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There’s a popular song that says, “Nobody does it better.” The Q S
song refers to James Bond, the fictional British spy, but the same T ,
sentiment also holds true for Argonne’s Intense Pulsed Neutron

Source, now marking the 15th anniversary of its operation. IPNS

is one of Argonne’s premier success stories.

Although based on equipment cannibalized from earlier projects
and given only bare-bones funding, IPNS continues to provide the
nation’s most reliable source of neutrons for the study of atomic
arrangements and motions in liquids and solids, known as
condensed-matter physics.

And that persistence in quality has been rewarded. Under the
Scientific Facilities Initiative approved by Congress last year, the
operating budget of IPNS has been increased by 50%, allowing a
substantial increase in operating time. In addition, the proposed
IPNS Upgrade ~ a one-megawatt pulsed source with 2 target
stations and 36 beamlines — has the support of scientists nation-
wide. It is the Laboratory’s first construction priority.

The reasons for the success of IPNS are simple. First, the facility
established new, higher standards of “user friendliness” early
on. It attracts biologists and chemists, as well as physicists,
because of its organization and staff, who provide outstanding
assistance to visiting researchers. And finally, the facility’s reli-
ability — more than 95% availability of beam — allows users to
plan research with confidence and gain maximum results from
their time at the facility.

On this 15th anniversary, all of us at Argonne National Labora-
tory share with the IPNS staff their pride in a job well done, and
we look forward to many more years of successful operations on
behalf of scientific research and societal progress.

N/

Alan Schriesheim
Director and Chief Executive Officer
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Foreword

The 15th Anniversary Edition of the IPNS Progress Report is being published
in recognition of the Intense Pulsed Neutron Source’s first 15 years of suc-
cessful operation as a user facility. To emphasize the importance of this
milestone, we have made the design and organization of the report signifi-
cantly different from previous IPNS Progress Reports.

This report consists of wo volumes. For Volume I, authors were asked to
prepare articles that highlighted recent scientific accomplishments at IPNS,
from 1991 to present; to focus on and illustrate the scientific advances
achieved through the unique capabilities of neutron studies performed by
IPNS users, to report on specific activities or results from an instrument;

or to focus on a body of work encompassing different neutron-scattering
technigues. Articles were also included on the accelerator system, instru-
mentation, computing, target, and moderafors.

A list of published and “in press” articles in journals, books, and conference
proceedings, resulting from work done at IPNS since 1991, was compiled.
This list is arranged alphabetically according to first author. Publication
references in the articles are listed by last name of first author and year of
publication. The IPNS experimental reports received since 1991 are com-
piled in Volume II. Experimental reports referenced in the articles are listed
by last name of first author, instrument designation, and experiment number.

From the startup of IPNS in 1981, our goal has been the optimization of
research opportunities for the neutron user community. The accomplish-
ments described in the pages of this report are a tribute to the people who
work at [PNS. There have been rough and, occasionally, uncertain times,
but the scientific productivity has remained extremely high. With the dedica-
tion we’re seeing to our scientific program and the exciting prospect of the
IPNS Upgrade, the future looks bright for IPNS.
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Layout of the IPNS Upgrade, which is based on a proton accelerator producing 500 1A at 2 GeV. Such an
upgrade could provide a total beam power of 1 MW.
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Introduction

(IPNS) target at Argonne National Laboratory and now, in May 1996, the 15th anniversary of
this historic event is being celebrated. In addition, this special IPNS Progress Report, which
contains a summary of developments and scientific accomplishments, is being disseminated.

I n May 1981, the proton beam was first delivered to the Intense Pulsed Neutron Source

In the five years since the 10th anniversary, a great deal of activity took place at IPNS,
and many improvements were made. More than 1,300 experiments were performed, and
more than 900 scientists conducted at least one experiment during any given year. Many
of the scientific results achieved at IPNS were significant, and they involved a broad
range of disciplines.

During this time, several new instruments were added:

The glass, liquid, and amorphous materials diffractometer (GLAD) was added to the user
program in 1992.

The small-angle diffractometer (SAND) was commissioned in 1993.

The chemical excitations spectrometer (CHEX) was constructed in record time during the
summer of 1995. CHEX was put on the beamline formerly occupied by PHOENIX, which
had been very successful in performing deep inelastic scattering for 10 years and, more
recently, in performing diffraction experiments in quantum systems.

Fiscal year (FY) 1996 has been especially exciting because the IPNS operating budget has
increased by 50% as part of the Scientific Facilities Initiative. This funding will enable IPNS to
double its operating time and provide the scientific and technical support necessary to allow
all instruments involved in the user program to be operated at their full capacity.

Argonne also made a major contribution to the development of pulsed sources in the last
five years, conceiving, developing, and documenting a feasibility study for a new,
world-class pulsed spallation source. This “IPNS Upgrade” was originally designed to
be a I-MW source with two target stations and 36 beamlines, having six times the beam power
of ISIS (the most powerful source operating in the world) and saving $175 million by using
existing buildings and infrastructure. The feasibility study was reviewed in April 1995. In
response to guidance from the U.S. Department of Energy (DOE), the design was scaled down
to a 400-kW source with 18 beamlines and 2.5 times the power of ISIS. This plan is now under
review by DOE’s Basic Energy Sciences Advisory Committee. In addition, an effort has begun
to design and prepare a detailed cost estimate of an ISIS-level source (150 KW), which would
again realize large savings by using existing buildings.

Already, the scientific capabilities of the four short pulsed spallation sources that operate
worldwide have been shown to be significant. It is therefore vital that the United States have
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a plan to enhance its own capabilities. The 1-MW IPNS Upgrade is the best documented and
most thoroughly reviewed option for a future spallation source.

Argonne’s accomplishments and innovations with regard to spallation sources over the
past 20 years and its dedicated operation of IPNS as a user facility demonstrate the
Laboratory’s commitment and credibility. The IPNS Upgrade would represent an impor-
tant step forward in the technological expertise that the United States could offer the
neutron scattering community. Details of the IPNS Upgrade are discussed in Chapter 8 on
future plans.

Members of the IPNS Division Management Team include: (from left to right)
Chun Loong, Ira Bresof, Bill Ruzicka, Kent Crawford, Tom Worlton, Gerry McMichael, Frank Brumwell
(standing), and Bruce Brown and Jack Carpenter (seated).
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Intense Pulsed Neutron Source control room. William Sullivan is updating the accelerator log book, and
James Spindler is at the accelerator controls.
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The IPNS Accelerator System

F R. Brumwell and G. E. McMichael, IPNS Division, Argonne National Laboratory

Introduction

he IPNS accelerator, which delivered its first beam to the IPNS target on May 5, 1981, is

poised to mark the 15th anniversary. However, parts of this machine can claim a much

earlier start; the first beam was injected and coasted in the synchrotron on April 4,
1977; the injector and linac are in their 34th year, having accelerated the first beam to the
Zero Gradient Synchrotron (ZGS) in 1962, What these anniversaries represent in “people
years” is left to the reader. Suffice it to say that, like a fine wine, the IPNS accelerator has
continued to improve with age (higher average beam current, better availability). Sometime
late next year, it should record its five-billionth pulse on target, and we confidently expect the
eight-billionth pulse well before its 25th anniversary on May 5, 2006.

Accelerator Description
The IPNS Accelerator System

The accelerator system consists of an H ion source, a Cockecroft-Walton preaccelerator, a
50-MeV Alvarez linac, a 500-MeV Rapid Cycling Synchrotron (RCS), and transport lines and
ancillary subsystems (controls, diagnostics, services). Figure 1 shows the layout of the IPNS
accelerator, including linac, RCS, and spallation target. The accelerator normally operates at
an average beam current of 14 to 15 pA, delivering pulses of approximately 3 x 1012 protons at
450 MeV to the target, at a rate of 30 times per second (30 Hz).

The Ion Source and Preaccelerator

The H ion source and associated equipment are housed in the terminal of a 750-kV
Cockcroft-Walton preaccelerator. The H ion source is a magnetron type in which negative
ions are extracted directly from the hydrogen plasma on the surface of the source cathode.
The extractor electrode and magnet poles are at terminal ground potential; the source itself,
including the pulsed arc supply, pulsed hydrogen gas supply, and cesium supply (cesium
greatly increases the H generation), is pulsed to a negative 20-kV potential. The H beam is
extracted, bent 90° (to remove electrons from the H beam) by a magnetic dipole, focused by
a set of three quadrupole magnets, and injected into the high-voltage column of the
preaccelerator. The preaccelerator produces approximately 30-mA, 750-keV, 70-us pulses at a
repetition rate of up to 30 Hz.
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The Low-Energy Beam Transport System (LEBT)

The LEBT is a 4-m line between the preaccelerator and the linac. It contains quadrupole
magnets to confine the beam and focus it into the linac, two steering magnets, a 200-MHz
single-gap buncher cavity to

improve the capture in the
linac, a beam chopper to
establish the beam rate,
beam diagnostics, and a
beam stop (Faraday cup).

The Linac
The linac is a copper-

clad-steel structure 0.94 m
in diameter and 33.5 m long.

Along with the preaccelerator o 2 A
and LEBT, it was originally E : g%
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was constructed in seven . FIGURE 1.

sections, which are bolted Layout of the IPNS accelerator, including linac, RCS, and

together. It contains 124 spallation target.

drift tubes, each with a

dc quadrupole magnet. The magnets are divided into 12 series groups and powered by 12 dc
power supplies, located on the service floor. Transistorized shunts are attached to each of
the first 58 magnets, allowing remote control of individual magnets. Nominal vacuum level in
the linac is 2-3 x 107 torr, maintained by seven ion and two cryo pumps. The linac is water-
cooled with a closed-loop system, which is temperature-regulated to within 0.2°F to keep the
cavity tuned during normal operation to 200.07 MHz £ 1 kHz. The 200-MHz pulsed rf power is
obtained from a four-stage amplifier; the output stage is a 7835 triode with a normal operating
level of 3 MW and a peak-power rating of 5 MW. The 50-MeV beam exiting from the linac is
about 1 cm in diameter; the pulsed current is about 10 mA; the 70-us pulses can be delivered
at a repetition rate of up to 30 Hz.
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The 50-MeV Transport Line

The 50-MeV beamline transports the H beam from the high-energy end of the linac approxi-
mately 38 m to the RCS accelerator. Beam steering and focusing is provided by a total of eight
horizontal and two vertical dipole magnets and 16 quadrupole magnets. To avoid excessive
gas stripping of the H beam, the vacuum level in the 50-MeV line is kept below 2 x 106 torr.

The Rapid Cycling Synchrotron (RCS)

The RCS was originally designed as a booster for the 12.5-GeV ZGS high-energy physics
accelerator, the intent being to provide increased ZGS beam intensity by injecting higher-
energy (boosted) particles and taking advantage of the higher space-charge limit that would
result. However, since the ZGS could only accept 8 pulses every 4 seconds, 90% of the beam
from the RCS would have been available for other uses - specifically, for a pulsed neutron
source. Although a 300-MeV beam was extracted toward the ZGS from the RCS in 1977

(two years before the termination of the ZGS program), it was stopped at the ZING experi-
mental target and never injected into the ZGS because, with shutdown imminent, priority
was given to exploiting the ZGS’s unigueness as the world’s only producer of high-energy polarized
proton beams.

Over the next four years, the IPNS accelerator took on much of its present form. The
extraction point from the RCS was moved to permit beam delivery to the present IPNS target
location, and improvements were made to injection and extraction regions. The kicker
magnet system, ac and dc septum magnet systems, and the extraction beamline were
completed. By May 1981, the RCS was delivering 10-uA pulses at 300 MeV or 4.5-pA pulses at
400 MeV to the new neutron Radiation Effects Facility (REF) target.

The RCS is a strong-focusing, combined-function synchrotron. It is a six-period machine with
a magnet structure of DOOFDFO and a circumference of 42.95 m. The ring magnets, part of a
biased 30-Hz resonant circuit driven from twin solid-state power supplies, generates a mag-
netic field from 0.28 to 1.0 Tesla so that the beam orbital radius remains constant during the
acceleration from 50 to the design maximum of 500 MeV. Two pairs of sextupole magnets, pow-
ered by 30-Hz programmable power supplies, provide betatron tune correction and manipulation.

H stripping injection, pioneered on the Booster I experiment for the ZGS, is accomplished on
the RCS with a carbon stripper foil located on the inside radius of a long straight section (I-1)
outside the limit of the circulating proton beam. The equilibrium orbit is deformed in the
injection region into the foil by a series of three small, pulsed “bumper” magnets. The H’
beam is injected through a singlet ring magnet so that, at the stripper foil, its path matches
the deformed orbit. During injection, the bumper magnet current decays at a controlled
exponential rate, moving the closed orbit away from the stripper foil and uniformly filling the
horizontal aperture.

The accelerated proton beam is accelerated from the injection energy (50 MeV) to the final
energy (currently 450 MeV) by two ferrite-loaded coaxial cavities. The frequency swing for
the first-harmonic acceleration cycle is from 2.20 to 5.29 MHz, with a 22-kV peak accelerating
voltage for 500 MeV (2.0 to 5.14 MHz for 450 MeV). Lost beam, which causes radiation and
activates beamline components, ultimately determines operational limits. Because beam loss
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is a complicated function of both current and extraction energy, beam is extracted before the
maximum energy (500 MeV) is reached; by so doing, neutron production in the target is
maximized for a given beam loss in the RCS. The accelerated beam is extracted in a single
turn by two ferrite-loaded kicker magnets and two septum magnets, one pulsed and one dc.
The rise time of the kicker magnet is =100 ns, with a 100-ns flat-field region. The first septum
magnet is pulsed by a half sine wave current at a 30-Hz rate. The extracted beam (450-MeV,
70-80 ns pulses, peak current =12 A) is then transported through the “500 MeV” beamline to
the neutron-generating target.

The 500-MeV Transport Line

The 500-MeV transport line, a 37-m-long beamline that includes three horizontal (bending),
two vertical (steering), and 15 quadrupole (focusing) magnets, transports the beam from the
RCS in Building 391 to the neutron-generating target in Building 375.

Controls and Diagnostics

All of the accelerator operations can be handled by one operator, thanks in part to the
control and diagnostics system. Recently, the two Data General control computers (left over
from the late 1970s) were replaced. The new control system is based on EPICS (Experimental
Physics and Industrial Control System), a constantly evolving, distributed, real-time, control
and instrumentation system developed jointly by Argonne (Advanced Photon Source) and
other national laboratories/research facilities. The system is customized for the individual
needs of the IPNS accelerator.

An EPICS system consists of one or more Input/Output Controllers (I0Cs) and one or more
Operator Interfaces (OPls), all connected together via an ethernet. The data collection and
control functions are handled by the 10Cs and are built up of simple building blocks called
records. A set of these records is put into a database to perform a required function. Readout
and operator input functions are handled by the OPIs. Any type of display (meter, bar, num-
ber, etc.) may be made for any record in any IOC and may be displayed on any OPL

Currently, the IPNS control and diagnostics system comprises three I0Cs and two OPIs. Since
either OPI can get information from any of the [OCs, this new system greatly improves the
ease with which the operator can retrieve necessary information. Either OPI can do the whole
job of displaying information if necessary, and spare parts for them and the IOCs are readily
available. This substantially improves system reliability and minimizes downtime in the event
of a failure.

Work is under way to upgrade the remaining parts of the old computer control system,
including the replacement of pushbuttons and digital readouts by LCD touch screens.

The upgrading of the Linac Source Control System with an EPICS-based system is also begin-
ning. The current system suffers many of the problems that the main control system suffered

in terms of reliability and availability of spare parts.

There are also two PC-type computers in the control room. One monitors the 50-MeV beam
position and losses at six points in the line; the other monitors beam losses at 14 points in
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the accelerator. These computers are not part of the EPICS system and are not essential to
operations, but they offer useful feedback to the operators. Indeed, the loss monitor com-

puter has been set up specifically to indicate “better” or “worse” than a starting point the

operator chooses. This provides the operator with an opportunity to see whether a tuning
change is better or worse, both overall and over time.

Accelerator Operations

Three performance measures for the IPNS accelerator are beam current delivered to the
target, system availability, and total operating hours:

¢ Beam current is primarily a machine parameter; however, it is the engineers’ and
technicians’ fixing of faults and improvements to the hardware, and the skill of the
operators in “tuning,” that has allowed what was initially a machine with a current of
10-12 pA to consistently achieve average currents of 14-15 pA.
System availability is undoubtedly the most important measure, from the user’s per-
spective. Although it has a strong machine component, major credit for IPNS’s enviable
record (availability consistently hovering around 95%) must go to the skill, dedication,
and attention to detail of all the people who maintain and operate the machine.
Operating hours on IPNS have, almost from turn-on in 1981, been funding-limited
rather than machine-limited. This situation is now changing. The Scientific Facilities
Initiative (SFI) funding included in the FY 1996 budget provides for an increase in
operating time for IPNS from 16 weeks/year to possibly as much as 32 weeks/year.

Proton Beam Current

Figure 2 shows the weekly-average proton current on target, from turn-on in 1981 down to the
present. Prior to 1983, current was limited by the ion source. Since then, it has been limited
ultimately by “beam loss” - as more beam is injected, the fraction of the beam that is “spilled”
in the accelerator reaches
18 some limit (usually deter-

mined by radiation levels)

?\?%{f Mg %&f that it is not prudent to

@@\{?L? exceed because of the
requirement of hands-on
maintenance. Because beam
spill is a complicated
function of vacuum level in
| beam lines, “noise” in power
Low current operation supplies or controls, achiev-

flor ta?get iwdicles able fields in cavities, etc.,

O31 82 83 84 85 86 67 88 89 90 91 92 93 94 95 96 the challenge for the opera-
Calendar Year tor is to find the optimum

“tune” for the conditions at
FIGURE 2. the moment, to maximize
Weekly-average proton current on target, from turn-on in 1981 beam-on-target while

down to the present. keeping beam spill to
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manageable levels. Over the course of a year, operators must cope with a host of changes
brought about by vacuum leaks, weak or noisy supplies, and other glitches that arise during a
run and can only be repaired following that or a subsequent run. In many cases, a cool-down
time is required for access to the area or

component requiring repair. With the
exception of one run in 1991 (where low 100
current was required for target studies) and
during much of 1994 (when a damaged 80 I s
septum magnet limited operation to about -
10 pA), average current has exceeded 13 pA, i\i 60
with occasional operation exceeding 15 uA. =

2«
Accelerator System Availability <

20

At the conclusion of each run (typically ,
a period of 2-3 weeks, during which beam J
is scheduled to be available to the users 0 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 |
24 hours a day), availability is calculated as Calendar Year ‘
the ratio of beam hours available to beam FIGURE 3.

hours scheduled. Achieved availability since
1981 is plotted in Figure 3, one point for
each scheduled run. For the last ten years,
availability for a single run has very rarely
dropped below 80%, and yearly averages are
close to or exceeding 95%. The challenge for
the coming years will be to maintain this

Availability is calculated as the ratio of beam
hours available to beam hours scheduled.
Achieved availability since 1981 is plotted,
one point for each scheduled run.

level while at the same time doubling the 30 T [
total number of hours per year that neu- o5 N
trons are produced for users. g A- /)
- /
Yearly Operating Schedule 2 I 4\[ RN
g 151 v SN
Scheduled and actual operating time 2
(weeks/year) are shown in Figure 4. For £ 10
several years, budget constraints have
limited operation to about 16 weeks per SL
year. The SFI funding has allowed us to L J
increase scheduled operation for 1996 to Og1 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96
25 weeks and should eventually result in Fiscal Year
an operating schedule of 32 weeks per year. FIGURE 4. - =
Scheduled and actual operating times -
(weeks/year).
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Pappannan Thivagarajan loads a colloidal sample into the automatic sample changer at the Small Angle

Diffractometer to measure structures in a size range of I to 100 nm.
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General Purpose Powder
Diffractometer

J. W. Richardson, Jr., IPNS Division, Argonne National Laboratory

he General Purpose Powder Diffractometer (GPPD) at IPNS continues to be a very

versatile instrument. Although the majority of GPPD users (about 30 outside users per

year) come to do experiments involving structure refinements of powder samples,
there is an increasing emphasis on the study of advanced materials in operational configura-
tions. The instrument was designed and constructed for basic research, but the unique
characteristics of time-of-flight (TOF) neutron powder diffraction (NPD) provide incentives
for scientists to participate in cooperative research with industry, where real-world (messy)

scientific problems exist.

Detector Banks Scattered Beam The GPPD provides a
[ +148° Bank Parallel fro&rgcatlir grl:el flexible experiment‘al
B +90°Bank Direction platform for exploring a
B +60° Bank 0° diverse range of micro-
structural parameters.
Oriented Sample Its multiple detector banks
\ (e.g., Composite) centered at 26 values of
Neamon | ’ 7 +148°, $90°, and +60° allow
' us to measure anisotropy in
any of a variety of structural
parameters (see Figure 1).
Well-characterized peak
"90° ' profiles and good resolution
Perpendicular (Ad/d =2.5x 103 at 20 = 148°)
Direction  geattered Beam provide sensitivity to the
from Perpendicular presence of minority
Direction phases. The GPPD can be
used in high-temperature
FIGURE 1. experiments to probe
With detector banks centered at 20 values of +148°, £90°, and chemical synthesis, phase
+60°, a single GPPD dataset contains microstructural data, such transformations, and strain
as texture, residual strain, or dislocation strain, corresponding fo relief. Inherent gamma
six different orientations within the sample. For instance, when radiation discrimination,
strongly oriented samples, such as fiber-reinforced composites, together with extensive
are oriented with their major axes 45° to the incident beam shielding around the instru-
(above), the respective banks measure properties covering ment and remote access,
orientations between those parallel and perpendicular to the allow users to study highly
major axis. radioactive samples.
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Coincident with developments in neutron scattering instrumentation has been the coming of
age of the Rietveld profile refinement technique. Rietveld refinement provides a powerful
analytical platform for quantifying such materials properties as crystal structure, phase
composition in multicomponent systems, short-range interatomic correlations in crystalline/
amorphous mixtures, residual macrostrain, microstrain, grain size distribution, and crystallo-
graphic texture.

