tested in house. Benefiting
from the experience gained with GEM, the
construction of the final four OSIRIS detector
heads was transferred to an outside
manufacturing company. All five modules were
tested and installed on OSIRIS ready for cycle 00/1.

The fourteen detector heads for the HRPD 90°
detector upgrade have now been delivered to RAL
and are being tested. They will be ready for
operation in cycle 00/3. A new detector head
has been constructed in house for SXD, with a
further eight detector heads of this type now
being manufactured for the SXD upgrade
scheduled for the spring of 2001.

Design and production of the new transmission
detectors for MARI and ENGIN are well advanced.
Rebuilding of the TOSCA detector system to
provide a factor of three increase in available
detector area is progressing. A new detector for
VESUVIO with improved light collection and more
stable electronics has been designed and
successfully tested on eVS. Detailed design of a
new scintillation detector system for ENGIN-X with
3 mm resolution is also underway.

Research and development of new detector
systems continues, particularly under the
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Detector installation on GEM (99RC4802).
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Winfried Kockelmann mounting a calcite sample from Syros in
Greece on the new ROTAX goniometer (99RC5258).

umbrella of the TECHNI initiative. Work on a
variety of different detector projects involves
collaborations with personnel from Perugia, ILL,
Delft and Rome. Microstrip gas detector
technology continues to be of great interest. The
ILL kindly loaned ISIS a D4 detector module which
was tested on HRPD with encouraging results. In
collaboration with CLRC’s Instrumentation
Department, a two-dimensional microstrip gas
detector with application as a position sensitive
beam monitor is in the final stages of completion.
In addition, work with MSI on developing a
detector based on their new gadolinium borate
scintillator with high pulse pair resolution and
relatively low gamma sensitivity has progressed
well. The option of using fibre coupled readout
techniques with this material now seems a real
possibility.

Computing

The Computing Group splits its time between
managing, supporting and upgrading all aspects
of the ISIS computing infrastructure, and
developing software for instrument control and
data manipulation.

The group spent a significant amount of time
this year ensuring that ISIS computer systems were
Y2K compliant with a range of tests and upgrades.
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John Finney and Frank Gotthardt (UCL) analysing GEM data (O0RC 1444).

As a consequence the new millennium started with
very few problems.

To counter attacks by computer hackers,
security has gradually been increased while aiming
to minimise the impact on our genuine users. One
restriction is that the VMS cluster can now only
be accessed through a single node.

On the instrument side the group worked on a
number of upgrades. The GEM control system was
commissioned, based around a system 200 times
more powerful than the LAD computer. As part of
MAPS moving towards a full compliment of
detectors its computer is now connected to the
second generation DAE. So far its control program
handles 128 MB of data per run - twice the size of
any other instrument and continuing to grow!
Computer upgrades to SANDALS, eVS and OSIRIS
have resulted in much greater reliability.

Further sample environment and beam line
control devices have been integrated into the
control system using the Labview®-based Ray-of-
Light program including the new MAPS chopper, a
dilution fridge and the SANDALS sample changer.
Also linked in were the TPG vacuum gauges and
OSIRIS TSX1820P power supplies.

ISIS continues to produce an increasing volume
of data with the archive growing by 105 GB and

75000 datasets this year. Within the next 2 to 3
years this could rise towards 1 TB/yr! To cope
with the demand for more working space an
additional 800 GB of disk storage space has been
added to the VMS cluster to be split between
archive and user space. Faster access has been
achieved by ensuring more files are either on-
line or accessible through the CLRC’s multi-
terabyte automated data store. More data also
causes a greater network load and a Gigabit
backbone has now been installed in the
experimental hall.

Movement of software towards running on PCs
using NT4 continues. As well as the project to
control instruments using the Ray-of-Light
program, PC based data analysis is growing.
Visitors regularly bring laptops to ISIS and their
network connection is now accommodated both
in the on-site hostel and around ISIS.

A new version of OpenGENIE is available on
VMS, UNIX and NT4 and it has a new reference
manual. As part of a move towards greater
portability of data ISIS is heavily involved in
developing code for NeXus, the standard neutron
and X-ray format based on the Hierarchical Data
Format. HDF can be read by several standard
packages (eg. IDL). OpenGENIE both writes and
reads NeXus files.