Determining the structures of complex inorganic oxides, such as zeolites, has long been a
strength of neutron powder diffraction. The GPPD’s inherently high resolution throughout
reciprocal space, coupled with strong scattering from oxygen, has facilitated the solution of
many previously unknown topologies. As the capabilities have been refined, ever more
complex mixtures of zeolites have been studied. Recent applications on GPPD have included
(1) topological transformations among AlIPO, molecular sieves (Richardson, GPPD: #D1991;
Richardson et al., 1992a), and (2) zeolite-A and sodalite as immobilization media for low-level
radioactive waste (see Trouw and Richardson, pg. 80; Lewis, GPPD: #1490; Richardson et al., 1994a).

Scientific activities that make use of the GPPD remain diverse, as demonstrated by the
discussion of highlights that follows.

Residual Stress

Fabrication-induced residual stress can be the factor that limits the performance of manufac-
tured components incorporating composites, and it can be the root cause of failure in welded
or bonded structures. The measurement of residual stress in the constituents of composites,
therefore, is critical in designing and processing these materials for optimal mechanical
properties, reliability, and life expectancy.

Strain is typically measured as a fractional change in bulk lattice spacing corresponding to
the average response of polycrystalline aggregates to external stresses. Stress is calculated as
the product of measured strain and elastic constants characteristic of the material. Recent
experiments have studied (1) in-situ measurement of residual strains in a Ti/SiC composite
rotor assembly (Kupperman, GPPD: #D1992), (2) strain relaxation and high-temperature
chemical transformation of a WC/Co metal matrix composite (Krawitz, GPPD: #1644;

Mari et al., 1996), (3) residual stress and texture in superconductor-silver composites
(Kupperman, GPPD: #P1994), and (4) strain anisotropy in Ag-Cu composites (Lawson,

GPPD: #2013). The first two of these are described in more detail below to illustrate the
current capabilities at IPNS.

On the GPPD, strains in each component of a composite are simultaneously measured in a
multitude of directions with respect to the composite geometry, thus providing a measure of
anisotropy. A recent experiment measured strains in a compressor rotor assembly from the
first man-rated jet engine to incorporate metal-matrix composite rotors (Kupperman,

GPPD: #D1992). The rotor assembly was manufactured from silicon-carbide-reinforced
titanium metal matrix composites. Strains were calculated from data obtained with the rotor
centered in the GPPD, oriented at 45° to the incident beam, and rotating at 1 rpm. Strain
anisotropy (Figure 2) relative to the fiber axis was observed.
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Typical residual stress experiments on GPPD involve measuring the temperature-dependence
of strains to determine the strain-free temperature, an important parameter in models used to
predict mechanical behavior at operational temperatures. WC-Co composites, for example,
are widely used for cutting
tools. WC-11wt% Co exhibits
' three distinct mechanical
Ti Foil ] .
(Tensile) 1 property domains, depend-
I Transverse ] ing on temperature: elastic
to Fibers ] and brittle from room
\4 ] temperature to 900 K; tough,
Paraliel ] with limited plasticity,
to Fibers between 900 and 1100 K; and
easily deformable above
- 1100 K. Measurements were
(cﬁ,',?p':;ge;ﬁe) made to relate these proper-
‘ et ties to residual strain
(Krawitz, GPPD: #1644;
Mari et al., 1996). WC and
FIGURE 2 Co are under compressive
and tensile thermal strain,
respectively, at room tem-
perature, because of a
difference in coefficients of
thermal expansion (CTE).
Upon heating, WC reaches a
minimum in compressive
strain at 1000 K, after which
compression again increases
(see Figure 3). Measure-
ments made during cooling
follow a similar curve, but the strain maximum in WC is tensile, with corresponding compres-
sion in Co, and is shifted to lower temperatures (i.e., hysteresis is observed). A second
heating and cooling cycle showed reproducibility. The unusual increase in compressive strain
magnitude in WC upon heating above 1000 K is attributed to W dissolution into Co to form
WCos. The hysteresis is thought to result from a difference between the heating and cooling
kinetics of solution-precipitation of W from WC and WCos;.

30 60
Reference Angle (°)

Residual strains in a Ti-SiC metal-matrix composite (MMC) turbine
rotor illustrate the GPPD’s ability to measure strain anisotropy in
a single diffraction experiment. From data obtained with the
composite oriented with the continuous SiC fibers 45° to the
incident neutron beam, the 20 = £148° and £90° detector banks
characterize the residual strain anisotropy between the axial
(parallel to the fibers) and transverse (perpendicular) directions.
An additional degree of anisotropy is observed between the basal
and axial crystallographic directions within the (hexagonal) Ti matrix.

Engineered Materials

In work involving engineered materials, the diffraction experiment must conform to the
material’s specifications. Catalytic support structures must be studied in their sintered form,
metallurgical samples in their quenched state, oxygen sensors and electro-optic materials at
operating temperature and oxygen partial pressure, electrochemical cell electrodes in their
electrolyte solution and formed into an operational geometry, thermal barrier coatings at optimal
thickness, and formed metallic sheets in whatever configuration their applications dictate.
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FIGURE 3.

als often exhibit strong
anisotropy in these param-
eters, so each scattering
direction defines the
parameters for its corre-
sponding sample orienta-
tion. Because so many
important parameters are
accessible from a single
measurement, this will surely be a growth area for TOF NPD in the future.

Residual strains in the basal plane of WC in a WC-Co composite are
plotted as a function of temperature. Heating the composite relieves
the compressive strain in WC, up to 1100 K, where bompressiue
strain is regenerated, presumably due to W dissolving in Co to form
WCoys. Hysteresis upon cooling (WC actually becomes tensile) is
thought fo be due to differences in the heating and cooling kinetics
of solution-precipitation of W from WC and WCos;.

Recent experiments have included (1) identification of static, oxygen-vacancy-induced
atomic displacements in high-surface-area lanthanide-doped zirconia catalytic supports
(Ozawa, GPPD: #2068; Loong et al., 1994g, 1995¢); (2) phase characterization of SizN-Al,O3
ceramic alloys (Ozawa, GPPD: #1971; Loong et al., 1996a); (3) study of cation mobility in
doped KTiOPO, (KTP) electro-optic harmonic generators at temperatures up to 1100°C
(Kaduk, GPPD: #1599); (4) operation of a metal-hydride battery in the GPPD to discover the
role of Al substitution in performance enhancement of LaNis ;Al,D, electrodes (Redey, GPPD:
#2158); and (5) microstructural characterization of aluminum (MacEwen, GPPD: #P1994).

Neutron Irradiation/Amorphization/Structures of Nuclear Materials

There is a growing emphasis on studies of transuranic materials. This is in some ways an
outgrowth of the neutron irradiation effect studies described elsewhere in this volume

(see Birtcher, pg. 92); structure characterization on GPPD has been an important part of
those studies. Because GPPD detectors have inherent gamma radiation discrimination and
are positioned 1.5 meters from the sample position, samples with activity as high as 100 R/h
can be dealt with. Remote handling (Figure 4) precludes personnel exposure. Once appropri-
ate precautions have been taken in preparing and encapsulating the hazardous samples
(double encapsulation is required) and in documenting isotope compositions and potential
hazards, the diffraction experiments provide the same structural detail available for more
traditional materials.

GENERAL PURPOSE POWDER DIFFRACTOMETER




Examples include (1) amorphization of U;Si and Us3Si,, including simultaneous modeling of
crystalline and amorphous components (Birtcher, GPPD: #1494; Birtcher et al., 1995, 1996a)
and subsequent recrystallization (Birtcher, GPPD: #2156); (2) identification of an intermetallic
reaction product between 80% burned-up U;Si, and Al fuel plates (Hofman, GPPD: #D1994;
Hofman et al., 1996); (3) a study of PuygU 4 at high temperature, including determination of
the complex (10 atoms in the asymmetric unit) structure of {-U/PU (Lawson, GPPD: #1837,

FIGURE 4.

Highly radioactive samples (up to ~100 R/hr at the surface) can
be studied on the GPPD using the remote handling apparatus
illustrated above. Doubly encapsulated samples are attached to
a support assembly, which in turn is sealed in a lead cask for
transportation to the GPPD. Once the lead cask is placed in the
GPPD and brass rods are attached to the sample assembly, the
sample can be raised into scattering position (in the center of
the chamber) by pulling the rods up through an aluminum
support flange remotely, without exposing personnel to high
radiation fields. Using this arrangement, no detector banks are
shielded from the sample, and the entire range of available
d-spacings can be used.
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Lawson et al., 1996); and

(4) identification of corro-
sion products created upon
failure of the first IPNS
neutron scattering target,
from a 200-mg sample
containing small amounts

of UO,, -UH;, UO;, and o-U
(Richardson, GPPD: #D1993).

Neutron diffraction is ideally
suited for reactor fuel
studies because of the
penetrating power of the
neutron beam and its
enhanced sensitivity to light
elements. Fuels are studied
without compromising their
structural integrity, and
fundamental modifications
due to irradiation, involving
such light elements as
hydrogen, oxygen, and
sodium, can be recognized.
One recent experiment
probed the structure of a
mixed-oxide (Uj 75Pug 25)00.
reactor fuel and the fuel-
sodium-reaction-product
(FSRP) that forms on the
surface of the fuel, between
the fuel and its cladding, as
a result of cladding breach
in a sodium-cooled liquid
metal reactor (Strain, GPPD:
#P1992). For this experi-
ment, a pre-irradiation
defect was introduced and
sodium coolant reacted with
the fuel. Metallographic
examination indicated




reaction to a depth of about 0.25 mm. A segment was cut from the fuel pin for the neutron
diffraction experiment. Contributing to the diffraction pattern were four cubic phases corre-
sponding to the stainless-steel cladding, mixed-oxide fuel, FSRP, and vanadium sample con-
tainer. Analysis of the data (see Figure 5 for Rietveld profile fit) resulted in (1) successful
modeling of the dual (110)/(112) texture in the stainless-steel cladding, (2) assessment of the

stoichiometry of the fuel,

(3) confirmation of the basic
structure of the reaction
product, and (4) calculation
of volume fractions for each
constituent, which were found
to be quantitatively in line
with previous calculations.
These results are being used
by fuel designers to better
understand fuel behavior
during various operating
and accident scenarios.
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FIGURE 5.

Neutron beams are highly penetrating. One recent experiment on
the GPPD identified the reaction product Nas(U,Pu)Oy in situ,
where it was formed between a buried surface of (U Pu)O,
reactor fuel and Na coolant that had passed through a breach in
stainless-steel cladding. Shown in the Rietveld profile plot above
are the observed diffraction data after background subtraction;
calculated data from a crystalline model including five phases,
steel in two different texture representations, (U,Pu)O, fuel,
Nas(U,Pu)O,, and vanadium (from the capsules); and the
difference plot. Also shown are vertical bars representing the
positions of Bragg peaks for the respective phases.




Run Time (%)

Science on the Special Environment
Powder Diffractometer

J. D. Jorgensen and S. Short, Materials Science Division, Argonne National Laboratory

Introduction and Background

he Special Environment Powder Diffractometer (SEPD) has continued to operate, with

no down times due to instrument problems exceeding one or two hours, for the last

five years. In the late 1980s and early 1990s, the study of high-T, oxide superconduc-
tors dominated SEPD use, but as interest in high-T. materials has begun to subside, the
scientific program on the SEPD has become more diverse. Major topics being studied by
in-house and user scientists include new battery electrode and solid electrolyte materials,
“bucky balls” intercalated with various gases, giant magnetoresistive materials, and ferroelec-
tric materials. The SEPD has been unexpectedly popular for pair-distribution-function (PDF)

Room

Temp.

Low High Small Time High
Temp. Pressure Sample Depend. Temp.

FIGURE 1.

Distribution of various kinds of
experiments run on SEPD during
the five-year period 1991-1995.
The percentages add to more
than 100% because some
experiments involved more

than one special technique

(for example, high pressure and
low temperature). Small samples
are those under 200 mg.
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studies of a variety of materials, even though it was not
originally designed for that purpose. The somewhat
higher resolution of the SEPD, compared with GLAD, has
made it the instrument of choice for a number of studies
involving noncrystalline materials, as well as crystalline
materials for which PDF techniques have been used to
probe local structural features that are not manifest in
the average crystal structure.

The major emphasis on the SEPD continues to be the use
of special sample environments. Figure 1 shows the
distribution of experimental time over the last five years.
Of the total running time, 36% is spent on data collection
at room temperature under ambient conditions. The
average data collection time for such experiments is
about two hours. The use of a computer-controlled
sample changer, which will cycle up to ten samples into
the beam, has been critical to the overall efficiency in
running these samples. Typically, the sample changer is
loaded once daily. Because of the fast turnaround for
room-temperature data collection, we have recently
initiated a new mode of user access for such experiments
(room temperature; no special sample handling prob-
lems; data collection less than one day). After calling the
instrument scientist to learn the current backlog, users
can mail their samples for data collection. Data are




collected as time becomes available, and the user is informed of where to access the data on

the IPNS computers.

The remaining time on the SEPD (64%) has been devoted to data collection in some form of
special environment, such as low temperature, high temperature, or high pressure. The

percentages for each of these techniques (Figure 1)
add to more than 100% because two or more of these
techniques often are combined - as, for example, in a
high-temperature experiment where a time-dependent
chemical reaction process is studied. Time spent

doing low-temperature experiments has actually
exceeded that spent at room temperature. Essentially
all of the low-temperature experiments are done using
a computer-controlled, closed-cycle helium refrigerator
(Displex). Because of manpower limitations, cryostats
are not yet in routine use on the SEPD. We hope to
remedy this situation in the near future as support
levels are increased with new funding from the Scientific
Facilities Initiative. Because low-temperature experi-
ments are so routine, they are not discussed further
here, but the other special environment capabilities
available on the SEPD are discussed in detail below.

High-Pressure Experiments

Experiments at high pressure account for a growing
amount of time on the SEPD - almost 20% of the running
time averaged over the last five years. Two pressure
cells are available: a helium-gas pressure cell capable

of pressures to about 0.6 GPa and a piston-in-cylinder,
supported-aluminum-oxide cell that can reach about

3 GPa. The latter pressure cell is an upgraded version of
a cell first used by Bob Brugger and Tom Worlton at the
MTR reactor in Idaho in the late 1960s and later at the
CP-5 reactor at Argonne-East. In the last five years, this
cell has seen very little use. It is labor-intensive to use,
and data collection is rather slow — typically 24 hours
or more for one run. During the same five-year period,
requests for experiments in the helium-gas pressure cell
have grown steadily.

The helium-gas pressure cell, built ca. 1986, is patterned

after earlier designs by Bill Daniels, except that it is optimized for time-of-flight diffraction,
where only a single scattering angle is needed (Jorgensen et al., 1990a). The cell design is
shown in Figure 2. The use of three concentric aluminum alloy cylinders allows gadolinium-
epoxy shielding to be placed “inside” the cell - close to the sample, where it is most effective.
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FIGURE 2.

Exploded view of the helium-gas
pressure cell used on SEPD.
The cell is constructed from
three concentric cylinders of
7075-T6 alloy aluminum.
Windows for the incident,
transmitted, and scattered
neutron beams are formed by
collimating with internal
gadolinium-epoxy shielding.



This accomplishes two things: (1) nearly the full sample can be viewed at a 90° (£5°) scatter-
ing angle, with no Bragg peaks from the aluminum; and (2) the internal shielding minimizes
multiple-scattering background that would otherwise result from the rather large volume of

HgBa,CaCu,0q,,

1.92A— 4 % — 1.84A

1.98A—1%—1.96A— "

279A —19%—2.25A—__ ¢

I—s.wA— 1% 3.0BA\1

o (3

180———173

FIGURE 3.

Structure of the HgBa,CaCu,0,, high-T, superconductor at 1 atm
and 15 GPa (based on extra-polation from data at 0.6 GPa).
Individual atom-atom distances respond very differently to the
applied pressure, leading to changes in the structure that cause
a 25K increase in T,

FIGURE 4.
Example of a small sample glued to an amorphous-boron-coated
tungsten fiber for study in the SEPD.

aluminum surrounding the
sample. Another advantage
is that the pressure is
perfectly hydrostatic and
can be changed and mea-
sured from an external
pumping station without
removing the cell from the
SEPD. This maintains the
full precision of the instru-
ment throughout a series
of pressures and tempera-
tures that may constitute a
high-pressure experiment
(Takahashi et al., 1992a).
Cooled by the Displex,

the cell can reach about

20 K, although the low-
temperature limit for

most experiments is deter-
mined by the freezing point
of helium.

Early experiments with the
helium-gas cell included
studies of KNO,-1V (Worlton
et al.,, 1986), NDF,II (Lawson
et al., 1989), Li (Smith et al.,
1990), and Na (Smith et al.,
1991). After the high-T,
oxide superconductors

were discovered and it was
realized that pressure had
rather dramatic effects on
the superconducting proper-
ties, which could provide
important insights into the
underlying physics, a num-
ber of high-pressure neutron
diffraction experiments were
performed on these materi-
als.* Much of this work was
done in collaboration with

* At least nine different high-T, materials have been studied with respect to pressure. Most of the work can be found by
referring to Kamiyama et al. (1994) and Shaked et al. (1994a) and the references cited therein.
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Dr. Fujio Izumi (National Institute for Research in Inorganic Materials, Tsukuba, Japan)

and other collaborators. Perhaps the most informative experiment was one done on
Hg-Ba-Ca-Cu-O compounds. Discovered in 1993, these materials still hold the record-high T.,
135 K for Hg-1223, and exhibit the remarkable property that T, can be increased by another
25 K with the application of high pressure. There was great interest in learning the structure
of the material under high pressure, where T, was ~160 K.
Measurements done on the SEPD showed how the
structure was modified by the application of pressure
(Hunter et al., 1994) and enabled band-structure calcula- (Cu,C)BaCagCuOr1ys
tions that explained how this modification changed the (Cu,C)-1234 T =117K
electronic structure to produce the high-T,. behavior
(Novikov et al., 1994). The structures of HgBa,CaCu,05 at
1 atm and 15 GPa (extrapolated on the basis of data taken
at 0.6 GPa) are shown in Figure 3.

Small Samples

During the last three years, we have developed tech-
niques for obtaining high-quality data from small
samples on the SEPD. Interest in doing this was moti-
vated by the discovery of many new high-T. supercon-
ductors by means of high-pressure synthesis techniques
(up to 10 GPa, using multiple-anvil presses).** The
samples made in this way are small, typically 50-200 mg,
because of the limited volume in the high-pressure
synthesis apparatus. The very low intrinsic background
on the SEPD makes it possible to study such small
samples if ways can be found to minimize the background
that would normally be contributed by a sample can.

CO3

We have developed two methods for the study of small
samples. If the sample is in the form of a small pellet or
chunk, we glue it with a minimum amount of five-minute
epoxy to a tiny amorphous-boron-coated tungsten fiber
and hang the sample in the beam. Figure 4 shows a

typical sample glued onto one of these fibers. The boron- FIGURE 5.

coated fiber contributes no background whatever, and Crystal structure of

the size of sample that can be studied in this way depends (Cu,C)BayCasCuyOy,., refined by
mostly on how long one is willing to collect data. using data from a 190-mg

Using this technique, we have taken data of quality sample mounted as shown in
sufficient for meaningful Rietveld refinement from Figure 4.

samples as small as 17 mg (which required a 45-hour

data collection) (Shaked et al., 1995). Other small samples studied by this technique

have ranged in size from 40 to 190 mg (Jorgensen et al., 1993b; Shimakawa et al., 1994c;
Shaked et al., 1994a; Shimakawa et al., 1994a; Argyriou et al., 1995). In one case, we studied
an 82-mg sample in the helium-gas pressure cell by suspending it in the center of the cell on

** See, for example, Radaelli and Jorgensen (1993a) and references cited therein.
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a boron-coated fiber (Shaked et al., 1994a). The most complex structure refined from

a small sample (in this case, 190 mg) was that of (Cu,C)Ba,yCasCuy0;1., which was

the first four-layer copper-oxide superconductor to be synthesized in single-phase form
(Shimakawa et al., 1994a). The structure of this compound is shown in Figure 5.

FIGURE 6.

Vanadium microcans
designed for data collection
from small samples.

L 1

5 10 - 15
Elapsed Time (hours)

FIGURE 7.

Variation of the lattice param-
eter, a, of Cy, as Ne enters the
lattice, following a sudden
change in Ne pressure from 0 to
30,000 psi at room temperature.

When the sample is in the form of a powder, rather than
a pellet or chunk, the technique shown in Figure 4 cannot
be used. For such cases, we have developed two sizes of
microcans, shown in Figure 6. These cans are made by
thinning a sheet of vanadium foil to about 0.004 mm,
using acid etching techniques, and rolling the foil to form
a tube. The bottom end of the tube is sealed with gado-
linium epoxy. The top end, where there is a fixture that
allows filling the can and mounting the sample, is also
shielded with gadolinium epoxy. These cans provide
background levels almost as low as the boron-coated-
fiber method. To date, only a few experiments have been
done using the microcans. These are available for user
experiments, but because they are very delicate, IPNS staff
prefer to do the sample loading themselves.

Time-Dependent Experiments

The initial interest in time-dependent experiments on
the SEPD was for the study of in-situ reaction chemistry,
such as the reaction processes involved in the formation
of Ba, ,K,BiO; (Pei et al., 1991) or the Bi-Ca-Sr-Cu-O
superconductor that is the material of choice for wire
applications (Garbauskas et al., 1990 and 1991). In the
latter work, done in collaboration with Mary Garbauskas
and Ronald Arendt from General Electric Corporate
Research and Development, important information lead-
ing to improved melt-processing synthesis techniques
was obtained. About the same time, Jorgensen et al.
(1990b) studied time-dependent room-temperature
ordering processes in YBa,Cu;0g,,. These experiments
showed for the first time that short-range oxygen diffu-
sion and ordering processes that occur on the time scale
of minutes to hours at room temperature in YBa;Cu;Og,,
manifest themselves as changes in the average crystal
structure and can have a surprising effect on the super-
conducting properties (Jorgensen, 1991). The shortest
time window used in these experiments was 15 min.

With the use of a large sample (~15 g), these data-collection times allowed Rietveld refine-
ments with enough precision to see the time-dependent changes of individual bond lengths.
Later, the area of the back-scattering detector banks on the SEPD was doubled to increase the
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counting rate. In more recent time-dependent experiments, five-minute data-collection times
have been used for experiments in which full Rietveld refinements are desired; if only lattice
parameters are required, the data-collection time can be considerably shorter.

Also more recently, time-dependent experiments have been done to investigate the inter-
calation kinetics of various gases into Cg (“bucky balls™). Gas atoms that are small enough,
such as He and Ne, penetrate the Cg, structure and occupy sites between the Cgq balls
(Schirber et al., 1995). These experiments are done in the gas pressure cell, using various
gases (e.g., He, Ne, or Ar) as the pressure medium. The rate of intercalation of He into Cgg is
too fast to measure, but Ne atoms, being larger, intercalate more slowly. The intercalation
kinetics is studied by making a sudden change in pressure (for example, suddenly increasing
the Ne pressure from 0 to 30,000 psi) and monitoring the lattice parameter of the Cq, as the
gas intercalates. A typical Ne loading curve is shown in Figure 7. At 30,000 psi, the Ne content
in the Cg saturates after about five hours. The intercalated Ne exerts an “internal pressure”
that counteracts part of the external Ne pressure, resulting in a lower measured compressibil-
ity than for Cq, pressurized in a gas that does not intercalate, such as Ar. The pressure depen-
dence of the intercalation rate is rather unusual: higher external gas pressure results in
slower intercalation, not faster. This surprising behavior is being investigated further.

Summary

In this progress report, we reviewed some of the experimental capabilities recently developed
for use on the SEPD. In each case, these new capabilities were initially developed to satisfy
particular scientific interests, but they clearly have much broader utility. Our hope is that
SEPD users will become more aware of these capabilities and make more use of them in their
proposed experiments.
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Single-Crystal Diffractometer

A. J Schultz, IPNS Division, Argonne National Laboratory

he single-crystal diffractometer (SCD) at IPNS has been highly reliable over the past

five years, allowing a variety of experiments to be performed successfully. This time-

of-flight (TOF) Laue SCD employs a 30 cm x 30 cm position-sensitive area detector that
enables a solid volume of reciprocal space to be sampled for each sample setting. This
feature allows researchers to easily characterize satellite and superlattice peaks while also
measuring the fundamental Bragg reflections. The SCD is also used to conduct texture analy-
ses of polycrystalline samples. In addition to various software upgrades, a major improve-
ment for the SCD was the design and fabrication of a new vacuum container. The walls of the
new container are 7.6 cm from the sample, rather than 1.3 cm as in the past. Furthermore, a
turbomolecular vacuum pump has been mounted inthe y circle, eliminating a rubber vacuum
hose that had been positioned between the sample container and a diffusion pump. These
improvements, which provide better heat shielding and better vacuum, enable lower tem-
peratures to be achieved
over extended periods
of time. Another
improvement was to
the detector electronics,
which were upgraded
with the addition of a
computer-controllable,
multichannel high-
voltage power supply
for the 49 photomulti-
plier tubes. Some
highlights of recent
experiments are
described below.

High-T_
Superconductors

Oxygen-rich La,CuO,,; is
a superconductor with
T.=40K for = 0.1. The
FIGURE 1. SCD was used to study a
Idealized structures of La,CuQ, and Nd,CuQ, (For consistency, O(1) crystal prepared by
refers to oxygen atoms in the CuQ, plane; O(2), to the apical oxygen room-temperature

atoms. O(3) sites are sandwiched between the La or Nd planes.) electrochemical oxidation
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of La,Cu0, (Radaelli et al., 1993b). It was shown to be single-phase with Fmmm symmetry. The
absence of any evidence of a (Bmab) phase, which is the stoichiometric nonsuperconducting
compound La,CuQy, indicated that the sample has a composition beyond the phase-separated

region of the phase diagram for this material. An analy-
sis of the fundamental Bragg peaks revealed that the
excess oxygen is located between adjacent La-O(2)
layers at the interstitial O(3) sites (Figure 1). The intro-
duction of interstitial oxygen atoms also led to a splitting
of the apical oxygen site, O(2), into four positions to
avoid unfavorable O(2)-0(3) contacts. In addition,
satellites arising from a modulation of the defect struc-
ture were clearly identified in the single-crystal data, as
shown in Figure 2, for the [ = 5.67 reciprocal lattice
plane. The reciprocal lattice defined by the satellites
appeared to be commensurate with the original one; all
observed reflections could be indexed by using an
F-centered 10a x 10b x 6¢ supercell. However, because of
twinning, the observed satellite pattern could have
resulted from the superposition of more than one set of
superlattice reflections, each with a smaller supercell.

Nd,.,Ce,CuO, (y = 4) is one of the iew known examples
of electron-doped cuprate superconductors. It is super-
conducting only within a narrow range of Ce doping

(x = 0.15-0.20) and only after it has been annealed in a
reducing atmosphere. The 7" structure of Nd,_,Ce,CuO,
consists of infinite square planar Cu0O, layers with
oxygen atoms sandwiched between the Nd/Ce layers
(the “interstitial” sites in the Lay,CuOy,;s structure described
above) rather than between the apical Cu sites as in the
T structure of La,CuO, (Figure 1). The IPNS single-crystal
time-of-flight diffractometer was used to measure data
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FIGURE 2.

Intensity contour plot of
reciprocal space derived from
SCD data for the l = 5.67 plane
of La,CuOy ; at 18 K (Satellites
with propagation vectors of
(£0.1, 20.1, -0.167) (not shown),
(0,%0.2,0.333), and (¥0.2,0,-0.333)
appear around the tail of the
[0,0,6] Bragg reflection.)

on oxygenated and reduced samples of Nd,CuO, (Radaelli et al., 1994) and Nd,_Ce,CuO,
(Schultz et al.,, 1996). For Nd,CuO,, structural refinements indicated that the occupancy of the
apical oxygen, 0(2), is ~0.10 for the oxygenated sample and ~0.04 for the reduced one. The
occuparncies of the in-plane oxygens, O(1), do not vary. The results from the data analysis of
reduced (7, = 24 K) and oxygenated Nd, g;Ce, ;5Cu0O, were less conclusive, as expected from
the small changes obtained with TGA measurements. However, evidence for changes similar
to those observed in the undoped crystals was obtained from difference Fourier maps in the

region of the O(2) site.

A Pressure-Switchable Jahn-Teller Distortion

The Jahn-Teller theorem has proven extremely useful in interpreting many aspects of the
behavior of a range of transition-metal compounds. Particular interest has been shown in the
isomorphous series of Tutton salts of the general formula A,[ M(H,0)4](S04)5, where A is an
alkali metal ion or ammonium and M is a divalent transition metal ion. For the case where M
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is copper and the cation A is ammonium, (NH,),[Cu(H50)5](504),, a rhombic distortion
occurs around the copper atoms, oriented 90° from the distortion occurring in the salts in
which A is an alkali metal. In the perdeuterated salt, (ND,),[Cu(D,0)g](804)s, there is an
isotope-induced Jahn-Teller distortion switch such that the distortion becomes identical to
that in the alkali metal salts. The first example of a pressure-induced Jahn-Teller distortion
switch was unexpectedly observed (Simmons et al., 1993) using the SCD equipped with a
helium pressure apparatus which mounts on the closed-cycle helium refrigerator. As shown
in Figure 3, application of 1.5 kbar of pressure switched the long axis of the Jahn-Teller
distortion by 90° in the deuterated ammonium copper Tutton’s salt, (ND),[Cu(D;0)61(SO4)s.
The Cu-O(7) bond length changed from 2.022(2) to 2.290(2) A, and the Cu-O(8) bond length
changed from 2.310(2) to 2.014(2) A. Thus, the high-pressure phase of the deuterated salt is
isostructural with the hydrogenous salt, but not with the
alkali metal salts. The switching of the long axis of the

D20

D15 Jahn-Teller distortion is also associated with a rotation
%@ of the ND,* cation, with concomitant changes in the
hydrogen bonding of the coordinated water molecules
D18 \\ with the SO,* anions. The resulting adiabatic potential
08 /T\ 10 237 | energy surfaces were calculated by using tetragonal

\ and orthorhombic strain parameters estimated from
the temperature variation of the Cu-O bond lengths.
\ Results showed that the two forms differed by only
=250 cm! (30 meV). The key parameter deciding the

relative stability of the two forms is apparently the
(a) deuterated, 15 K, 1 bar nonequivalence of the lattice strain acting along the
Cu-0O(7) and Cu-O(8) bond directions. A quite small
D20 lattice strain, sufficient to cause bond length differences

D19 @\@) D15 of ~0.02 A in the absence of Jahn-Teller coupling, is

09 * 6@ greatly amplified by this effect, resulting in the large distor-
07_. D16 tions. The change in structure of (ND4)o[ Cu(D,0)61(S04)2
at 1.5 kbar may be explained if the nonequivalence of the
lattice strain changes sign at high pressure, becoming
similar to that of the hydrogenous complex.

Metal-Metal Exchange in a
Heterometallic Hydride Complex

(b) deuterated, 15 K, 1.5 bar Heterometallic hydride complexes have been studied
extensively, partly because of their potential utility in
FIGURE 3. catalytic reactions. A neutron study unexpectedly pro-
Coordination sphere vided evidence that HMn,Re(CO),4 (compound 1, below
around the copper atoms left) co-crystallizes with HMnRe,(CO),4 (compound 2,

in (ND),f Cu(D30)s](SO4); below right) (Bullock et al., 1992). In the initial analysis
at (a) T=15K, P =1 bar and of the structure of compound 1, shown in Figure 4, the
(b) T=15K P= 15 kbar. displacement parameters for both the Re and Mn(2) sites
(Note the switch in the Cu-O(7) were physically unreasonable unless their scattering
and Cu-O(8) bond lengths lengths were also refined. For the Re site, the value of
between a and b.) bre = 9.54(6) fm was consistent with a value of 9.55(6) fm
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derived from data obtained at Brookhaven National Laboratory’s HFBR reactor on an unre-
lated compound. These results imply that the literature value for by, of 9.2(2) fm is underesti-
mated. For the Mn(2) site, the refined value of ®Mn(2) suggests partial occupancy of this site
by rhenium (9.2%). This result led to a further investigation of the Mn/Re exchange equilib-
rium in this system. A mechanism has been proposed to account for the metal-metal ex-
change reaction that transforms compound 1 and HRe(CO); into compound 2 and HMn(CO)s,
as shown below:

Mn(CO), Re(CO)5
U +  HRe(CO)g —_— _H + HMn(CO),
(CO)sRe —Mn(CO), (CO)sRe —Mn(CO),
1 2

The equilibrium constant derived from 1H NMR experi-
ments indicates that the Re-Mn bond is stronger than the
Mn-Mn bond by about the same amount as the difference
in the bond dissociation enthalpy of H-Re(CO)5 vs.
H-Mn(CO)s.

FIGURFE 4.
Structure of (CO)sRe(u-H)-
Mn(CO)Mn(CO)s at 15K.
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Small-Angle
Neutron Scattering

P. Thiyagarajan, IPNS Division, Argonne National Laboratory

Introduction

mall-angle neutron scattering (SANS) is a general-purpose technique for probing the

structure and interaction of systems ranging from 10 to 1,000 A in size, a region that is

not easily accessible by other methods. SANS is especially useful for studying systems
under realistic conditions (e.g., behavior of proteins and their complexes in solution, deter-
gent solutions in bulk and in porous media, phase separation in metallic alloys, polymer
blends, colloidal dispersion under temperature, pressure, and shear, etc.). The technique is
applicable to a wide range of fields, including structural biology, metallurgy, ceramics, poly-
mer physics, colloidal science, disordered composites, and porous materials.

The small-angle diffractometer (SAD) at IPNS, a time-of-flight-SANS (TOF-SANS) instru-
ment, has been successfully serving the scientific community in the United States and
abroad over the past 10 years. In general, TOF-SANS instruments at pulsed neutron sources
provide data over a wide dynamic range in the scattering vector q [q = 4rnsin(6/1), where 6 is
half the scattering angle and X is the wavelength of the probing neutrons], yielding structural
information in a wide range of length scales. To obtain data over such a wide g region, reactor-
based SANS instruments require repetition of measurements at several instrument configurations.
Such reconfigurations have different instrumental smearing effects on the data; hence, the
data measured at different settings may not overlap. The data from the TOF-SANS instru-
ments, on the other hand, do not suffer from such overlap problems, because the data over
the whole q region are produced in a single measurement.

SAD uses pulsed neutrons with wavelengths in the range of 0.5 to 14 A and a fixed
sample-to-detector distance of 1.54 meters. The scattered neutrons are measured by using a
64 x 64 array of position-sensitive, gas-filled 20 cm x 20 cm proportional counters, while the
wavelengths are measured (time-of-flight) by binning each pulse to 67 constant AA/A = 0.05
time channels. This instrument can provide useful SANS data in the q range of 0.005 to 0.35 At
in a single measurement. SAD is considered successful for several reasons: (1) it provides
data for which the quality and absolute calibration are comparable with those at established
reactor-based SANS instruments; (2) a number of ancillary equipment items (see Table 1) —
such as a sample changer, furnaces, a temperature-controlling bath, a temperature-controlling
electric heater, magnet, displex, pressure cells that can vary the temperature and pressure, a
stretching device for elastic polymers, and a sample rotator (for samples that may slowly
settle over time) — are available to create a wide range of sample conditions; (3) the automa-
tion of sample changer, furnaces, displex, temperature-controlling electric heater, and trans-
mission monitor through computerized data acquisition makes the experiments easier and
more efficient; (4) easy access to several data analysis software packages for the users, even
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ANCILLARY EQUIPMENT AT SAD

EQUIPMENT ENVIRONMENT EXPERIMENTAL
CONDITIONS

SAMPLE CHANGER
seven positions, with
circulating bath

BIOLOGICAL WELL
with circulating bath
with resistance heater
with pressure cell
with rotator
with sample stretcher for polymer
with displex

METALLURGICAL CONFIGURATION
with electromagnet

with electromagnet and furnace
with electromagnet and displex
with furnace in ceramic tube

TABLE 1. Ancillary Equipment at SAD

after they return to their home institutions, enables them to conveniently analyze their data;
and (5) the technical help provided by the IPNS support staff helps users efficiently adapt the
samples and equipment on the instrument. SAD has made a significant contribution to the
scientific community from academic institutions and industry, from the United States and
from abroad, providing quality SANS data on both static and dynamic systems (in-situ mea-
surements). This instrument has been consistently oversubscribed for several years, with
proposals exceeding operating time by a factor of two to three. The number and the quality of
the proposals have steadily increased over the years, requiring increased run times at our
facility. In order to meet the beam time requirements of the community, a second, more
sophisticated instrument is being developed. The new instrument (see Instrumentation and
Computing Developments at IPNS, pg. 98) will be capable of accessing a larger dynamic range
in g, as well as providing higher-resolution data than the present SAD. The near completion of
the new instrument and the recent increase in funding for the IPNS as part of the Scientific
Facilities Initiative (see Future Plans, Enhanced Operation, pg.140) are timely. We hope to
provide adequate beam time for the best proposals and also accommodate more proposals in
the coming years.

During the past five years, SAD has been used to study a number of systems in a wide range
of fields. Details of all the experiments can be found in the experimental reports. The follow-
ing examples illustrate the nature of the science that can be done by using SAD: detergent
behavior relevant to membrane protein crystallization, solution structure of membrane
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proteins in different detergents, in-plane SANS to determine the interaction mechanism of
amphiphathic peptides with membranes, in-situ SANS on the phase separation of paraffins in
bulk and on a surface, and decomposition in a new family of metallic glasses.

Solution Structures of Supramolecular Assemblies

SANS enables the resolution of the solution structure of molecular assemblies that (1) cannot
be readily accessed by crystallography, such as inherently disordered assemblies like micelles
or vesicles; or (2) contain multiple-protein-component complexes that cannot be easily
crystallized. Scattering measurements on solution samples yield direct correlations between
structural features of supramolecular assemblies and their spectroscopically determined
functions. Parameters that can be resolved by SANS include the size, shape, polydispersity,
molecular weight, volume, and internal packing for multiple-component protein complexes.
This information can be used to discriminate among possible molecular models for supra-

molecular structures.

Detergent Phenomena Related to Membrane Protein Crystallization

An understanding of membrane protein crystallization is of central importance to structural
biology. To be solubilized in aqueous media, integral membrane proteins require detergent
solutions. However, the presence of detergent greatly complicates the phase map for protein
crystallization, because both detergent and protein solubilities are altered by chemical
additives, such as polyethylene glycol (PEG), salts, and small amphiphiles, used for crystalli-

NaCl,
NaCl + PEG

19Ax31A
Electrostatic

Lauryl-dimethylamine-N-oxide

19Ax32A
Non Interacting

‘-
<a»
- o

214
Electrostatic

Heptane triol

17Aor21A
Non Interacting

(NHZ)5S0,

‘ Heptane

triol

—>

Aggregates

5

Crystallization

Heptane triol

FIGURE 1.

Schematic of LDAO micelle structure and intermicelle

interaction under solution conditions relevant to membrane
protein crystallization.
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zation. So far, success in
membrane protein crystalli-
zation has been achieved
with two detergents, lauryl-
dimethylamine-N-oxide
(LDAO) and n-octyl b-D-
glucoside (OG), which were
used to crystallize the
photosynthetic reaction
center (RC). However, the
physical processes underly-
ing the micelle-micelle and
micelle-protein interactions
in the presence of other
chemical additives have not
been well documented.

As afirst step toward
gaining a better knowledge
of the physical principles
involved in membrane
protein crystallization,
Thiyagarajan and Tiede
(Argonne National Laboratory)




have used SANS to compare

LDAO and OG micelle size n-Octyl-3-D-glucopyranoside

and micelle-micelle inter-

actions under the different 23 A 18 A 14A-15A
sets of chemical conditions Non Interacting Non Interacting Non Interacting

used for RC crystallization ‘ ® ®
(Thiyagarajan and Tiede, ' o -
1994). They systematically . ‘ o ..
examined the effects of -
sodium chloride, ammonium
sulfate, PEG, and heptane
triol, when added alone and :gg‘f‘("ﬁ:‘;"so
in combination for RC e Ca

Crystallization

PEG + NaCl
crystallization, on the
behavior of LDAO and OG Aggregates
solutions. The main results NaCl,
from this study are sche- (NH2)250, . Heptane triol +
matically shown in Figures 1 ‘ PEG + NaCl
and 2, respectively, for : ‘
LDAO and OG behavior.
A key difference between FIGURE 2.
LDAO and OG was that the Schematic of OG micelle structure and intermicelle interaction under
change in micelle size solution conditions relevant to membrane protein crystallization.

induced by the addition of

heptane triol was larger for OG than for LDAO under the conditions used for crystallization.
This effect may have implications for the differences in chemical conditions that are observed
when these two detergents are used for RC crystallization.

Structure of Reaction Center in Detergent Solutions

SANS has been used to characterize the effect of ionic strength and detergents on RC aggrega-
tion and the solution structure of supramolecular assemblies in photosynthesis. Studies on
the behavior of RC under conditions relevant for its crystallization were done. To enhance
the differential scattering cross section for proteins in detergent solutions, deuterated RCs
(D-RCs) from Rb. sphaeroides R-26 cells were grown on a medium enriched to >98% with 2H
(Wraight, 1979). RCs were solubilized in either 0.06% LDAO or 0.8% OG solutions. The D;O/
H,O ratios were adjusted by dialysis at 5% and 17%, respectively, for LDAO and OG samples.
Under these deuterated conditions, the scattering length densities of the solvent and the
respective micelles became equal (contrast matched); hence, the scattering from the micelles
became insignificant. The measured SANS signals from the proteins in the detergent solutions
were solely from the proteins. The measured SANS data for the D-RC in a 0.06% LDAO solu-
tion containing 5% D,0O were compared with the calculated profile from the crystal coordi-
nates (Figure 3). The agreement between the experimental and calculated profiles indicates
that the structure of the RC is similar in both the crystalline and solution states. This agree-
ment indicates that the aggregation states of RC in solutions under different temperatures, as
well as upon addition of PEG, ethylene glycol, heptane triol, and salts could be modeled
effectively by using the crystal coordinates of RC. Systematic studies have been conducted
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on RC solutions under a number of relevant conditions; the data were modeled by using the
crystal coordinates of RC (Tiede and Thiyagarajan, 1996a; Tiede et al., 1996b). The main
conclusion from these studies is that the behavior of RC in solution is strongly dependent on
the detergent type and ionic strength. RC does not seem to aggregate in the case of LDAO
solution, even when the ionic strength is up to 2M NaCl. On the other hand, it aggregates in

® D-RCinLDAO 5% D,O
Crystal Coords. (Calc.)

0.01 .
q(A™)

FIGURE 3.
Comparison of measured SANS data and that calculated from
crystal coordinates for per-deuterated-RC in LDAO in 5% D0 buffer.

—c

FIGURE 4.
Neutron in-plane scattering of pure DLPC bilayers hydrated with
D,0. The peak at q ~ 0.12 A1 corresponds to a defect shown in the

inset. Perfectly aligned bilayers will not exhibit such lamellar peaks.
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OQG solution at higher ionic
strengths, possibly as a
result of the aggregation of
OG micelles at high ionic
strength, leading to a
depletion of micelles re-
quired for the solubilization
of RC. In solutions contain-
ing OG and PEG4000, RC
aggregation was observed at
PEG concentrations far
lower than those required
for RC precipitation and
crystallization. It is ex-
pected that the observed
equilibrium between the
monomeric and aggregated
RC states would be shifted
toward the aggregate as
crystallization mixtures
progressively decreased the
solubility of RC, either by
increasing the ionic strength
with a fixed PEG concentra-
tion or by simultaneously
increasing both PEG and
salt concentrations. The
existence of this equilibrium
may have direct implica-
tions for the mechanism of
RC crystallization, because
protein monomers may
serve as intermediates in
crystallization.

Antimicrobial Peptide
Pores in Membranes by In-
Plane SANS

A new class of antimicrobial
agents has been discovered
in the host defense systems




of animals in the past 15 years (Hultmark et al., 1980; Zasloff, 1987; Boman et al. (eds.), 1994).
Unlike conventional antibiotics, these antimicrobials, which are in the form of small peptides,
have been shown to act directly on the lipid bilayer of the cellular membrane. The mechanism
by which the antimicrobial
action is elicited is not well
understood, because there
is no technique sufficiently
sensitive to visualize the
structures formed by these
peptides in membranes.
Spectroscopic methods,
such as solid-state NMR and
oriented circular dichroism,
detect only the orientation
of the individual peptides in
a membrane, leaving the
high-order structures of the
peptides unresolved.
Recently, Huang and
co-workers from Rice
University (He et al., 1996) FIGURE 5.

have shown that an in-plane Neutron in-plane scattering of alamethicin inserted in DLPC
neutron scattering tech- layers hydrated with D,0 (+). Exposuare to H;O vapor for 20 hours
nique used on oriented made the peak disappear (o), implying that the peak is indeed
membranes is effective in associated with the channels filled by D,0O. The data (+) have
delineating the structural been modeled to indicate a lamellar peak (g ~ 0.12 A1) due to
details of the antimicrobial smectic defects (dash-dot line), scattering from alamethicin pores
peptides in membranes. (doftted line), and the incoherent background (solid line).