Stewart Campell of the ISIS Computing Group keeping the VMS cluster
in order (OORC3776).
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Above left: John White and
Jeremy Ruggles (ANU,
Canberra), reflecting upon their
data in the SURF cabin
(O0ORC1716). Main Picture: Paz
Vaqueiro (Heriot-Watt)
increasing the pressure on her
sample of chromium thiospinel
during a high pressure
experiment on POLARIS
(O0ORC1284). Below left: Valeria
Arrighi and Simona Gagliardi
(Heriot-Watt) analysing data
from a polymer experiment on
IRIS (OORC1705).

Above right: Paolo Radaelli
(ISIS) and M Matsuda (RIKEN)
inspecting their GEM
experiment (0ORC1260). Below
right: Slava Storchak and
Dmitri Eschenko (Kurchatov
Institute, Moscow)
investigating muon dynamics
in solid CO, (0ORC1872).
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Publications relate to all work carried out at
ISIS. In addition, work performed elsewhere
by ISIS staff is included where relevant. 550
publications resulting from ISIS work were
reported this year; a further 103 are updated
from those which were ‘in press’ at the time
of last year’s report.
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ISIS Seminars 1999 - 2000

April 13 1999 PCW Holdsworth (UCL & Ecole Normale Superieure)
Huge universal ctatistics in curbulence and critical phenomena

April 19 1999 | Anderson (ILL, Grenoble, France)
Recent developments in neutron optics

April 27 1999 D K Morr (University of Illinois)
Inelastic neutron scattering in the superconducting state of high-T_cuprates

May 25 1999 W Montfrooij (Oak Ridge National Laboratory, USA)
The superfluid phase of “He

June 25 1999 | Goncharenko (LLB, Saclay & Kurchatov Institute, Moscow)
Magnetic neutron diffraction under very high pressure: recent progress at LLB

June 29 1999 GJ Baxter, P Wilson, K Bass (Rolls-Royce PLC)
Intertia welding aerogengine components

August 6 1999 J Carpenter (Argonne National Laboratory, USA)
The rationale and concept development for a long-wavelength target station for the SNS

September 28 1999 J E Lorenzo (CNRS, Grenoble, France)
Neutron scattering studies on some antiferromagnetic S=1/2 chains and ladders

October 12 1999 A Wildes (ILL, Grenoble, France)
Recent developments in three-axis spectrometers at the ILL, or teaching an old dog new tricks

October 26 1999 SJ Hibble (University of Reading)
Total neutron diffraction studies of disordered crystalline materials including the CMR manganates

November 23 1999 D Nees (RAL)
Optical tweezers in colloid science - using the momentum of light for the measurement of particle pair interactions

December 3 1999 JS Gardner (Chalk River Laboratories, Canada)
Y,Mo,0,: is it a spin glass?

December 7 1999 S Lee (University of St. Andrew’s)
Using the complementarity of muon spin rotation and neutron scattering to probe the vortex lattice in exotic
superconductors

December 20 1999 Prof Kiyanagi (Hokkaido University)
The development of neutron beam control devices

January 13 2000 AS Rinat (Wiezmann Inst. of Science, Israel)
Some theoretical developments on deep inelastic neutron scattering from fluid “He



February 29 2000 P Boni (PSI, Switzerland)

Neutron beam optics

March 28 2000 DN Argyriou (Argonne National Laboratory, USA)
Charge, orbital and magnetic ordering in the layered manganites

SDG Meetings

Informal meetings for the presentation and discussion of new ideas, latest results and recent developments

27 May, 1999
11t June, 1999
24% June, 1999
8™ July, 1999
22 July, 1999
5th August, 1999

12t August, 1999
14t October, 1999

25th November, 1999
9th December, 1999
20th January, 2000

10th February, 2000
17th February, 2000
9th March, 2000
6th April, 2000

Stephen Lovesey
Ken Andersen
Mike Johnson
Steve King
Steve Cottrell
Ray Osborn

Chris Frost
Roger Eccleston

Kevin Knight
Alan Soper
Jerry Mayers

Oleg Petrenko
Clemens Glaubitz
Mark Daymond
John Webster

YBCO, R and US

Polarisation analysis...

New lenses for neutrons?

How not to drown a rat

Pulsed radio frequency ySR measurements

Why vou should be using NeXus - the neutron and X-
ray data format!

Putting pressure on heavy fermions

Hole migration in the superconducting spin ladder
Ca,, Sr, Cu, O,

Thermal expansion in gibbsite - a moral story

The art of levitation on sandals

Bose-Einstein condensation and pair correlations in
superfluid helium

Frustrated anti-ferromagnets in a magnetic field
Solid state NMR of membrane proteins

Strain anisotropy - a fingerprint of deformation?
The liquid-liquid interface
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