I(q) (cm)

He et al. used the lipids

1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC) and 1,2-diphytanoyl-sn-glycero-3-
phosphatidylcholine and the peptide alamethicin in their study. The lipid and peptide at a desired
molar ratio were co-dissolved in chloroform/methanol. The solvent was removed by a slow
nitrogen purge and dried under vacuum. D,O was added to the peptide-lipid film. The mixture
was homogenized with a sonicator to break up the large aggregates and then lyophilized, and
the powder was hydrated with D,O vapor. The lipid without peptide was prepared in a similar
way, as a control sample. The fully hydrated liquid crystalline peptide/lipid mixtures were
aligned between clean quartz plates (thickness = (.25 mm). The peptide orientation was
monitored by oriented circular dichroism. Six thin layers of a D,O-hydrated sample were held
between seven parallel plates for SANS measurements. A polarized microscope was used to
examine the condition of each layer for smectic defects. These defects in multilayer samples
produce strong lamellar peaks in the in-plane scattering data (Figure 4); such defects should be
absent, or at least minimal, for good in-plane scattering measurements.

The in-plane neutron scattering data for alamethicin inserted in DLPC bilayers and hydrated

with D,O are shown in Figure 5 (+). To establish that the peak in the scattering pattern was
caused by the presence of D0, the experimenters exposed the same sample to H,O vapor for

SMALL-ANGLE NEUTRON SCATTERING




20 hours and measured the SANS data. As expected, the peak disappeared after the sample
was exposed to H,O (0), because of the lack of contrast between the DLPC bilayers and H,O.
Quantitative modeling was carried out on the SANS data (Figure 5) for alamethicin inserted

: into DLPC bilayers and
hydrated with D;O (+).
The scattering data were
decomposed into (a) an
incoherent background due
to the DLPC and alamethicin
(solid line); (b) a lamellar
peak (dashed-dotted line)
due to smectic defects,
obtained by a gaussian
fit to the peak at 0.12 Aa
(thickness = 52.3 A); and
(c) the scattering from
alamethicin pores
(dotted line).

These experiments took
advantage of SAD’s wide
dynamic range in dealing
with samples that are
delicate, expensive, and
hard to prepare; use of SAD
FIGURE 6. also eliminated the possi-

Schematic of pores created by alamethicin in DLPC layers. Each bility of exposure of these
pore consists of 8 alamethicin monomers. Each peptide has a samples to atmospheric
cylindrical shape, with a diameter of 11 A. The inner diameter of water vapor (which could
the pore is 18 A, and the outer diameter is about 40 A. The affect the stability of the

surface density of the pores is such that the alamethicin:lipid samples, especially if
ratio is about 1:10. repetitive experiments

were required to measure

the data in a wide q region,
as might be the case with reactor-based SANS instruments). These studies demonstrate that
the antimicrobial peptides enter the membrane when its concentration exceeds a critical
value dependent on the chemical nature of the lipids (Figure 6). The peptides then form
aqueous pores that are more than 18 A in diameter. The density of the pores was consistent
with all these peptides being involved in pore formation; moreover, no pores were seen below
the critical concentration of these peptides. These studies prove that the molecular mecha-
nism of the antimicrobial action is through concentration-dependent pore formation in the
cell membranes of the microbes.

Microphase Separation of Binary Paraffin Mixtures

Certain binary mixtures of n-alkanes, when quenched from the melt to room temperature,
undergo spontaneous demixing from the solid solution. Mazee (1958) was the first to report
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the phenomenon of demixing in alkanes for a mixture of CsyHgs:C35H7s. Using X-ray dif-
fraction, he observed that after about one year the mixture produced a pattern that
indicated an ordering of the molecules in the direction of the paraffin chains. When the

chain length difference was
increased, Dorset (1986)
and Snyder et al. (1993),
using DSC, electron diffrac-
tion, and infrared and
Raman spectroscopy, found
that demixing took place in
Cs9Hg2:CaH74 over a period
of hours. They suggested
that the mechanism by
which the microphase was
formed might be an inter-
mediate between a vacancy
and reptation model, with
the paraffin chains moving
primarily in the longitudinal
direction and slipping along
their long axes to “separate”
into lamellar components
(Snyder et al., 1992).

This phenomenon is super-
ficially similar to such
processes in metals, but it
includes an additional,
interesting effect associated
with the anisotropy of the
intermolecular potential due
to the rod-like molecular
shape of the paraffin. The
use of SANS, with isotopic
labeling of one of the
components in the mixture,
readily allows the study of
the structure, kinetics of
formation (Gilbert et al.,
unpublished), and isotopic
dependence (White et al.,
1990) of the resultant
microphases. The micro-
phase separation of binary
mixtures of CzgHgy:C6D74
and C3¢Dgs:Cs6H74 in the bulk,
as well as that adsorbed

]
© 30 min x 210 min e 390 min
o 90 min + 270 min 4 450 min
10 ¢ 150 min 2 330 min & 510 min
£
A
Ci
=4t
O 1 f 1 L 1 | 1 1 L 1 | 1 1 1 1 |
0 0.1 0.2 0.3
q (A1)
FIGURE 7.

In-situ SANS studies of phase separation of bulk 1:1 CspHgy : C3D74
after quench at 20°C.

i o 30 min x 210 min ¢ 390 min
e 90 min + 270 min A 450 min
10 b 150 min 2 330min @510 min
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FIGURE 8.

In-situ SANS studies of phase separation of bulk 1:1 C3yDys : CiH 74
after quench at 20°C.
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into the pores of exfoliated graphite, were studied by White et al. (Australian National Univer-
sity, Canberra) and Snyder et al. (University of California, Berkeley).

T T T T T

11 min + 608 min
62 min 2 1015 min
129 min g 2732 min
249 min

FIGURE 9.
In-situ SANS studies of phase separation of 1:4 CsyH5:C3sD 74 00
graphite after quench at 27°C.

583 min
989 min
2468 min

FIGURE 10.
In-situ SANS studies of phase separation of 4:1 C3pDs:C35H74 0N
graphite after quench at 27°C.
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Microphase Separation in
the Bulk

The time-resolved SANS for
an equimolar mixture of
pure C3Hg2:C36D74 quenched
from the liquid state (80°C)
to 20°C showed the evolu-
tion of a diffuse peak in the
mid-q region, at q = 0.078 A1
(Figure 7). This peak corre-
sponds to a d-spacing of

81 A and is associated with
microphase formation
(White et al., 1990). As the
intensity increases with
time, there is a progressive
reduction in peak width,
indicating a longer coher-
ence length. The isotopic
dependence of this phenom-
enon has been demon-
strated for the equivalent
1:1 C30D62:C36H74 system
(Figure 8). After 510 min of
annealing, the system had
only a rather poorly defined
peak corresponding to a
d-spacing of 81 A, with
significantly less intensity
(White et al., unpublished).
However, the peak corre-
sponding to a repeat dis-
tance of ca. 45 A was more
pronounced in the case of
the 1:1 C4¢Dg2:CagH7y system
(Figure 8) than that for the
1:1 C3yDg:CsgH74 system
(Figure 7), indicating that
there is an isotopic effect in
the microphase separation
in these systems. In fact,
extensive in-situ experi-
ments carried out on these




paraffins at several annealing temperatures and molar compositions indicated the occurrence
of the peak corresponding to the 45 A repeat distance.

Microphase Separation at the Graphite Interface

In the past, there has
been considerable interest
in the influence of graphite 10 ,‘7
on hydrocarbons. Early
thermodynamic work 8
showed that n-alkanes had
a high affinity for the sur-
face of graphite and that this 6 + °
affinity increased with carbon & . %
number (Groszek, 1970). n L eq ®e
Later work showed that 4 - o
when an alkane was intro- | o
duced to the surface of - &
]

graphite above its fusion 2 i ....w '...0..{:.. ..o [
temperature, prefreezing ¢ w 03.‘ g ¥
took place at the surface O"
with the occurrence of 0 0.1 0.2
molecular ordering (Ash q (A1)

and Findenegg, 1970). This
order extended over several FIGURE 11,
molecular layers, propagating
away from the surface, with
the degree of orientational
correlation decreasing
steadily (Kern et al., 1977). Scanning tunneling microscopy showed that the n-alkane molecules
formed lamellar structures, which tended to order themselves in an all-frans conformation,
with the long-axis of the alkane chain aligned parallel to the graphite basal plane (Gilbert et al.,
1994). In the present system, two competing processes may be at work: longitudinal phase
separation parallel to the graphite surface and demixing lateral to the surface because of the
effect of the graphite surface forces. These processes significantly affect the kinetics of the
microphase separation of these systems.

e 14 C30H62:C36D74

.,..
.
®e
°
®

o ® 4:1 CSOHGZ:C36D74

Isotopic effect of phase separation and order in n-alkanes
adsorbed on graphite.

Figure 9 displays the time-resolved SANS data for a 1:4 mixture of C3Hg»:C3¢D74 doped into the
porous graphite substrate and quenched at 27°C. In-sifu measurements were taken at inter-
vals, and the initial stages of phase separation were studied for several hours. The major
features observed were a diffuse peak at 0.12 Aa (d=523 A) and a progressive increase in
scattering in the region q < 0.1 Al with annealing time. The sample annealed for 15 min
showed high intensity in the low-q region because of the graphite/alkane interface, due to the
large contrast between the alkane mixture in the larger cavities of the graphite and the
graphite substrate.
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When isotopic substitution was employed in the binary alkane system, resulting in a 4:1
mixture of C3Dg,:CagH74 doped into graphite, significantly different features were observed in
the scattering (Figure 10). Three peaks evolved at q = 0.04 A1, 0.14 A1, and 0.28 A-L. The first
diffuse peak (clearly seen in Figure 11) resulted from the microphase separation, while the latter
two were the first- and second-order peaks corresponding to a repeat distance of about 45 A
This feature occurred for C5yDgy:C3gH7, at all quenching temperatures and in all molar composi-
tions studied, with no observable change in position with time. The peaks of these mixed solid
solutions resulted from a (002) repeat in the orthorhombic form, as shown by Craig et al.
(1994) by means of synchrotron x-ray powder diffraction.

To demonstrate that the scattering in the low-q region in Figures 9 and 10 did indeed result
from microphase separation, the SANS data for a 1:4 mixture of C5qHg,:C55D74 at different
annealing times were divided by the data for the 15-min annealing, and the ratios [(S(q)] were
determined over the whole q region. A number of such arrays of S(q) vs. q data were also
generated for the 4:1 mixture of C3gHgy:Cs¢D7,4 for different annealing times. The signature for
the occurrence of phase separation in these systems is a peak in the S(q) data, where the
peak’s position in q should be constant, but its height should continuously increase with
annealing time. Indeed, such peaks were observed in the S(q) data for both systems. Figure 11
depicts the S(q) vs. g curves for both systems, annealed for about 2,500 min at 27°C. The
repeat distance for the 1:4 mixture of C3yDgy:CasHz, was 230 A, and that for the 4:1 mixture of
C3oDgo:CsgH74 was 157 A. The differences in the repeat distance and molecular order between
these systems resulted from the isotopic effect.

Shortly after quenching, in all the samples studied, the systems showed a relatively disordered
structure with a broad distribution of repeat spacing, which developed over time into a more
ordered lamellar structure. A comparison of the scattering patterns produced for both isotopic
pairs in the presence and absence of papyex showed that the graphite substrate suppressed
the substantial isotopic difference that had been evident in the bulk system. A comparison of
the increase in the rate of intensity in the bulk and graphite-adsorbed alkane systems indicated
that the kinetics of the demixing was faster in the presence of graphite. This result may be
related to the significant surface-stabilization imposed by the graphite, which was effective not
only at the surface but also some distance into the pore.

Phase Separation in Bulk Metallic Glasses

More than 30 years ago, Klement, Willens, and Duwez (1960) showed that metallic glasses can
be formed by the rapid solidification of liquid metals at cooling rates of about 106 K/s. For
many years, the application of rapid quenching techniques was the only way to obtain
metallic glasses. The thickness of such quenched samples was restricted to less than 50 mm,
and their low thermal stability did not allow extended heat treatment procedures.

More recently, a new family of multicomponent metallic alloys with excellent glass-forming
ability and a wide supercooled-liquid region has been found (Inoue et al., 1989; Zhang et al.,
1991; Peker and Johnson, 1993a). Some of these amorphous alloys can be prepared at cooling
rates of less than 100 K/s, and even as low as 1 K/s (Peker and Johnson, 1993b). For the first
time, this excellent glass-forming ability permits three-dimensional specimens of amorphous
metals to be prepared. Their high thermal stability offers a unique opportunity to investigate
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thermodynamic and atomic transport properties in both the solid and the supercooled
liquid states. The thermal stability of the amorphous phase, however, is limited by crystal-
lization. To study thermal stability, a detailed knowledge of the crystallization process is
required. Analytical field ion

microscopy of the slowly 15
cooled, bulk, amorphous

0.9

) ) i o As-Prepared
ZY41.2T113.8CU12.5N110.0]3322.5 r .'.' o 100 min
samples shows inhomogene- 1.2 g - a4 140 min
ities of the Zr and Be con- r m® = 300 min
centrations on a scale of [ . L

about 500 A. Scanning Auger
electron spectroscopy
measurements of the
surfaces of as-prepared,
freshly broken glassy
samples also reveal fluctua-
tions of the Be composition
on a comparable scale.
These results indicate that
chemical decomposition
processes take place in the
Zry; 2Ti138Cuyp5Nijg oBegy 5

I{q) (cm-T)
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. FIGURE 12.
alloy. Such decomposition P4 L hous Ztan TiveoCttrn Ni "
behavior was pl’OpOSGd ase separation in amorpious Lry; 21i;35CU; 5 1103622_5 alltoys
annealed at 623 K.

for conventional metallic
glasses, but it could not be
proved systematically because of limitations in thermal stability, sample size, and a large
surface-to-bulk ratio (Lamparter and Steeb, 1986). Differential scanning calorimetry and

TEM investigations also showed that the primary crystallization of Zr; 3Ti;35Cu;55NijgoBess s
is caused by a Ti-rich nanocrystalline phase (Schneider, unpublished). The formation of
nanocrystals inside the amorphous matrix causes an embrittlement of the alloy. For the sake
of technical applications of this alloy, as well as fundamental research on it, it is important to
determine if the primary crystallization is triggered by the decomposition of the amorphous phase.

To investigate the chemical decomposition in Zry; 5 Tij3 sCuys 5Nijg oBess 5 alloy at a finer length
scale, researchers at the California Institute of Technology have conducted systematic SANS
experiments on a series of samples annealed at different temperatures and for different times
by using SAD (Schneider et al., 1996a; Schneider et al., 1996b). Homogeneous samples were
made from a mixture of the pure elements by means of induction-melting on a water-cooled
silver “boat” under a Ti-gettered atmosphere. Ingots of Zry; 5 Ti;3gCu;s 5Nijg gBess s were remelted
in a silica tube with an inner diameter of 14 mm and then water-quenched at a cooling rate of
10 K/s. For the SANS measurements, disks with a thickness of about 2.7 mm were cut from the
rod. These disks were annealed near the glass transition temperature at 623 K for different
lengths of time.

The scattering data of an as-prepared Zrg; 5Tij35Cuy5Nijg oBess s sample and of samples heat-
treated for three different times at 623 K are shown in Figure 12. The as-prepared sample, as
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expected, exhibited no scattering in the low-q region. Samples annealed for up to 80 min also
showed no significant signal in the low-q region. The samples annealed for 100, 140, and 300 min
showed interference peaks at q = 0.046 A1 (d = 137 A). The position of the peak did not
change with the annealing time, but the intensity of the peaks increased with annealing time,
indicating an increase in the volume fraction of the inhomogeneities in the system. These
peaks appear to have resulted from spatially periodic fluctuations in the scattering length
density in the Zr; 5 Ti; 33Cu55Ni 5 oBess 5 alloy. Guinier analysis of the data showed that the
radius of gyration increased with annealing time, from 10 A for the sample aged for 100 min to
21.6 A after an annealing time of 300 min. The SANS features of these representative samples
have been explained as follows: the as-prepared sample lacked a SANS signal because of its
amorphousness and the almost homogeneous atomic density; the onset of the peaks for the
sample annealed at 623 K after 100 min resulted from a periodic variation in the composition
of at least one component of the alloy and/or a periodic local change in atomic density.

The most striking results reported by Schneider et al. (1996a, 1996b) are the existence of an
incubation time for crystallization and the periodic arrangement of the nanocrystals. The
primary crystallization in the Zr,; 5Ti;35Cu;s5NijgoBess 5 alloy during isothermal annealing at
the glass transition temperature resulted in the formation of spatially periodically arranged
Cu-Ti-rich nanocrystals. The authors propose that the arrangement is preceded by a modu-
lated chemical decomposition process. The time scale for phase separation and subsequent
crystallization seems to be determined by the mobility of the slower-moving Cu species.

Conclusion

The above examples clearly demonstrate the power of the SAD instrument in studying
systems that require data over a wide q range. The large dynamic range in q available at SAD
provides unique capabilities for studying systems undergoing transformation, those that are
delicate, expensive, and/or not easily reproducible, and those at extreme temperature,
pressure, and shear conditions, which require characterization at wider length scales. The
future looks bright for the availability of beam time in the IPNS facility, and we encourage the
scientific community to take advantage of this opportunity.
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Reflectivity at IPNS

G. P. Felcher, Materials Science Division, and A. P. Y. Wong, S. Adenwalla, and R. J. Goyette,
IPNS Division, Argonne National Laboraiory

eutron reflectivity can measure density profiles with spatial resolutions in the tens of

Angstroms, a resolution that is unmatched by other techniques. Such information is

vital to the basic understanding of magnetic, metallic, oxide, biological, and poly-
meric thin films and interfaces. One might say that neutron reflectometers have been spring-
ing up like bamboo shoots after the rain. Acronyms like POSY at IPNS, SURF at ISIS, and
SPEAR at LANSCE decorate the directories of every major current and future neutron source.
Despite the plentiful supply of reflectometers, the demand remains high. A combination of
novel instrumentation and clever experimentation brings new dimension and insight to the
technique as it continues to breathe new excitement into the field.

The reflectometers at IPNS, built around two horizontally split beams from the same
beam port, employ a vertical reflection geometry so that the normal to the surface of the
sample is horizontal. The first reflectometer (POSY ) is designed to measure the
reflectivity of polarized neutrons. By strategic use of a polarizer, a flipper, and an
analyzer, POSY 1 is optimized to measure the two different reflectivities with the
neutron polarization parallel and antiparallel to the applied magnetic field. It is par-
ticularly suitable for studies of magnetism on thin film samples. The second reflecto-
meter (POSY II), designed to handle high-intensity, unpolarized neutron reflection, is
capable of measuring up to six decades of reflectivity with a maximum g-range up to
0.25 A-L. It has been optimized for studies of polymeric, oxide, and biological thin film
samples. Both reflectometers can measure specular and off-specular reflectivity signals
simultaneously by taking advantage of position-sensitive detectors and the pulsed
nature of IPNS.

The POSY instruments are parts of the user facility of IPNS. In light of the Scientific
Facility Initiative, the available beam time on these machines will be increased
significantly in FY 1996. Much effort is devoted to enhancement of the user programs.
The reflectometers are highly adaptable to accommodate the various requirements for
different experiments, including vacuum, humidity control, high- and low-temperature
control, and a multiple sample changer. The fully automated data acquisition and
analysis system is designed to be as user-friendly as possible. Moreover, the whole
infrastructure of the user program is streamlined to provide maximum support to users,
enabling them to use the beam time eificiently and productively. Instrument scientists are
always available for scientific exchange and discussion about the experiments.

To illustrate the power of polarized neutron reflectometry (PNR), we describe an experiment
performed in 1995 that clearly demonstrated the presence of biquadratic coupling in a
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multilayer (Adenwalla et al., 1996). It is known that ferromagnetic films separated by
nonferromagnetic spacers can exhibit an oscillatory exchange coupling between the ferro-
magnetic layers as a function of spacer thickness. The amplitude of this oscillation decreases
with increasing thickness of the spacer layer. We studied a [Fe (14 A)/Cr (74 A)],, superlattice,
which is in the region of large spacer thickness where the ferromagnetic (FM) and antiferromag-
netic (AFM) exchange couplings are very small. Using polarized neutron reflectometry (with
spin analysis), we were able both to demonstrate the 90° alignment of the Fe layers and to show
that the sample was in a single-domain state over an area on the order of a square centimeter.

We measured four reflectivity curves — R*, R, R"“ and R * — over a region extending from the
critical edge to the chemical Bragg peak. There were two Bragg peaks present: the FM peak
(corresponding to the superlattice periodicity and resulting from both the nuclear scattering
from the layers and components of the Fe-layer magnetization ferromagnetically aligned with
H) and the AFM peak at low k (resulting from the noncollinear alignment of the Fe layers and
corresponding to a doubling of the magnetic unit cell). By fitting the data, we were able to
obtain the exact orientation of the spins of each layer. The Fe layers were aligned at close to
0° and 90° with respect to the field, but slightly canted.The canting was the result of the
Zeeman energy term and became less as the field was reduced.

The presence of an AFM peak in the spin-flip reflectivity indicates that there was a perpen-
dicular component of magnetization with a repeat distance of twice the superlattice spacing;
this is a signature of the presence of interlayer coupling. The width of the AFM peak indicates
that the magnetic structure was coherent throughout the thickness of the superlattice. The R*
and R AFM peaks were
shifted with respect to each

other, the R peak being
shifted to lower k (see
Figure 1). The separation of I T 10°
the AFM peak was success- 1 * R+

fully modeled, assuming a ; * R- V
single-domain sample; this
results in the reflectivity ¢
being slightly weighted in
favor of the front face of the
sample because of attenua-
tion of the neutron beam as
it traverses the sample.
(This weighting effect would : <
be obscured in a multidomain N
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sample.) In our case, the
shift of the AFM peak
indicates that the top Fe
layer was magnetized
perpendicular to H. Hence,
by using PNR we were able
to answer many questions
about this system that were
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FIGURE 1.

Neutron reflectivity measured without polarization analysis
along the easy [100] axis at H= 6 Oe and T = 205 K. The lines
indicate the fit to the data for the spin structure shown in the inset.
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not easily answered by bulk magnetization measurements; the question of whether or not the
sample had a single domain, the fact that the structure was coherent, the exact direction of
the magnetization of each layer, and the effect of field on the direction of the magnetization.
The power of PNR lies in its depth-dependence profiling, which allows us to measure the
magnetization as a function of depth in the sample.

In 1994, we showed unequiv-
conocoeeen D] pg ocally on POSY Il the

first direct experimental
evidence of the “reptation”
motion of polymer chain
diffusion (Agrawal et al.,
1994). A polymer melt
system is like a plate of
spaghetti. For a particular
polymer chain to move
through the system, it has
to perform a snake-like
reptation movement to
diffuse lengthwise along the
chain direction through the
network of polymer chains.
By studying the interdiffusion
between two species of
polystyrene, we confirmed
the reptation motion of
polymer chains. The two
species of polystyrene were
deuterated at different
portions of the polymer
chains. The first species was
deuterated at the middle
one-third of the chain so

FIGURE 2. that it was composed of
Hllustrative diagram for the interdiffusion befween two oppositely linear hydrogenated-

deuterated polystyrene blends. The scattering density profiles at deuterated-hydrogenated
different stages are shown in the insefs. polymer chains. The second
species was deuterated at
the opposite two-thirds so
that it consisted of deuterated-hydrogenated-deuterated chains. Thin films of the two species
of polystyrene were put in contact and neutron reflectivity was used to monitor the interface
between the two films. At the beginning of the experiment, the neutron scattering contrast
between the two species was not high. Subsequently, as the sample was annealed at elevated
temperature for fixed intervals of time, interdiffusion between the two species of chain took
place, and a clear bilayer of hydrogen-deuterium was observed as a result of the geometric
arrangement of the deuteration. Upon further annealing, the bilayer was smeared again. Such
a trend can be clearly observed in Figure 2, which shows the scattering length density profile
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at various stages of annealing. This is the first direct observation of the polymer chains
performing end-to-end reptation movements.

In addition to these exciting new developments, we are also committed to finding innovative
ways to measure a variety of systems, including biological and colloidal systems, supercon-
ductors, and various magnetic systems. We are expanding the capabilities of the two POSY
instruments; this includes devising methods to obtain in-plane structural information from
the off-specular signal and measure all four components of the spin-dependent reflectivity
(on POSY D).

In conclusion, the POSY instruments are versatile neutron reflectometers that can provide
valuable information about such thin film problems as adhesion, diffusion, segregation,
and growth modes. The user program is open to anyone who might have problems that can
be resolved by reflectivity studies. Interested parties are encouraged to confer with either
Gian Felcher (gian_felcher@qmgate.anl.gov) or Apollo Wong (apollo@anl.gov) about the
possibility of running their experiments on the IPNS POSY facilities.
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Quasielastic Scattering Spectrometer
and Chemical Excitations Spectrometer

F. R. Trouw, IPNS Division, Argonne National Laboratory

Introduction

t is exciting and, at the same time, quite sobering to realize that the Quasielastic Scatter-

ing Spectrometer (QENS) is celebrating its tenth anniversary this year! We are fast

approaching a total of 1800 useful data sets — quite a respectable number for this inelastic
scattering instrument.

The instrument has undergone no significant modifications since the last progress
report, but the “H” moderator viewed by QENS is now operated at 20 K using solid
methane, in place of the previous 100 K liquid methane operation. This change has proven to
be a great success: the flux at 3.65 meV, which represents the elastic scattering energy, has
increased in intensity by approximately a factor of five. Moreover, the design of the new
moderator maintained the pulse shape with such precision that this modification had essen-
tially no effect on the resolution function of the instrument. Whereas most experiments
previously required approximately 12 hours of measuring time to obtain acceptable statistical
precision, this can now be achieved in about 3 hours.

The moderator enhancement is a great leap forward, and the future holds yet more possibili-
ties. The current design of QENS is based on three simultaneous measurements at different
momentum transfers, and the effective angular coverage is only 35 degrees out of a useable
300 degrees, which is clearly inefficient. A modification to QENS is being planned that would
increase the number of simultaneous measurements by about a factor of five, resulting in a
complete set of Q measurements at a single, fixed detector setting. This potential upgrade, in
conjunction with the moderator modification, would result in a count-rate 25 times greater
than was possible just two years ago. We hope QENS will be upgraded to this level of perfor-
mance over the next two years.

Another exciting development has been the construction of the Chemical Excitations
Spectrometer (CHEX). This inverse-geometry spectrometer is based on the neutron time-
focusing principle used in early designs of such instruments at IPNS and KENS; the
successful TFXA spectrometer located at ISIS is also based on this principle. Such an instru-
ment has a number of attractive features for inelastic scattering experiments - for instance, in
chemical spectroscopy, where the value of the momentum transfer does not play a significant
role. Such instruments are capable of very respectable energy resolutions (1-3%) over a very
large dynamic range (0-500 meV), and at the same time they are conceptually simple and
relatively inexpensive to construct.
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CHEX was built during the summer of 1995; the final quarter of the year was used to optimize
the “prototype,” which mainly involved making shielding modifications to address the
neutron background (which represents the main limitation on such an instrument). This work
was completed in December 1995, and the interim spectrom-
eter (Figure 1) is now in routine use for chemical spec-
troscopy. An example of a spectrum measured on the
instrument is given in Figure 2, which shows the vibra-
tional spectrum of glycine anhydride. The final task is
the fine-tuning of the calibration parameters, which is
under way and should be completed by March 1996. The
instrument uses only a part of the potential analyzer and
detector area; a complete configuration of the spectrom-
eter would increase the count rate by about a factor of
six. Moreover, the detectors have not yet been matched
to the rest of the instrument, and there is a potential for
further improvements in energy resolution.

FIGURE 1.
Experimental Investigations Layout of the CHEX prototype.
The current configuration has
The type of science explored by means of QENS has one-quarter of the possible
continued to be broad-based, with a mixture of graphite analyzer area, one-half
quasielastic and inelastic scattering measurements. of the delectors and room
Some examples of studies done on QENS in the last few temperature beryllium.

years follow.

Early interest in using QENS for experiments on magnetic T
systems has continued; for instance, Rob Robinson

(Los Alamos National Laboratory) and collaborators
have characterized the inelastic scattering from the
heavy fermion compound YbBiPt. This compound has

a huge linear-temperature coefficient of specific heat

v =8 molt K2 at low temperature. The low-energy dynamics
of the compound have been characterized on LAM-40 at
the KEK, on QENS at IPNS, and on the Cold-Neutron
Fermi-Chopper Spectrometer at the NIST reactor. This
comprehensive series of measurements has provided the
necessary data for proposing a crystal field level scheme
that is consistent with the measured heat capacity of the
compound. The QENS data are shown in Figure 3, where L
the 6-meV excitation and two quasielastic components 0 50 100 150 200
are clearly visible. One of the attractions of an inverse-
geometry crystal analyzer spectrometer such as QENS

Neutron Energy Loss (meV)

for magnetic quasielastic scattering is the asymmetrical FIGURE 2.

shape of the resolution function, where there is a sharp Vibrational spectrum of glycine
drop on the neutron energy-loss side of the peak. This is anhydride (15 K), measured on
the critical side, because such experiments are carried the new CHEX prototype.
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out at very low tempera-
tures, and the sample does
not have sufficient energy
for there to be a significant
number of neutron energy-
gain events.

In the field of molecular
sieves, mesoporous silicates
with pore sizes in the tens of
angstroms have recently
been synthesized. The most
familiar of these is MCM-41,

FIGURE 3. a molecular sieve that
Spectrum of YbBiPt measured on QENS at 1.5 K. The shoulders on contains one-dimensional

the sharp side of the resolution function are clearly visible. pores of effectively infinite

Neutron Energy Loss (meV)

length, with a diameter of
approximately 39 A. John White (Australian National University) and collaborators have used
this material as a substrate to study the dynamics of adsorbed methane; the adsorbate must
consist of cylindrical tubes of methane with a cross-sectional area corresponding to only
about 40 molecules. The low-temperature spectrum of bulk methane has peaks corresponding
to the quantum rotor modes, and the measurements demonstrated that the adsorbed phase
did not show similar excitations (Figure 4). Possible explanations for this result include
the following:

The temperature at which these modes are observable is depressed (the excitations
in bulk methane are strongly temperature-dependent in the range 10-25 K);

The methane has formed a disordered phase, which has broadened the excitations to
such an extent that they are no longer visible; or

The rotational splittings have moved to lower energies, out of the observable energy
window of the instrument.

In addition to low-temperature inelastic scattering measurements, extensive quasielastic
scattering measurements were also made; these gave results consistent with either a
nonisotropic rotation of the adsorbate or a mixture of free and mobile species (Figure 4).
Although the latter explanation is intuitively more satisfactory, a more definitive interpretation
awaits the results of ongoing modeling efforts.

The dynamics of materials where the limitations of size play a role has been the focus of
quasielastic scattering studies by Ken Herwig (University of Missouri-Columbia) and collabo-
rators. They have investigated the mobility of water present as droplets in water-oil mixtures
stabilized by a surfactant. The model system is a hexane/water/AOT mixture (AOT is the
surfactant — sodium-di-2-ethylhexyl-sulfosuccinate), where the water forms clusters sur-
rounded by the surfactant and dispersed in the organic phase. Because deuterium has a
significantly lower cross section than hydrogen, the use of deuterated hexane means that
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most of the signal comes from the water in the droplets. QENS is well-suited for studies of
water dynamics, and a separation of rotational and translational diffusion can be done on the

basis of the Q-dependence of
the quasielastic scattering
signal. The experiments were
carried out on two different
compositions, where the
droplet sizes were 38 and 20 A.
The results consisted of a
resolution-limited component
(probably bound surface
water) and the rotational
and translational quasielastic
scattering. The half-width at
half-maximum of the transla-
tional scattering as a function
of momentum transfer is
shown in Figure 5. The
droplet size-effect is quite
pronounced, with the 38-A
translational diffusion con-
stant already lower than
that of bulk water, while the
mobility of the water is
dramatically affected in the
20-A droplets. Because

this well-defined system
approaches the limits
encountered in biological
systems, such detailed
information on water
dynamics will be of use in
understanding the behavior
of small water clusters in,
for instance, biological gels.

A final example is the very
recent measurements on
the inelastic spectrum of
the bridging hydrogen in
sodium hydrogen bis(4 nit-
rophenoxide) dihydrate
(Na.H.[OC4H4NO,]5.2H,0) by

Maurice Kreevoy (University of Minnesota) and collaborators. This material gives rise to
what is referred to as a Hadzi type ii infrared spectrum, which does not have a band in the
usual O-H stretching region, 2500-3500 cm-, but instead has a very intense, very broad band
with a width at half height that often exceeds 500 cm-!, an ill-defined maximum that is frequently
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FIGURE 4.
Near-elastic scattering from bulk methane and adsorbed
methane, each measured on QENS at approximately 15 K.




III less than 1000 cm-!, and an integrated intensity that often appears to exceed the rest of the
spectrum combined. The appeal of characterizing such compounds with neutron spectroscopy
lies in the lack of such a
broadening effect for neu-
tron scattering. One of the
other attractions of using
neutron spectroscopy arises
from the much-reduced
cross section of deuterium
and so selective deuteration
of different parts of the
molecule, giving rise to
large intensity changes and
frequency shifts. This
provides a powerful method
for the assignment of modes
to particular spectral
38 A Radius Droplets features, and this strategy
has been used with success
for many years. The spectra
0 A Radius Droplets of a variety of partially

2

/ - deuterated compounds
I
2

Half Width at Half Maximum (ueV)

prepared for these experi-
ments has provided a
comprehensive set of
spectra for the assignment
of the modes, as well as the
unequivocal identification of
excitations involving the
guasielastic scattering from water in differentsize droplets. hydrogen-bond proton

(Figure 6). It is clear (by
inspection) that the bridging hydrogen gives rise to a peak at about 600 cm-!, and the modes
associated with the other hydrogen atoms on the aromatic ring can also be deduced from
these spectra. These measurements represent an excellent example of the complementary
nature of inelastic neutron scattering and optical spectroscopy, as well as the role of neutron
spectroscopy in chemistry.

FIGURE 5.
Halfwidth at half-maximum of the translational component of

Conclusion

These studies represent projects that are typical of some of the science being done on QENS.
There is a mix of quasielastic scattering and inelastic scattering measurements, since the
spectrometer has the versatility to do both. This dual capability, made possible by the large
dynamic range of the instrument, is often useful when both types of measurements are
desired for a material. However, this is not always necessary, and CHEX represents a poten-
tially better instrument for those experiments that are focused on inelastic scattering above
about 100 cm-L, It is anticipated that some of the inelastic scattering work will move to CHEX,
allowing QENS to focus on quasielastic scattering measurements and those requiring better
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elastic energy resolution. The next ten years will be an exciting time for inverse-geometry
crystal analyzer spectrometers at IPNS; the anticipated QENS upgrade and the completion of
CHEX will provide excellent opportunities for the scientific community.
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HRMECS (C.-K. Loong/D. Yocum)
Incident energy (E)
|

5
Quasielastic
Atomic diffusion Magnetic/phonon
Magnetic fluctuations  excitations

0 <E <800 meV, AE/E;= 0.02

0.2 < Q <30 A1, AQ/Qy= 0.01

Inelastic

1000 meV
Deep-inelastic
Momentum distribution
Molecular spectroscopy

QENS (FR. Trouw)
Energy Transfer
!

I

0
Quasielastic Inelastic
. Celastic = 35 l-leoV, AE/E = 2 -4%

! 05<Q<25A1

1000 meV

GLAD (D.L. Price/J.A. Johnson/K.J. Volin)

Short and intermediate range order in glasses, liquids,

amorphous and crystalline materials.

Downstream sample position: 0.2<Q< 45 A1, AQ/Q, = 0.01 cot®
Upstream sample position: 0.1 <Q <25 A1, AQ/Q, = 0.005 cot6

SCD (A.J. Schultz)

Single crystal time-of-flight Laue diffraction;
nuclear and magnetic structures; phase transitions.
Position-sensitive area (30x30 ¢cm?) detector

d=0.3t07.0A; Ad/d=0.02

Temperature = 4 to 1000 K; pressure = 0 to 5 kbar
Also, texture analyses of polycrystalline samples.

SEPD (J.D. Jorgensen/S. Short)

20 (9 145 90

60

dcd) 0.4-39 0.6-5.4

0.8-7.7

Ad/d (%) 0.3 0.5

0.9

Special environments: Displex, furnaces,
He-gas pressure cell.
Sample size: 0.02 -20g

Nominal 2h data collection (for 5g sample)

LRMECS (R. Osborn/L.I. Donley)
Incident energy (E,)
!

5
Quasielastic
Atomic diffusion Magnetic/phonon
Magnetic fluctuations excitations

0 <E <800 meV, AE/E;= 0.05
0.1<Q<35A1, AQ/Qy=0.02

Inelastic

1000 meV
Deep-inelastic
Intermultiplet transitions
Molecular spectroscopy
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Shielding Tm
Rotatable Doors Detector
Colimator / Locus
(3heam sizes)

Insertable
Transmission
Monitor

Charmber Detector

Polarizing g0 of

Miror Resonant )_;1
Spin-Flipper m

Analyzing PoSY
Miror

Non-Adiabatic
Spin-Ripper

Shutters R TRXL,  coniometer

3 He Linear PSD s P
He Linear PSD

SAND POSY

MgO Filter
2 Soller 1m
' —
Colimators

Nnsertable
. Transmission
Monitor

Chamber
Scattering

Chamber

Bank of
Linear PSDs

CHEX (FR. Trouw)

Energy Transfer

I [

5 1000 meV
Chemical Spectroscopy

AE/E=15-3%

GPPD (J W. Richardson/R.R. Thomas)

20 () 148 90 60 30, 20
did) 0.3-3.0  0.4-40 06-57 1.1-182
Ad/d (%) 0.25 0.4 0.8 2.3,4.6

Special environments: Displex, furnaces, residual stress.
Sample size: 0.1 - 20g
Nominal 4h data collection (for 5g sample).

HIPD (A.J. Schultz)

Nuclear and magnetic powder diffraction.
30° detector bank: dp., = 29 A; Ad/d = 0.03
90° detector bank: dy,, = 10 A; Ad/d = 0.01

SAD (P. Thiyagarajan/D.G. Wozniak)
Large-scale structures in biological, chemical, metallurgical, and
magnetic systems.

0.005 < Q £ 0.35 A"l (single measurement)

POSY (G.P. Felcher/R.J. Goyette)

Reflectivity/elastic scattering at grazing incidence of
polarized neutrons.

Wavelength range: 2 - 16 A (0.3 meV < E < 20 meV)
4x 108 <Q < 0.5 A1, AQ/Q = 0.02

POSY 11 (A. Wong/R.J. Goyette)

Reflectivity/elastic scattering at grazing incidence.
Wavelength range: 2 - 14 A (0.4 meV < E < 20 meV)
4x103 < Q< 0.3 A1, AQ/Q = 0.025

SAND (P. Thiyagarajan/D.G. Wozniak)
Large-scale structures (10-2000 A) in biological, chemical,
metallurgical, and magnetic systems.

0.0035 < Q < 0.8 Al (single measurement)
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Diffraction Studies of
Hydrogenous Materials at GLAD

P. C Trulove, D. Haworth, and R. T. Carlin, Division of Electrochemical Sciences,
The Frank J. Seiler Research Laboratory
S. R. Nagel, R. L. Leheny, and N. Menon, James Franck Institute, The University of Chicago
P. Zhou and J. E. Fischer, Department of Materials Science and Engineering and
Laboratory for Research on the Structure of Matter, University of Pennsylvania
N. Koura, Tokyo University of Science
A. K. Soper, Neutron Science Division, Rutherford Appleton Laboratory
A. J. G. Ellison, M-L. Saboungi, K. Suzuya, S. Takahashi, and D. L. Price,
Materials Science Division, and K. J. Volin, IPNS Division, Argonne National Laboratory

Introduction

he Glass, Liquid, and Amorphous Materials Diffractometer (GLAD) is proving itself to

be a first-class instrument for structural analysis of a wide variety of disordered

materials, including glasses, liquids, fibers and other amorphous solids, and disor-
dered crystalline materials, including oxides exhibiting superconductivity and giant magne-
toresistance. The quality of the data appears excellent, and the consistency over a wide range
of angles and wavelengths is highly satisfactory.

Many interesting disordered materials contain hydrogen, either as a primary component or
as a residual constituent left over from preparation from organic precursors. In these cases,
the conventional “Placzek” approach for subtracting the self scattering, based on a mass
expansion in powers of neutron mass: atomic mass, is inapplicable. The problem has been
addressed by Soper and collaborators (Soper and Luzar, 1993) at ISIS, who have developed
a procedure for estimating the self scattering by a Chebyshev polynomial fit to the structure
factor, made consistent with Krogh-Moe normalization (essentially, the requirement that the
radial distribution function n(r) be zero below some minimum value of r) through a maximum-
entropy method. This procedure has been implemented on the SMUG node at IPNS as a new
analysis program, SUBSLFGLD. This report provides a brief description of some of the experi-
ments performed on GLAD over the past two years on hydrogenous materials and a prelimi-
nary account of some of the results.

Neutron Diffraction Studies of an Ambient-Temperature Molten Salt

Ambient-temperature molten salts composed of mixtures of 1-ethyl-3-methylimidazolium
chloride (ImCl) and hydrogen chloride (HCI) are part of an important class of nonaqueous
solvents. These solvents have been used for studying the chemistry of a wide variety of both
organic and inorganic solutes (Osteryoung, 1987; Hussey, 1983). Mixtures of ImCl and HCl are
liquid at or below ambient temperature over a wide range of compositions. Recent spectroscopic
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studies (Campbell and Johnson, 1993) have shown that the anionic speciation in ImCI:HCI
molten salts varies significantly with relative amounts of ImCl and HCl. When Im(l is in molar
excess, the anions present are primarily CI" and HCl,, while a molar excess of HCI gives HCl,
and H,Cl; as the primary anions. In the case of a large molar excess of HCI, additional
polyanions of the form CI(HCI),” may be present. When HCl and ImCl are mixed in nearly
equal amounts, HCl, is the primary anion (however, small amounts of CI and H,Cl;” may be
present). Since Im* is the sole cationic species, the equal molar mixtures of ImCl and HCl are

often referred to as ImHCl,.

The ring hydrogens on the 1-ethyl-3-methylimidazolium cation (Im”) are known to hydrogen-
bond to chloride ion in basic AlCl;:ImCl molten salts (Dieter et al., 1988; Dymeck and Stewart,
1989). The existence of anions of the form CI(HCI), in the ImCl:HCI molten salts demonstrates
the ability of HCly to act as a hydrogen-bond acceptor. Therefore, it is reasonable to conclude
that HCl, may hydrogen-bond to the ring hydrogens on Im* in ImCl:HCI molten salts. In
addition, recent solid-state crystallographic studies of similar low-melting salts indicate that
Im* cations tend to form p-stacks with d-d distances <4 A (Wilkes and Zaworotko, 1993).
These and other observations suggest significant ordering of the ions in ImCl:HCI molten
salts. Consequently, a better understanding of the structure of ImCIl:HCI would be of consider-
able aid in understanding its chemical and physical properties, as well as how these proper-

ties relate to those of other, like low-melting salts.

Neutron diffraction on GLAD was employed to investigate the structure of the ImCI:HCI
ambient-temperature molten salt. For the investigation of the liquid structure of ImCLI:HCI,
judicious deuterium substitution was employed to isolate the interactions involving hydro-
gen. Experiments were performed on ImCl:HCl samples with differing combinations of H-D
substitution on both the imidazolium cation ring and hydrogen chloride. The diffraction
differences from the hydrogen-deuterium substitution were analyzed by using programs

developed at ISIS (Soper and Luzar, 1993).

The analysis of first-order differences due to deuteration
of HCl, gave two intrastructural peaks. These results
indicate that HCl, exists as an asymmetric ion in the
ImHCl, molten salt. This is quite remarkable, considering
that the HCly ion in AlCLLImCl molten salts appears to be
linear, with the hydrogen symmetrically placed between
the two chlorides (Trulove and Osteryoung, 1992).
Furthermore, to our knowledge, asymmetric HCl, ions
have only been observed in t}he solid state (Evans and
Lo, 1966). An asymmetric HCl, implies some type of
interaction with an additional species. The samples of
ImHCl, used for these experiments contained some free
CI. As shown in Figure 1(A), this free Cl could weakly
hydrogen-bond to the hydrog‘en in HCl, . However,
because of the low actual CI' concentration, very few of
the species shown in Figure 1(A) could actually form.

A more plausible reason for an asymmetric ion is the
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FIGURE 1.

Possible structures for the
asymmetric HCIy ion.




formation of a hydrogen-bond between one chloride from the HCl,” and a hydrogen on the
imidazolium cation ring as shown in Figure 1(B). The chlorides in the HCl, ion are capable

of acting as hydrogen-bond acceptors, as demonstrated by the presence of anions of the type
CI(HCD), in the ImHCl, melts containing excess HCI (Campbell and Johnson, 1993). In addition,
the imidazolium ring hydrogens have been shown to strongly hydrogen-bond to CI" in
AlCl;:ImCl molten salts (Dieter et al., 1988). Analysis of second-order differences due to
correlations between hydrogens on the imidazolium cation ring and HCl;” gave a pronounced
peak nearr = 4 A. The area for this peak corresponded to 2-3 hydrogens about a hydrogen at
the origin. These results are consistent with the p-stacking of the imidazolium cations.

Structural Studies of Organic Liquids through the Glass Transition

At temperatures below a liquid’s melting point, the time scales that characterize its response
to an external perturbation increase dramatically (Nagel, 1993). Extrapolations from measure-
ments in this supercooled region suggest that for many liquids these time scales diverge at

a finite temperature. Despite numerous studies to probe these slowing dynamics, the origin
of this finite temperature divergence remains an outstanding problem. In contrast to the
multitude of dynamical
measurements, relatively

few structural studies have
attempted to identify
changes in structure with
the growing time scales. The
main impediment to such
work has been that the
systems that show this finite
temperature divergence
most strongly are typically
organic molecular liquids, in
which significant intramo-
lecular scattering and high
hydrogen content complicate
the analysis of structure data.

In experiments on super-
cooled D-propylene glycol

' 1'0 — — (C3D40,) at GLAD, we have
attempted to overcome
some of these complica- -

QA

tions. We have collected

FIGURE 2. diffraction data on the liquid
The structure factor measured for D-propylene glycol (CsDgO,) at at several temperatures

90K (- ) and 300K (-- -- -). The inset shows an enlargement from high in the liquid state
of the second and third peaks, whose shapes change systematically to below the divergence

with temperature. temperature in an effort to
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identify structural trends we can associate with the slowing dynamics. The combination of
the liquid’s light elements and large molecular weight makes the standard Placzek corrections
for self scattering inappropriate for our data. In particular, application of this correction leads

to much greater tempera-
ture dependence in S(Q)
than the differential cross
sections indicate. In the
low-Q region, the good
quantitative agreement of
the differential cross
sections from GLAD with
data taken at SAD suggests
that inelastic scattering
plays a small role in our
results, and in our anal-
ysis we have assumed a
structureless, flat self
scattering contribution.

We have also applied a
maximum entropy analysis
to the data and find that the
resulting structure factors
closely approximate those
calculated with the flat self
scattering. In particular, much
of the same temperature-
dependent structure in S(Q)
appears after application of
each correction. Figure 2
shows the resulting S(Q) at
our highest and lowest
temperatures. The inset shows
the second and third peaks,
which reveal systematic
changes with temperature.

T T i
1.8 F
14 F
©) [
» r
1
0.6 -

| . | |

0 5 10 15

Q (A
FIGURE 3.

The structure factor for D-propylene glycol measured (- ) at
160 K and calculated from molecular dynamics simulations of the
liquid (- -- -) at the same temperature. The inset shows the second
and third peaks of the structure factor calculated from simulations at
90K (- ) and 300 K (-- - - -). S(Q) for the simulations reveals the
same trends with temperature seen in the experiment.

We have also performed molecular dynamics simulations of the liquid in an effort to isolate
contributions from intermolecular scattering to the changes in S(Q). Figure 3 shows a
comparison of the simulation results with the experimental data. As shown in the inset to
Figure 3, the simulations possess the same trends in temperature as the experimental S(Q).
Our analysis of the simulation results demonstrates that the intramolecular structure factor
shows little temperature dependence and that much of the change in temperature can be
identified with intermolecular scattering. Fourier analysis of the intermolecular scattering in
the simulations reveals a sharpening of pair correlations at distances between 1.5 and 4 Aat
low temperatures. Therefore, we tentatively identify the changes in S(Q) in Figure 2 with an
enhanced orientational correlation between nearest neighbors as the temperature decreases.
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Local Atomic Structures of Amorphous Carbons from
Radial Distribution Function Analysis

Lithium-intercalated amorphous carbons have attracted enormous interest recently due to
their applications as anode electrodes in lithium-ion rechargeable (rocking-chair) batteries
(Dahn et al., 1995a; Zheng et al., 1995). The concept is that Li cations move back and forth
between the anode and cathode during charge/discharge cycles without ever being reduced
to hazardous metallic form. The prototype cells exhibit energy density four times that of
conventional NiCAD batteries and much longer recycling lifetimes (as much as 3,000 cycles).
The host carbons can be divided into three categories according to their structures and
chemical compositions. First, graphitic carbons prepared at temperatures >2500°C with a
maximum lithium capacity of, in electrochemistry terminology, 372 milliampere-hours per
gram (mAAh/g) correspond to a stoichiometry LiCg, the physics and chemistry of which are
very well studied and understood (Fischer, 1987). Its exfoliation in electrolytes results in a
very short lifetime, limiting its wide usage. The second category covers vitreous carbons
from pyrolyzing polyaromatic hydrocarbons or polymers at moderate temperatures (800 to
1500°C). The lithium capacity of these materials ranges from 300 to 600 mAAh/g, as good as
or better than LiCg. One interpretation involves covering up with lithium on both sides of
“single” graphitic sheets (Dahn et al., 1995b). The third category includes vitreous carbons
from organic precursors pyrolyzed at lower temperatures (500 to 800°C). These carbons
exhibit exceptionally high lithium capacity (600-1000 mAAh/g), most of which is irreversible
(i.e., covalently bonded lithium atoms), an effect due to high hydrogen residual.

Here, we address the local
structures of amorphous
2.0 carbons with large hydrogen
g 1_oj . concentration and the
. chemical bonding states
0 ? 110 . 1‘5 2‘0 25 of lithium, using time-of-
flight (TOF) pulsed neutron
diffraction. A carbon sample
was prepared at Simon
Fraser University, Canada
(Dahn et al., 1995a) by
pyrolyzing epoxy novolac
resin (poly[(phenyl glycidyl
ether)-co-formaldehyde],
Dow Chemical Corp.) cured

FIGURE 4. with phthallic anhydride
Radial distribution function (rdf, 4nr2p(r), solid curve) of the (Aldrich). The cured monolith

amorphous carbon containing 17 at.% hydrogen. The graphite rdf was ball-milled to fine

is also plotted as a reference (crosses). A Lorch-weighting factor powder prior to pyrolysis,
was applied in both cases to remove spurious features due to which was performed in a
truncation at 30 A-1. Inset: neutron-weighted structure S(Q). The tube furnace at 700°C in argon
incoherent and inelastic scattering backgrounds from hydrogen for one hour. Elemental

were fitted to a third-order Chebychev polynomial and removed. chemical analysis determined

RDF [4nrp(r)]
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the hydrogen/carbon atomic ratio, H/C = 0.17. Electrochemical testing on a small aliquot of
the sample revealed a lithium capacity of 650 mAAh/g. Neutron diffraction data were taken on
GLAD. A vanadium can (7/16-in. OD) with an indium gasket seal was used to prevent moisture.
Scattering from the instrument and the vanadium can was also measured and removed from
the data. A graphite powder sample (Fisher, 1987) was also measured under the same condi-
tions, as a control. Each data set was taken for eight hours. A large background was observed
from the amorphous sample due to both incoherent and inelastic scattering from the hydro-
gen. We used the SUBSLFGLD program to remove the background and obtain the coherent
scattering. No resonance was considered in the fitting procedures.

The neutron-weighted structure factor S(Q) (after removal of the background) is plotted in

the inset to Figure 4. Only a few broad features can be seen due to the very amorphous nature

of the sample. The radial distribution function (4x r2 p(r)) was obtained from S(Q) via Fourier
transformation; the result is plotted in Figure 4 along with that of graphite. A Lorch-weighting
factor was used to remove the spurious features due to truncation at 30 A1, The first peak,
found at 1.44 A, agrees very well with the C-C distance in graphite (1.42 A). The coordination
number (area under the first peak) and bond angle (from the second peak position at 2.47 A)
are 3.1 and 118°, respectively, consistent with an sp2 type of bonding. The so-called intra-
hexagonal peak is found at 2.85 A, twice the bond length, a signature of planar hexagons.
These results indicate that this particular material is remarkably similar to graphite on the
length scale <1 nm. The decrease in peak intensities relative to those of graphite is due to
small particle sizes. Real space modeling using plain graphite sheets reveals that the average
size is around 10-20 A, which would have 18% at. hydrogen atoms if they were all attached to
the edges, consistent with the H/C ratio from the chemical analysis.

Neutron Diffraction Measurements of Imidazolium

Chloroaluminates

2 Tt

Mixtures of aluminum chloride, AlCl;, and 1-ethyl-3-
methylimidazolium chloride (EMIC) have low melting 1 L AAA

T T

46 mol% AICI,

points (well below room temperature), high electrical
conductivity, and high current density of aluminum

A/\/\ 50 mol% AICl,

plating. These properties are strongly affected by the 1
ionic species and the structures of the melts. Previous Sj

N SN

investigations of these melts have indicated that the

~— ] y

i JA\,\ 60 mol% AICl,
1 [ A s,

major aluminum complex is AlCl, in basic melts I AU

(AlCl3<50 mol%) and Al,Cl; in acidic melts (AlCl;>50 mol%). )A'\ 67 mols AlCl,
|

Neutron diffraction studies were carried out on GLAD to r / M

obtain the structure and configuration of the ionic r

species. The samples were prepared by mixing highly S a— i S -

anhydrous AICl; with fully deuterated EMIC in a glove QA7)

box, where the H,O and O, levels were maintained at less

than 2 ppm. The melts were sealed under vacuum in FIGURE 5.

quartz tubes of 1-mm thickness and inner diameter of Structure factors of fully

3 mm. Four compositions, with 46, 50, 60, and 67 mol% deuterated AlCl3-EMIC.
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AlCl,, were selected. Measurements were made on each sample at 298 K, followed by a similar
measurement on an empty fused silica container of the same dimensions for purposes of
instrument calibration and data normalization; measurements were also carried out on a 0.64-cm-
diameter vanadium standard
and with the spectrometer
empty, both at 298 K. The
data were analyzed with
standard procedures devel-
oped at Argonne for glass
and liquid diffraction data,
incorporating simple correc-
tions for multiple scattering
and inelasticity effects.

Figure 5 shows the structure
factors S(Q) measured for
the four solutions. These are
rather similar over the range
Q > 5A-1. However, they show
differences at relatively low
Q, in the range of 1-5 A1,
which must be due to the
interactions between the
AlCly and Al,Cl; anions and
the EMI" cation.

\ .
r=3.1162A \ “ r=2.9830A
\

A better understanding of
the structure of these melts
can be achieved by combining
ab initio quantum chemistry
calculations with the neutron
diffraction data. For the

67 mol% AlCl; melt, the
calculations were carried
out on the assumption that AL,Cl; and EMI* were present. The neutron diffraction pattern
derived is in good agreement with the experimental one. The structure of the Al,Cl; and EMI*
complex is shown in Figure 6.

FIGURE 6.
Structure and Mulliken charges of the Al,Cl, ~ EMI' complex.
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Advanced Technical Ceramics

C.-K. Loong, IPNS Division, Argonne National Laboratory

otential benefits from applications of ceramic materials that utilize their unique proper-
ties are enormous. However, as a result of complex processing, alloying, transforma-
tion toughening, or composite reinforcement, practical ceramics inherently contain
microstructures, defects, interfacial impurity phases, anisotropies, and inhomogeneities.
Neutron scattering investigations yield information regarding the atomic organization and
dynamics that is crucial to the eventual tailoring of the applied properties. Table 1 lists
the major properties of interest to researchers and some recent user programs carried
out at [PNS.

I. Lanthanide-Doped Zirconia and Alumina as Catalytic Materials

Zirconia, an active isosynthesis catalyst, is capable of selective conversion of synthesis gas
into'branched hydrocarbons. High-surface-area zirconia and alumina powders can be used as

PROPERTIES OF INTEREST

MECHANICAL

THERMAL

CHEMICAL

OPTICAL

ELECTRICAL/MAGNETIC

BIOMEDICAL

MINERALOGICAL

TABLE 1. Properties of Technical Ceramics at IPNS.
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promoters and/or support components in automobile-exhaust emission-control catalysts to
remove poisonous gases, such as CO, NO,, and hydrocarbons. Doping lanthanides (Ln) into
zirconia to form solid solutions of Ln-Zr is an effective approach to improve the stability of
the catalysts at high temperatures. These mixed oxides are partially stabilized to the cubic
and tetragonal phases and are free from any disruptive structural transformation over a wide
temperature range. In addition, the difference in valency of the cations (Ln3- versus Zr#+)

RECENT USER PROJECTS

TABLE 1. Recent User Projects at IPNS.

results in oxygen vacancies,
which may lead to effective
adsorption sites and/or
strong metal-support inter-
actions. Masakuni Ozawa
(Nagoya Institute of Tech-
nology) holds a patent on
the use of Ln-ZrO, for
supporting precious metals
in automobile three-way
catalytic converters to
improve durability and
enhance de-NQ, perfor-
mance. Recently, a series of
neutron-scattering experi-
ments were carried out to
characterize the micro-
scopic properties of fine
Ln-doped zirconia and
alumina powders:

1. From powder diffraction
studies using GPPD, the
crystal structure of high-
surface-area (~80 m?/g)

Lng ;Zr904 95 (Ln = La and
Nd) powders prepared by a
coprecipitation method was
found to be composed of
mixed phases of tetragonal
and cubic symmetry, which
can be stabilized over a
temperature range (up to
~1000°C) pertinent to
catalytic applications
(Ozawa et al., 1995). A real-
space correlation function,
obtained from a Fourier
transform of the filtered
residual diffuse scattering,
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D(r) (arb. units}

showed evidence of static, oxygen-vacancy-induced atomic displacements along the
pseudocubic <111> and other directions (Loong et al., 1994g, 1995c¢); see Figures 1 and 2.

2. The y—5—6—« transformations over a temperature range of 450-1300°C in pure and
La-doped alumina were examined by in situ powder diffraction on GPPD. The effect of La
doping on the up-shifting of the o-Al,O5 formation temperature was observed.

Cubic Fm3m

Tetragonal P4,/nmc

3. The dynamics of hydro-
gen atoms associated with
the surface hydroxyl groups
and adsorbed water mol-
ecules on Lng 1Zr; O g5 and
pure ZrO, over a frequency
range of 0-4400 cm-! was
investigated by inelastic
scattering using HRMECS.

Monoclinic P24/c
The stretch vibrations of

FIGURE 1.

Pure ZrO, has three polymorphs: a cubic fluorite structure (space
group Fm3m) above 2640 K, a tetragonal structure (P4,/nmc)
between 1400 and 2640 K, and a monoclinic structure (P2;/c)
below 1400 K. In general, lanthanide-modified ZrO, exhibits
mixed crystal phases and defects that are sensitive to processes
of the synthesis, such as agglomeration in the precursor and heat

treatments of the samples.

Lag 1210901 g5
Heat treated at 600°C
Fourier filtered
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surface hydroxyl groups

on monoclinic ZrQ, were
found to have slightly
higher frequencies than
those for Lng 1Zry 50, 95. At
submonolayer coverage of
water the O-H stretch bands
broaden and shift to lower
energies. At higher coverage
three bands, corresponding
to the O-H stretch, H-O-H
bend, and librational motion

FIGURE 2.

(Top) The crystal structure of high-surface-area Lny ;Zry 9O, g5

(Ln = La and Nd) powders prepared by a coprecipitation method
were found to be composed of mixed phases of tetragonal and cubic
symmetry, which can be stabilized over a temperature range (up

to ~1000°C) pertinent to catalytic applications.(Bottom) A Fourier
filtering technique was employed to examine the shortrange defect
structure in Lag 127 90, 9s and Nd 21y ¢O; 5. The real-space cor-
relation functions obtained show evidence of static atomic dis-
placement along the pseudocubic <111> and other directions,
probably due to relaxation of atoms near the oxygen vacancies.
Oxygen vacancy sites in the present Ln-ZrQ, samples play an
important role in the removal of NO,, CO, and hydrocarbons as a
support component in a three-way catalytic converter for automobiles.

IPNS




of water molecules, were observed, indicating the influence of hydrogen bonding (Loong et al.,

1995¢, 1996¢).

4. Microstructural change and crystal growth in Ce- and Nd-doped ZrO,, as well as in pure
ZrQ, powders, were studied by small-angle scattering using SAD. Different porosities and
particle-size distributions were observed for these powders at various heat-treatment tem-
peratures; this may be due to the different oxidation states of Ce and Nd ions.

IL. Slip-Cast Sialon Ceramics as High-
Temperature, High-Strength Materials

The outstanding high-temperature properties of silicon
nitride (e.g., high strength and hardness, low thermal
expansion, and superb chemical durability) make these
ceramics of interest for applications as high-temperature
structural materials. Substituting Al for Si and O for N to
form a solid solution of Si-Al-O-N (sialon) adds new
opportunities in tailoring material properties to suit
different demands for technological applications (see
Figure 3). The resulting ceramic alloys often exhibit
varying microstructures and behaviors, depending on
the processing route. Sialon ceramics as structural
materials are usually densified by hot press or hot
isostatic press methods. Recently, reaction-sintered
sialons, Sig,Al,O,Ng, (0 <z<6) ceramics, were fabri-
cated by using aqueous slurries with a novel slip-casting
method by Sugura Suzuki and co-workers (Nagoya
Institute of Technology). Such a method has an obvious
advantage, namely the capability of forming relatively
complex shapes by using inexpensive plaster molds. It is
desirable to characterize the crystal phases and atomic
dynamics in conjunction with the macroscopic proper-
ties of these slip-cast sialon ceramic alloys. Such an
effort was undertaken in a collaboration between the
Nagoya and Argonne teams.

First, the crystal phases of the slip-cast Siz ,Al,O,Ng,,

(0 £z £ 6) ceramics were studied by diffraction measure-
ments using GPPD. A Rietveld analysis of the diffraction
patterns shows that samples of z < 4 form a single-phase
solid solution of Si-Al-O-N isostructural to 3-Si;N, (space
group P6s/m), known as B-sialons (see Figure 4). Within
this structure, there is a consistent preferred occupation
of O on the 2c sites and N on the 6h sites. For z > 4, the
materials exhibit multiple-phase structure, including
B-sialon, 8-Si3Al; 509N, 0-ALO4, B-SiAlLOsN,, and Al;O3N
phases (Loong et al., 1996a). Second, the generalized
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FIGURE 3.

(Top) Sialon ceramic alloys
prepared by a slip-cast method
at Nagoya Institute of
Technology and characterized
by neutron scaitering at IPNS.
Substituting Al for Si and O for N
in SisN, to form a solid solution
of Si-Al-O-N (sialon) adds new
opportunities for tailoring the
properties to suit different
demands for technological
applications. (Bottom) Rocker
arms which are brazed with
silicon nitride tips (NTK
products) improve wear
resistance and help maintain
free operation for long periods.




phonon densities of states
(PDOS) of the p-sialons
were determined by inelastic-
scattering experiments
using HRMECS. The observed
PDOS of the 0 <z <4 ceramics
displays phonon bands at
about 50 and 115 meV.
These features are consider-
ably broader than the
corresponding ones in
B-Si;N, powder. As z
increases, effects due to
atomic disorder lead to an
overlap of the two phonon
bands and a complete filling
2 up of the phonon gap at
© N(1) : ~100 meV (Loong et al.,
1996a). The combined
ONE) characterization by neutron-
FIGURE 4. scattering and mechanical-
property measurements
indicates that the slip-cast
B-sialon ceramics are of
comparable quality, in
terms of structural integrity
and mechanical strength,
with other B-sialons pre-
pared by hot press methods.

SiN, tetrahedron channel

The crystal structure of B-Si3N,. Under space group P6y/m, all
atoms situate in the mirror planes of heights at 1/4 and 3/4
parallel to the basal plane. Exemplifying SiN, tetrahedra chains
and a channel running along the c-direction are indicated. The
N(2) atoms join three neighboring Si atoms to form a coplanar
Si3N unit parallel to the basal plane. B-sialons, Siz  ALO Ny,

(0 < z < 4), were found to be isostructural to B-SizN,, but there
was a consistent preferred occupation of O on the N(1) or

2c sites and N on the N(2) or 6h sites.

II. Calcium-Doped Potassium Tantalate Niobate as New Electroceramics for Varistors
and Varicaps

The ferroelectric transition temperature of insulating K(Ta;,Nb,)O3 (KTN) varies with the Nb
concentration, and the character of the transition changes from first order to second order to
quantum ferroelectric with increasing x. Recently, high-quality ferroelectric K(Ta;  Nb,)O;
compounds with the addition of small amounts (~0.05 mol-%) of Ba, Ca, or Sr were prepared
by Lynn Boatner and co-workers at Oak Ridge National Laboratory. The resulting material is a
semiconductor with a high room-temperature electrical conductivity (a resistivity of about
0.06 W.cm as compared to 1016 W-cm for the corresponding undoped compound); see Figure 5.
In sintered Ca-doped KTN ceramics, the semiconducting crystal grains are surrounded by
thin insulating grain boundaries. Consequently, both the resistance and the capacitance of
the material exhibit a sudden change as the potential barrier at grain boundaries is overcome
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by an applied voltage. Devices using these resistance/capacitance vs. voltage characteristics

are called varistors and varicaps, respectively.

Normally, neutron, x-ray, or dielectric measurements are
suitable to study the properties of ferroelectric materials.
However, due to the formation of insulating surface
depletion layers in the Ca-doped KTN samples, dielectric
measurements will only probe the behavior of the
Ca-depleted layer, and x-rays do not have the penetrating
power to reach the semiconducting part of the sample.
Neutrons are the method of choice for the study of
effects of Ca doping on the ferroelectric and structural
transitions in KTN. Both single crystals and powders of
Ca:KTN were investigated, using the SCD and GPPD
diffractometers, respectively. In single-crystal samples of
KTN, with and without Ca doping, the orthorhombic-to-
tetragonal transitions were compared by monitoring the
Bragg-reflection intensities as relief of extinction effects
across the phase transition at low temperatures. In pure
and Ca-doped KNbOs powders of controlled grain size
(>150 um) obtained from ground-up crystals, the
orthorhombic-to-tetragonal (~230° C) and tetragonal-to-
cubic (~430°C) transitions were analyzed by Rietveld
refinements. Preliminary results show that both transi-
tion temperatures were shifted to slightly lower tempera-
tures in Ca-doped materials (Christen et al., SCD: #2056).

IV. Molten Alkali Carbonate as Next-Generation Fuel
Cell Materials

Molten alkali carbonate is an important electrolyte for
the next generation of fuel cells, which show promising
efficiency and attractive environmental features. An
intensive research effort has been undertaken by
Nobuyuki Koura and co-workers at Science University of
Tokyo. The design of this type of fuel cells calls for a
molten Li;CO3-KoCO3 mixture as the electrolyte and
porous metallic (Ni or Cu) anode and cathode. Electric-
ity is produced from combining hydrogen and oxygen
molecules (introduced through the anode and cathode)
via the electrolyte, resulting in a release of only water
vapor. Important technical issues, such as the relatively

FIGURE 5.

Calcium-doped single crystal
of potassium tantalate
niobate, showing the dark
semiconducting central
portion of the crystal that
contains the calcium
dopant, which is
characterized by a
resistivity of ~0.06 Q-cm,
and the clear outer region,
which is highly insulating
(p = 1016 Q-cm). Samples of
this type are currently being
used to investigate the
effects of charge carriers on
displactive ferroelectric
phase transitions.

high operating temperature (~650°C) and corrosive behavior of the carbonates, have to be
addressed immediately. It is known that the melting point, chemical reactivity, and corrosive-
ness of mixed Li;CO5-K;CO5 depend on the chemical balance of ionic species such as CO; and
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FIGURE 6.

Rietveld profile fit in the 0.5-2.8 A region of d-spacing for
(Liy 5Ky 5),CO5 at room temperature. The symbols (+) are the
observed, background-subtracted intensities. The solid line
represents the calculated crystalline intensities. The tick marks
indicate the positions of the Bragg reflections. The differences
between the observed and calculated intensities are shown at
the bottom of the figure. The large discrepancy of the large
d-spacing reflections is due to absorption by the sample. More
measurements using isotopic 7Li samples have been planned.

Mg,Si,04

FIGURE 7.

The measured neutron-weighted
phonon densities of states of
polycrystalline orthoenstatite,
Mg,Si, Oy (top), and forsterite,
Mg,SiO, (bottom). The peak in the
80-100 meV range in the measured
spectra of orthoenstatite has

contributions mainly from the

bridging oxygens and is absent
in forsterite.
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other metal cations. Neutron-
scattering studies of the
crystal structure and atomic
dynamics in Li,CO5Ky,CO5
solid solution have been
conducted, using the GPPD
and LRMECS instruments.
The goal is to determine

the short-range order
structure of ionic species

in the molten-salt state,
eventually using the GLAD
diffractometer. Figure 6
shows the powder pattern of
a (LioCO3)50:(KyCO3)5 solid
solution (Koura et al., GPPD:
#2250). A tentative crystal
structure was obtained from
a Rietveld analysis. This
structural information is
being used for ab initio
molecular-orbital and
molecular-dynamics calcula-
tions currently being carried
out in Japan.

V. Enstatite as an
Important Rock-
Forming Silicate

Enstatite, the magnesium
end-member of orthopy-
roxenes, which are impor-
tant rock-forming minerals
occurring in terrestrial and
lunar rocks and meteorites,
is considered to be an
important constituent of the
earth’s upper mantle. It has
three polymorphs: proto-,
ortho-, and clinoenstatite.
The structural building
blocks of these minerals
are single chains of Si0,
tetrahedra and double
bands of MgOg octahedra
running parallel to the




crystallographic c-axis. Structurally, the polymorphs are distinguished by their various
stacking sequences, which depend on the orientation of the MgOg octahedra with respect

to the Si0, tetrahedra. Because of their closely related structures, the thermodynamic proper-
ties of the enstatite polymorphs are expected to be similar. Following a previous experiment
on forsterite, Mg,SiOy, at IPNS, Subrata Ghose (University of Washington) and Narayani

Choudhury (Bhabha Atomic Research Center) have
performed similar PDOS measurements for orthenstatite,
Mg->Si,Oq. The principal motivation for the lattice dynamic
study is the eventual understanding of the thermodynamic
properties as a function of pressure and temperature and
the mechanism of phase transitions in this mineral.
Figure 7 shows the measured PDOS of orthenstatite. The
calculated lattice specific heat, obtained from a phonon
model using the neutron data, is in good agreement with
experimental values (Narayani et al., HRMECS: #1851).

V1. Rare-Earth Orthophosphates as Scintillators, Laser
Crystals, and Magnetic Refrigerants

Rare-earth orthophosphates, RPO, (R = rare-earth
elements), are known for their outstanding properties.
Their high melting temperatures (about 2000°C), struc-
tural and chemical stability, and long-term corrosion
resistance make these substances attractive for such
applications as high-temperature components and
nuclear waste storage media. The optical properties of
the rare-earth ions in RPO, hosts, particularly rare-earth-
activated luminescence, have found application in
scintillators and phosphors. For example, in 1995,
General Electric’s lighting division introduced a new,
long-life (10,000 h) household light bulb, known as the
E-lamp. It employs LaPO,:Ce3+, Th3+ as green phosphors.
The lamp produces 75-watt-equivalent light while con-
suming 23 watts of electrical power. Moreover, cerium-
doped LuPQ, is found to be one of the most promising
new scintillator materials. The magnetic phase transi-
tions and Jahn-Teller effects associated with some
RPO, compounds also have prompted many funda-
mental investigations, as well as suggesting magnetic
refrigerant applications.

Mixed natural rare-earth orthophosphates form the
minerals monazite (R = La-Gd) and xenotime (R = Th-Lu).
Pure crystalline forms of these compounds can be
synthesized by controlled precipitation techniques, and
single crystals can be grown by means of flux methods
(see Figures 8 and 9). For over a decade, high-purity

FIGURE 8.

Lanthanide orthophosphate
crystals grown by L A. Boatner
and J.O. Remey (Oak Ridge
National Laboratory). These
crystals are known for their
outstanding properties.
However, puzzlingly different
magnetic and optical behavior
is often found in orthophos-
phates containing different rare-
earth elements. The neutron
study provides a basic under-
standing of many imporiant
thermodynamic properties,
including magnetic suscep-
tibility, specific heat, saturated
magnetization, anomalous
thermal expansion, and atomic
migration and vibrations. It is
hoped that the knowledge
gained from systematic
investigations will lead to the
eventual development of new
phosphate materials with
properties tailored to advanced
technological applications.
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Xenotime Crystal Structure:

RPO; (R=Tb-lu,Y&Sq)  (Fageral zeon
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symmetry;
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FIGURE 9.

(Upper portion) The unit cell of xenotime, which contains four
formula units of RPQ,. (Lower portion) The Néel temperatures,
JM of the major components |J M> in the ground-state wavefunctions,
spectroscopic splitting g-factors of the ground state (// and |
denote the magnetic field directions parallel and perpendicular
to the c-axis, respectively), and the exchange field strength
estimated from a molecular-field approximation.

RPO, compounds have
been prepared and their
chemical and physical
properties characterized
by Lynn Boatner and
Marvin Abraham and
co-workers at Oak Ridge
National Laboratory.
Recently, a systematic
neutron-scattering study of
the rare-earth energy levels
and wavefunctions and
possible interactions
between f-electrons and the
crystalline lattice in RPO,
compounds was initiated at
IPNS. It is hoped that the
knowledge gained from
these investigations will
lead to the eventual devel-
opment of new phosphate
materials with properties
tailored for advanced
technological applications.

The rare-earth crystal-
field split-level structure
and the symmetry of the
wavefunctions of six
xenotime compounds are
shown in Figure 10. They
were derived from analyses
of the observed energies

and intensities of magnetic transitions, using a crystal-field (CF) model. The neutron results
provide a means to calculate important magnetic properties, such as the paramagnetic
susceptibility, specific heat, saturated magnetization, and effective exchange fields,
permitting a direct comparison with experimental data (Loong et al., 1993c, 1993d, 1993e,

1993f, 1994d, 1994e).

In some RPO, compounds, strong rare-earth spin-lattice interaction produces two major
effects: (1) a coupling of the elastic energy of the rare-earth subsystem with the lattice results
in anomalous thermal expansion and elastic properties, and (2) a coupling of the rare-earth
electronic states with optical phonons results in mode-mixing of CF-phonon excitations and
relaxation. For example, diffraction measurements using GPPD reveal an anomalous temperature
dependence of the lattice parameters of HoPO, and HoVO,. Starting from room temperature,
the lattice parameters decrease with decreasing temperature. But in HoPO,, the basal-plane
lattice parameter a reaches a minimum at about 100 K and then actually increases with
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decreasing temperature. In
HoVOQ,, this anomaly occurs
in the lattice parameter ¢
instead of a. The magnetic
origin of these anomalies is
confirmed by similar
measurements of the lattice
parameters of nonmagnetic
LuPO, and LuVO, com-
pounds, where no anomaly
is found. The situation is
illustrated in Figure 11,
where the magnetic contri-
bution to the relative change
in the lattice parameters for
HoPO, and HoVO, is shown
as a function of temperature.
The anomalous behavior in
thermal expansion coincides
with the temperature
dependence of the Ho3+ ion
quadrupole moments in
both compounds. The
opposite behavior of the
thermal expansion along
the a- and c-axes between
HoPO, and HoVOQ, is due

to the opposite sign of the
corresponding BZ CF
parameters. Neutron
magnetic-scattering results
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FIGURE 10.

A summary of the crystal-field (CF) structure of the six RPO,
compounds. The arrows represent the observed CF transitions.

In particular, the T'; and T'; states in TmPQO, were clearly observed
by neutrons, whereas they were missing in the Raman data.

We found no anomalies in either the positions or intensities.
Therefore, other workers’ proposed decay mechanism through
coupling to optical phonons can be ruled out entirely. The
difficulty in observing these states in electronic Raman scattering
must be related to the complexity of the theoretical calculation of
two-photon processes.

indicate that HoPO, has a 98% pure 8,7) doublet I'; ground state, whereas HoVO, has a
90% pure 8,0) singlet I'; ground state. The difference in the ground and low-lying states’
wavefunctions yields contrasting low-temperature magnetic anisotropy with respect to the
c-axis and basal plane in these two compounds (Skanthakumar et al., 1995a, 1995b, 1995c¢).
Strong CF-lattice strain coupling has also been observed recently in the elastic constant
anomaly in YbPO, at low temperatures (Nipko, GPPD: #1967).

VII. Lead-Indium-Phosphate Glasses as Optical Fibers

An important question in glass science is how the chemical durability and thermomechanical
behavior of a glassy system change as a function of composition. The structure of vitreous
P50y is thought to consist of a three-dimensional network of corner-sharing PO, tetrahedra,
each of which is decorated with a nonbridging P=O bond. As MO (M = network-modifying
elements, such as alkali and transition metals) is added to form a binary glass of composition
xMs0+(1-x)P,0s5, a structural transformation from a 3-D network of P,O5 (x = 0) to a complex
chain structure takes place through the generation of additional nonbridging oxygens. The
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FIGURE 11.

The magnetic contribution to the relative change in the lattice
parameters as a function of temperature for HoPO, and HoVOy,
The magnetic contribution is obtained by subtracting the relative
change in the lattice parameters of the corresponding lutetium
compounds. The lines represent the calculated quadrupole
moment of the Ho3+ ion normalized to the data at 12K

(see text).

addition of metal ions into

a phosphate glass may
significantly modify the
bonding between networking
atoms, so that a rich variety
of glasses of varying proper-
ties results. Table 2 lists
some examples of varying
properties of phosphate
glasses and their potential
applications. Understanding
the correlation between the
structural modifications
induced by various metal-
oxide additives and the
physical and chemical
properties represents one of
the most important aspects
of materials research on
phosphate glasses.

Among the two-component
phosphate glasses, lead-
phosphate glasses have
been studied extensively.
Although the low softening
temperature and melt
viscosity of lead-phosphate
glasses are attractive

from the point of view of
materials preparation, the
relatively poor chemical
durability when exposed
to aqueous conditions was
a major drawback to com-
mercial utilization. Over
the years, Brian Sales and
Lynn Boatner of Oak Ridge
National Laboratory have

found that by adding a small amount (<10 wt %) of iron oxide, the resulting dark-brown
ternary Pb-Fe-P glasses show a dramatic improvement in chemical durability without signifi-
cantly raising the preparation temperature or the melt viscosity. In searching for an equally
durable but optically clear glass, they have identified two useful candidates, Pb-In-P-O and
Pb-Sc-P-O glasses. These glasses have an index of refraction of 1.75-1.83 in the visible region,
an ultraviolet absorption edge at a wavelength near 300 nm, and strong infrared absorption
beyond 2800 nm. The preparation temperatures are relatively low (900 to 1000°C), and the

SCIENCE AT IPNS




PHOSPHATE GLASS EXAMPLES

COMPOSITION

PREPARATION
TEMPERATURE

CHEMICAL DURABILITY

THERMAL EXPANSION

ELECTRICAL CONDUCTIVITY

INDEX OF REFRACTION

DISPERSION

UV TRANSPARENCY

STIMULATED EMISSION

SURFACE CHEMISTRY

NUCLEATION AND
CRYSTAL GROWTH

BIOCOMPATIBILITY AND
BIOACTIVITY

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

chemical durability and resistance to both weathering and radiation are good (see Figure 12).
The length distribution of the PO, tetrahedral chains in Pb-In-P-O and Pb-Sc-P-O glasses was
determined by a novel liquid chromatographic technique. These PO, chains are held together
by bonds connecting the nonbridging O of the tetrahedra and the metal cations. In a recent
collaborative study between Oak Ridge and Argonne, a neutron-diffraction study of the short-
range atomic order in a Pb-In-O glass was carried out to make an identification of the In-O and
Pb-O spatial coordination (Suzuya et al., 1996).
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The neutron experiment was carried out using the GLAD diffractometer at IPNS. The use of
cold-to-epithermal neutrons in conjunction with the large solid-angle coverage of the position-
sensitive detectors on GLAD permits simultaneous measurements of coherent scattering from

FIGURE 12.

High-numerical-aperture optical fibers drawn using a lead-
indium-phosphate glass core and a calcium phosphate glass
cladding developed at Oak Ridge National Laboratory.

Pb-In-P-O glass

50 1.46 eV

FIGURE 13.

The neutron-intensity spectra of Pb-In-P-O glass observed at
scattering angles of 27.5 and 92.5°. In the 27.5° spectrum,
resonances of the 115In nuclei in the glass result in a depletion of

intensity at 12.5 and 20 A1, These resonances occur at much
higher Q (>35 A1) in the 92.5° spectrum.
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the sample over a wide
range of wavevectors.
Overlapping data sets from
different detectors are
combined, normalized to
the incident flux, corrected
for absorption, multiple
scattering, and self-scattering,
and then merged to obtain
the structure factor S(Q).
Figure 13 shows the neutron
intensity spectra, I(Q),
observed at two typical
scattering angles of 27.5°
and 92.5°, where strong
absorption due to resonances
of the 113In nuclei at 1.46
and 3.86 eV was seen
separately at 12.5 and

20 A1, respectively. This
makes it straightforward

to identify the portions
affected by the resonances
and to avoid including them
in the merged data set. As a
result, the structure factor
S(Q) can be obtained over a
Q range of 0.5 to 25 AL This
large Q range is essential to
an accurate assessment of
the near-neighbor atomic
correlation in a glass.

Figure 14a displays the total
distribution functions 7(r)
of Pb-In-P-O and pure P,05
glasses. The peak centered
at ~1.55 A corresponds to
the mean nearest P-O

distance, as observed in the
diffraction data of many
phosphate glasses. The
peak at ~2.5 A in the T(r)of
the Pb-In-P-O glass includes




a major contribution from
the nearest O-O correlation
as well as the Pb-O correla-
tion. For Q > 7 A—l, the peak
maxima in the S(Q) of pure
v-P,05 and the present
Pb-In-P-O glass coincide.
The main difference in the
high-Q data between the
two glasses is that the widths
of the oscillations in S(Q)
are somewhat sharper in
pure v-P»0;. This indicates
that, besides a narrower
distribution of bond lengths
and bond angles in pure
v-P,0s, the short-range

(r < 3 A) P-O and 0-O spatial
correlations in these two
glasses are similar. There-
fore, the effects of structural
modification by the metal
cations occur mainly in the
medium-range ordering.
The residual 7(r), obtained
by subtracting the fitted
gaussian functions for the
T(r) of the P-O glass from
the of the Pb-In-P-O glass,

is shown in Figure 14b. This
reveals two broad peaks
that may be attributed to
In-O and Pb-O correlations
at about 2.1 and 2.5 A,
respectively, for the lead-
indium-phosphate glass.

(a)

Pb-In-P-O glass
--o-—P-0O glass (scaled) |

(b)
15[

FIGURE 14.

(Top) The total distribution functions of Pb-In-P-O and

P-O glasses. The T(r) of the P-O glass was scaled by a
normalization factor of 0.6 so that both curves cover the same
area under the first P-O peak. (Bottom) The residual T(r)
obtained by subtracting the fitted gaussian functions for the P-O
glass from the T(r) of the Pb-In-P-O glass. Small oscillations at
r < 2 A due to truncation errors in the Fourier transformation
were ignored.

The combined neutron-diffraction data on pure v-P,Os, (PbO)s9(P05)4;, and Pb-In-P-O glasses,
in conjunction with the liquid chromatographic results on lead-phosphate glasses, confirm
that the major structural modification on the introduction of metal cations in phosphate
glasses occurs in the medium range involving the PO, chains. The work has now been
extended to lanthanide-bearing Pb-In-P-O glasses in which rare-earth-activated luminescence
is of crucial importance to the development of high-performance fiber-optic devices.
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Neutron-weighted PDOS (arb. units)

Aluminum Nitride Ceramics

AN PGA

FIGURE 15.

(Top) Sintered AIN ceramics with (black) and without (white)
TiN doping, prepared by NGK Spark Plug Co., Japan, and
characterized at IPNS. (Bottom) High-density IC packages and
multilayer substrates made with aluminum nitride ceramic
components (NGK products).

T T

AIN Sintered Ceramic
8K
HRMECS
Eg = 150 meV

FIGURE 16.
The observed neutron-

weighted phonon density of
states of sintered AIN
ceramic (no TiN doping).
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VHI. Aluminum Nitride
as a Substrate for
High-Density
Electronics Packages

The unique properties of
aluminum nitride have
attracted keen attention
from materials scientists in
recent years. It has a ther-
mal conductivity compa-
rable with those of most
conductive metals (e.g., Al)
and much greater than
those of typical ceramics
(~5 times that of alumina).
The high electrical resistivity,
good dielectric strength, a
thermal expansion coeffi-
cient closely matching that
of silicon, and lack of
toxicity (like that associated
with BeO) of AIN are ideal in
heat-dissipating substrates
for microelectronics applica-
tions (see Figure 15). Further-
more, AIN has high strength
(a flexural strength equiva-
lent to alumina), high
temperature stability, and
corrosion resistance.
Therefore, “high-tech” AIN
components can potentially
be used under extreme
conditions. In metals, heat is
carried primarily by elec-
trons, whereas in nonmetals
such as AIN, heat is carried
primarily by phonons.
Therefore, determination

of the phonon excitation
spectra of AlN is a funda-
mental step toward the
understanding of the
thermophysical behavior

of these materials.




In general, thermal conductivity of a solid depends on the microstructure and impurities
within the system. Therefore, it is desirable to perform neutron-scattering measurements on
well-characterized, sintered AIN ceramics. In a collaboration with Atsushi Kanda of NGK
Spark Plug Co. and with Ozawa and Suzuki at Nagoya, neutron diffraction and inelastic experi-
ments were conducted on sintered AIN ceramics, with and without TiN doping, for which
mechanical, electrical, and thermodynamic properties had been determined. The generalized
PDOS of these materials was measured using the HRMECS chopper spectrometer. The one-
phonon DOS exhibits relatively sharp bands at about 33, 63, 83, and 91 meV (see Figure 16).
In addition, distinct multiple-phonon excitations were observed up to ~300 meV. The neutron
spectra are being compared with results of molecular-dynamics simulations and lattice-
dynamics model calculations (Loong, 1996b).

ADVANCED TECHNICAL CERAMICS




The Structure and Dynamics of Zeolite
Frameworks and Adsorbates

F R. Trouw and J. W. Richardson, Jr., IPNS Division, Argonne National Laboratory

eolites represent an intriguing class of materials composed of infinite networks of

silicon and aluminum atoms, interconnected by oxygen atoms. The crystals of such

materials often contain significant void space consisting of open cages and/or cylin-
drical pores. The aluminum and silicon are four-coordinate, which means in practice that
charge-compensating cations are present in the void space to take into account the fact
that aluminum is usually three-coordinate.

The void space in such compounds provides a large effective surface area, and the aluminum
in the framework acts as a reaction center, resulting in catalytically active materials. Further-
more, the products of reactions inside the void space must conform to the space and shape
limitations imposed by the crystal structure. For these reasons, zeolites have been in use as
shape-selective catalysts in the chemical industry for the last 40 years.

Active research in the area of molecular sieve materials continues, ranging from the search
for novel materials to the modeling of zeolite frameworks and adsorbates. There has been an

FIGURE 1.
(Left) Basic sodalite building block and (right) a view of a simulated cell of Ca-A zeolite at 300 K.
Note the positions of the calcium ions (blue) on either side of the six-ring units.
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active program of research in molecular sieves at IPNS for the last decade. Here, we pre-
sent some recent results of a combined diffraction, inelastic scattering, and molecular
dynamics (MD) simulation study of some of the Type-A zeolites.

The typical framework structure of the Type-A zeolite is
shown in Figure 1, together with the basic sodalite cage
building block. The sodalite cage (B-cage) is composed of
six 4-ring and eight 6-ring units (the oxygen is ignored in
this type of description), and the unit cell of the Type-A
zeolite consists of eight of these building blocks inter-
connected via the 4-rings. This arrangement of building
blocks gives rise to a larger cage at the center of the unit
cell, which is referred to as the a-cage. This larger cage is
accessible through the 8-ring openings created at the
junction of the sodalite building blocks, while the B-cage ;

| |
is only accessible via a 6-ring or 4-ring opening. 2 21 2.2 2.3
D-spacing (angstrom)

Intensity (arbitrary units)

The charge-compensating ions have been found at

characteristic sites in the cages. There are basically FIGURE 2.

three sites favored by such ions, and they are associated Selected region of the diffraction
with the three different types of ring units found in the patterns of Li-A and Na-A as
framework. For sodium and potassium, all ions are measured on the GPPD

located in the a-cage, distributed over the 4-, 6-, and diffractometer at IPNS.

8-ring sites. For the 4-ring sites, the ions are located off

the surface, close to the 4-ring. For the 6-ring site, the

sodium ion is located close to the plane of the ring, while the potassium projects more into
the o-cage, as is to be expected for a larger cation. Both cations are located in the plane of

the 8-ring, but off-center in order to maximize the favorable interaction between the cation
and the framework oxygens.

Although the Type-A zeolites represent a well-characterized series of compounds, they are
still interesting from several points of view. Some unanswered questions remain related to the
structure of Li-A zeolite and the structure of Type-A zeolites containing ionic salts in addition
to the charge-compensating cations (e.g., a mixture of Li, K, and Cl ions held within the
zeolite-A framework). In addition, the vibrational spectroscopy of adsorbed water is still an
area that has not been adequately explored by means of inelastic neutron scattering, and the
vibrational spectroscopy of water in conjunction with ionic clusters represents completely
new science. In particular, the competitive interactions in the ionic clusters themselves, the
effect of the framework, and the selective hydration of particular species represent excellent
opportunities for studying such clusters in a well-defined environment. Here, we attempt to
provide a snapshot of such work, which is currently in progress at IPNS.

The first question that arose in this study involved the structure of Li-A zeolite, which is
different from, for example, K-A, Na-A, and Ca-A. This difference can be readily appreciated
from the dramatic differences in the neutron diffraction patterns for Li-A and Na-A as mea-
sured on GPPD (see Figure 2). The Li-A pattern demonstrates that the structure has a lower
symmetry than is found for most of the other charge-compensating cations. Because lithium
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is considerably smaller, it is possible that the ion is located off the center of the six-ring, as is
found for the larger cations in the 8-rings. However, this would not change the symmetry of
the structure; these locations of the lithium cations would still have a three-fold symmetry in

FIGURE 3.

Location of a lithium ion in the
plane of a six-ring, as predicted
by a molecular dynamics sim-
ulation. Note the off-center
location of the cation and the
resulting distortion of the ring,
which removes the three-fold
symmetry usually associated
with this site.

2.2 2.3
D-spacing (angstrom)

FIGURE 4.
Diffraction pattern of a Li, K,CI-A

zeolite, as measured on the
GPPD diffractometer at IPNS.
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the plane of the 6-ring.

At this point, a molecular dynamics simulation model
developed at IPNS provides further insight into the
structure of the Li-A zeolite. The likely explanation for
the lower symmetry is illustrated in Figure 3. The high
charge-to-radius ratio for the lithium cation is well
known, and the simulation model predicts that this
causes a characteristic distortion of the framework
6-ring, as the cation pulls in two of the framework
oxygens to create a “pocket” with a very favorable
lithium-oxygen coordination. This insight is the reason
for the lowering of the symmetry in Li-A, as the three-fold
symmetry at the 6-rings is lost, reducing the space group
symmetry from cubic Fm3c to tetragonal I4/mcm. This
suggestion was verified by Rietveld refinement of the
Li-A diffraction data. From refinements in I4/mcm, Li ions
are found off the centers of the 6- and 4-rings as well as
the 8-rings, being in the latter two cases (4- and 8-rings)
preferentially associated with pairs of oxygens linked to
a common aluminum atom.

In addition to the work on Li-A, diffraction measure-
ments have been extended to more complex systems.
An example of a moderately more complex system is
Li,K,CI-A, where in addition to the charge-compensating
cation, there is also an ionic cluster present in the cages.
In such mixtures, the differentiation between charge-
compensating cations and additional cations becomes
artificial, but it is still possible to identify which cations
bond to the classical 4-, 6-, and 8-ring sites. An example
of a diffraction pattern from Li;55K;oClgy SiggAlggOsg4 as
measured on GPPD is shown in Figure 4. Again, the
pattern is complex, which is not surprising in light of the
experience with Li-A. However, the material consists of
two phases, possibly indicating a preference for a par-
ticular stoichiometry in the presence of the extra ions.
The analysis of these complex mixtures is still underway,
in conjunction with MD simulations; a preliminary MD
result for this Li,K,Cl-A mixture is shown in Figure 5.
Detailed inspection of the results shows that the chloride
ions are closely associated with the lithium cations,
which are located on the framework surface and in the
cluster, and the chloride ions bridge two or more cations




to form chains of coordination. The potassium cations are predominantly located on the
framework surface, but they are still coordinated with the chloride anions. These results

reveal a small part of the wealth of information on the
behavior of ionic clusters subjected to a periodic exter-
nal field, in addition to providing basic information
relevant to understanding the siting of ions in complex
mixtures, which is in turn relevant to the macroscopic
behavior of such materials.

A fundamental question that always arises regarding the
predictions of theoretical simulation methods is the
correctness of the model. As an integral part of the
structural study of these Type-A zeolites, the predictions
of this model have been compared with the structures of
Na-, K-, and Ca-A zeolites known from X-ray single-crystal
diffraction studies. What this comparison entails, for the
MD simulation model, is an adjustment of the potential
describing the interaction of the charge-compensating
cation with the framework. This potential consists of two
parameters (Lennard-Jones 12-6 form): the size of the
cation and a parameter describing the strength of the
potential. The siting of the charge-compensating cations
is quite different for these three Type-A zeolites, and the
location and occupancy (as determined by the simula-
tions) represent a demanding test of the computational
model. As is found experimentally, the simulations
predict that all the calcium cations lie on either side of
the 6-ring units, while the sodium cations are distributed
over all three types of rings. Moreover, the predicted
occupancies are also in excellent agreement with experi-
mental data (for example, the occupancies for Na-A in
the 4-, 6- and 8-rings are 64, 24, 5 from the simulation and
62.2, 23.2, and 6.3 from the experiment, with the simula-
tion having three cations in the (1/4, 0, 0) position).

Having established excellent agreement between theory
and experiment on the basis of position and occupancy,
it would appear that the model is satisfactory. However,
the neutron data provide a further stringent test of the
computational model. The neutron powder diffraction
profile can be readily extracted from the theoretical
model. The resulting comparison for a small part of the
profile, as shown in Figure 6, reveals a significant dis-
crepancy between theory and experiment. On the basis
of the magnitude of the contribution from the different
atoms in the zeolite model, the main differences arise
from peaks with a large oxygen contribution. Although

FIGURE 5.
Snapshot of the contents of a

o-cage for the Li K,Cl-A zeolite, from
a molecular dynamics simulation.
Lithium is shown as blue; potassium,
yellow, and chlorine, purple.
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FIGURE 6.

Diffraction patterns of Na-A, as
measured on GPPD, are directly
compared with the pattern
predicted by simulation. The
relative normalization is
arbitrary, but the predicted
intensity at about 2.175 Ais
clearly too low.
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the framework structure
appears to be satisfactory
on the basis of average
positions, there is clearly a
distortion or disorder in the
model that is incorrect,
indicating that the frame-
work potentials involving
framework distortions need
to be improved. This is a
significant finding as the
motion of the framework,
and in particular the fluctua-
1'0 20 30 40 50 6'0 tions in the 8-ring openings,
Neutron Energy Loss (cm!) are important for under-
standing transport pro-
cesses in Type-A zeolites.

Intensity (arbitrary units)

In addition to these struc-
tural studies, inelastic and
quasielastic scattering on
the QENS spectrometer
at IPNS have provided
insight into the dynamics
of adsorbates in zeolites.
In conjunction with the
150 neutron diffraction work

Neutron Energy Loss {cm™) on GPPD, work has been
started to characterize the
dynamics of water adsorbed
in Type-A zeolites. Although
inelastic scattering has been
used to characterize such
compounds in the past, the
work has frequently focused
on the spectra from zeolites
saturated with water and
measured with neutron
energy gain spectroscopy.
200 400 600 800 The latter requires measure-

Neutron Energy Loss (cm™) ments at (for example) room
temperature, with the attend-
FIGURE 7. ant complications of large-

Intensity (arbitrary units)

Intensity (arbitrary units)

4 H,O/a cage
1 1

Inelastic scattering spectra for hydrated sodium and calcium amplitude motions, and
Type-A zeolites, as measured on the QENS spectrometer at 15 K: possibly even translational
(top) Na-A with 3 H,0/0-cage, (middle) Ca-A with 3 H,0/o-cage, and rotational diffusion.
and (bottom) Ca-A with 4 and 8 H,O/o-cage.
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To provide a baseline measurement of the spectra of water adsorbed in the Type-A zeolites,
the vibrational spectra for Na-A and Ca-A have been measured on the QENS spectrometer at

15 K (neutron energy loss), using low doses of water.
These spectra, shown in Figure 7, are quite different for
the two compounds. The Na-A has essentialy three
peaks: one at about 30 cm-l, a broader and weaker
feature at approximately 120 cm-l, and a third band at about
610 cm1. The Ca-A has a low-frequency feature (but
considerably broader than the low-frequency peak in the
Na-A) and some ill-defined peaks at about 520, 680, and
900 cmr!. In addition, there is an elevated “background”
under the peaks over the whole frequency range shown.

Previous work on these hydrated zeolites assigned the
low-frequency peak to the motion of the water/cation
cluster and the higher-frequency features to the libra-
tional motion of the water molecules, based on the
similarity to the inelastic spectrum of ice. These assign-
ments are reasonable without further information,
although the similarity of the librational spectrum in
ice and water in zeolites is less appealing, particularly
for the low loadings of water used in these experiments.

Fortunately, MD simulations provide the means to test
these assignments. For the simulations of Na-A with
adsorbed water, the model predicts that the first few
water molecules will reside in the 8ring units, coordi-
nated to the framework and the sodium cations. There is
sufficient space in the 8ring for the oxygen on the water
to attach to the sodium cation while also hydrogen-
bonding to two of the 8-ring oxygens (see Figure 8). This
result is consistent with thermodynamic expectations,
because the water locates itself in an optimal environ-
ment for favorable interactions. Extending this model

to the case of calcium, all the cations are located in the
6-ring sites, which are too small to accomodate an
additional water molecule in the plane of the ring. The
addition of water to the Ca-A simulations does not
change the location of the cations at low water loadings
(Figure 9).

The power spectra predicted for water in Na-A are
shown in Figure 10 for the motion of the water hydrogen
atoms, the water oxygen atoms, and the sodium cation.
The low-frequency motion of the oxygen matches that
of the water hydrogen atoms, while there is no such
feature in the sodium spectrum. This means that the

FIGURE 8.
Picture from the simulation of
water in Na-A zeolite, showing
the water located in an eight-
ring, adjacent to the sodium ion
(vellow).

FIGURE 9.
Section of the simulation system
for partially hydrated Ca-A. Note
that the calcium ions (light blue)
are still located on the six-rings.
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lowest-frequency feature in the simulation model power spectrum for hydrogen at 30 cm-!

arises from the center-of-mass motion of the water molecule relative to the cation and the

lattice. The higher-frequency feature in the calculated power spectra is present only in the
hydrogen spectrum, which is consistent with a librational motion.

This theoretical result confirms the assignment of the librational peak, while it also suggests
that the low-frequency assignment is not quite correct, because the water molecules vibrate
in their adsorption sites at a lower frequency than do the neighboring cations.

For Ca-A, the MD power spec-
tra have a low-frequency
mode at about 47 cmr!, which
is again not present in the
spectrum for calcium, a
broad band from about 80 to
400 cm-! that is featureless
in the hydrogen spectrum,
although it has structure

in the other two spectra,
and a distinct peak at

about 480 cm-! in the hydro-
gen spectrum. The low-
frequency feature and the
adjacent broad band of
intensity is similar to the
measured spectrum, but
there is no higher-frequency
;/H. Water 4 feature in the experimental

: 1 spectrum. The elevated

] “background” found in the
experimental spectrum
appears to be a major com-
ponent of the scattering,

: and this could well be due
O. Water SRS to disordered water, as
would be expected for
molecules not bound to
specific sites adjacent to

the calcium cations.

H. Water

400 600 800 1000
Frequency (cm™)

FIGURE 10.
Predicted power spectra of the water hydrogen atoms, oxygen For these two partially
atoms, and charge-compensating cations in (top) Na-A and hydrated materials, the MD
(bottom) Ca-A hydrated to the level of three water molecules per results are both promising
a-cage. The power spectra intensities have not been scaled to and challenging. The Na-A
allow for direct comparison with the neutron spectra. The simulations appear to be in
inelastic neutron scattering spectra are dominated by the water good agreement with exper-
proton motion. imental data, while the Ca-A
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results are less so. Bearing in mind the excellent agreement between the predicted and
measured structures of the anhydrous zeolites, it is somewhat surprising to find such
discrepancies for the hydrated forms. Further work will be needed to achieve a better
experimental and theoretical understanding of this modestly complicated system. It is
only on the basis of a sound understanding of the hydrated forms of simple Type-A zeolites
that we can attempt to understand more complicated hydrated clusters encapsulated in
zeolitic materials.

These examples demonstrate the close relationship between the MD simulation method and
neutron scattering. For the Li-A structure, where the distortions of the framework are readily
apparent from simulations, the essential difference between this Type-A zeolite and others in
the series can be readily appreciated. The interpretation of inelastic scattering data is diffi-
cult and, as demonstrated for hydrated Na-A, subject to peak assignment errors.

At the same time, the differences between the measured and predicted diffraction patterns
highlight a shortcoming of the theoretical model, as is also the case with the less than satis-
factory agreement between the calculated and measured vibrational spectra. A combined
theoretical and experimental approach will be essential in coming to a full understanding of
these simpler systems, as well as the much more complicated materials that are the goal of
this program of zeolite science at IPNS, made possible by the capabilities of the GPPD
diffractometer and the QENS spectrometer.
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Much Ado About Something

G. P Felcher, Materials Science Division, and S. Adenwalla, IPNS Division,
Argonne National Laboratory

t was the hyper-tall dutch Professor van Well who uttered the words “There must be a

way to uniquely convert reflectivity data into a depth profile,” while Victor de Haan, his

eternally smiling student, and the two of us stared at a bundle of computer printouts.
“Look here at this measured reflectivity and how good the fitting is in terms of two totally
different models, that is to say, two different sequences of chemical layers in the samples we
measured. Which one is the real one? Which one is fiction? Maybe the true profile is some-
thing else again. It all boils down to the fact that we measure the intensity of the reflectivity
but not its phase, and with only that information our transformation from reflectivity to depth
profile is not unique. But how do we get the phase?”

“Maybe we can put our sample close to a layer of a substance that we know well,” someone
interjected. “That would give us a handle. Actually, if that layer is magnetic we can have three
different refractive indices: two obtained by magnetizing the layer in the plane of the film and
looking at it with neutrons polarized parallel and antiparallel, and the third by magnetizing
that layer perpendicular to the film.” The speaker was on solid, but generic, ground: any
prospector knows that having a reference point helps in measuring an object. Extracting the
amplitude and phase of the reflectivity from such measurements is another matter — a matter
that was solved in a set of lucid and elegant equations by the student with the eternal smile.
By the time a paper, entitled “Retrieval of Phase Information in Neutron Reflectometry,” was
sent to Physical Review, all of us were smiling.

Ten days passed, and then
on the desk of one of us a
~— manuscript appeared, sent
by Physical Review for
_l_ refereeing. The title of this
25 nm E ‘ paper was “Exact Determi-

3 T nation of the Phase in
50 nm Neutron Reflectometry,” by

Y Majkrzak and Berk of NIST.
unknown Exactly the same equations,

exactly the same results.... It

looked as if Nature had

decided to reveal one of her
FIGURE 1. little secrets to many
Reflectivity “gedanken experiment” with the sample to be parties at once; at first,
measured set in proximity to a known magnetic sample. those parties were upset
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and suspicious, but in the end they published their results back to back in the same journal,
like good friends (Majkrzak and Berk, 1995; de Haan et al., 1995).

Is it true that once you have phase and amplitude the

problem is solved? Together with a gallant mathemati- 0.008

cian from lowa State University, Paul Sacks, we set about 0.006 [

looking into the question by means of a “computer 004 -

experiment.” The experiment consisted in taking a e

sample composed of a magnetic standard, cobalt, with f 0.002 |~

known properties and placing it in close proximity to 0.000

another sample, which we called “gold” (Figure 1). This M

gold had, as determined by neutron optics, the scatter- 0002 7

ing length density indicated by the solid line in Figure 2. -0.004 . '

The layer is sharply defined on one boundary, as if the 10 0 10 Z (o)

surface were infinitely smooth; on the other side, the

scattering length density gradually decreases, as if the FIGURE 2.

sampling were taking place on a rough surface. With that Solid line: the neutron optical

initial profile, the reflectivities of the system cobalt + profile of a film (called “gold”).

gold were calculated, and the phase and amplitude of Solid points: profile

the reflectivity due to gold only were extracted and back- recovered from perfect

transformed to recover a gold profile (solid points in reflectivity data. Open triangles:

Figure 2) that matches the original one well enough. profile recovered from
reflectivity data with 5% jitter.

Great success? Well, a small success. In our calculation,

we used exact data points for at least some of the

reflectivity range; however, if a 5% jitter was introduced without applying other tricks, the
“recovered” profile was very much ruined (triangles, Figure 2).

As experimentalists, we were not happy with computer simulation; we wanted to get our
hands dirty with real samples and real neutrons. So we took a thin film of cobalt; on it we
smeared, instead of gold, a thousand angstroms of deuterated polystyrene, and we stuck this
sample in the neutron beam in the same configuration shown in Figure 1. The measurements
with the magnetic field applied parallel to the surface went routinely. But on applying the
magnetic field perpendicularly to the surface, we goofed big. A back-of-the-envelope calcula-
tion would have shown that the magnetic field necessary to magnetize cobalt perpendicularly
to the surface was about 18 kOe, as indicated by the saturation value of the magnetization;
instead, we used a value of 13 kQOe. It was then that our detector showed a strange image.

Figure 3 gives a cartoon view of our sample/detector arrangement. All the neutrons elastically
reflected are supposed to exit the surface at an angle equal to the angle of incidence, hitting
one spot on the detector, where their wavelength is sorted out by time-of-flight. No neutrons
are supposed to enter the detector at other angles, unless of course the sample is not exactly
flat. Figure 4 gives a contour plot of the intensities collected in a magnetic field of 13 kOe.
These intensities are given for the two neutron spin states (parallel [+] and opposite [-] to the
field) as a function of the wavelength and of the reflection angle. Conventional reflectivity
gives one stripe only, centered at one angle 6 and extended at all wavelengths. In addition to

MUCH ADO ABOUT SOMETHING




Detector

FIGURE 3.

Geometry of the sample-detector system.
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FIGURE 4.

Contour plots of the

raw neutron intensities
reflected from a cobalt/
polystyrene film. The angle
of incidence is 0; = 0.44°,
and the magnetic field is
13 kOe. 4a (left), spin up;
4b (below), spin down.
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that, you can see a mus-
tache at the right for [+]
neutrons (Figure 4a) and a
mustache at the left for [-]
neutrons (Figure 4b). To
explain the effect, this time
we went back and used that
back of the envelope
(Felcher et al., 1995).

The explanation is simple.
The cobalt is not fully
aligned in the magnetic field,
and the neutron spins, upon
reflection, can precess around
the local moments. Even if no
energy is exchanged between
neutrons and sample, the
flipped neutrons swap their
Zeeman energy with kinetic
energy. In mathematical
terms, the total energy is
conserved if

k% + Ky? £ 8m2m p, H/h2 = k2
+ K2 7 8m2m W, H/h2,

where y, is the neutron
moment and H is the applied
field (the term in which they
enter is the Zeeman energy),
h is Planck’s constant, and
ky = 27 cosO/A, k, = 21 sinf/A
are the momentum compo-
nents parallel and perpen-
dicular to the surface for
neutrons incident at an
angle 6, or reflected at an
angle 6; from the surface.

An added constraint is the
conservation of the neutron
momentum in the plane

of the surface k; = k.

As a result, the exit angle

is different from the
entrance angle:




02 ~02+147x 107H - A2,

with 6, 6; expressed in radians, H in kOe, and X in A. The calculated loci of the spin-flipped,
reflected neutrons, drawn in Figure 4, match well with the maxima of the observed ridges.
What surprised us was that the effect was so visible, even though the splitting of the Zeeman
levels was only 0.17 eV at 13 kOe.

Does this represent the dawn of a new era of neutron surface spectroscopy? Honestly, we
did not find any other case where we could apply these notions. If you find one, please drop
us a note — or at least a preprint of your manuscript, on your way to sending it to Physical
Review Letters.

Reference

C.F. Majkrzak and N.F. Berk, Phys. Rev. B 52 (1995), 10827.
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Neutron Irradiation Effect
Studies at IPNS

R. C. Birtcher, Materials Science Division, Argonne National Laboratory

low but persistent level. Reduced from an initial facility consisting of a dedicated

spallation target system optimized for radiation effects, the current program utilizes
two thimbles in the Neutron Scattering Facility. One of the thimbles, located in the H2
beamline, is restricted to ambient-temperature irradiations; the second, located in Vertical
Thimble 3, has been outfitted with a vacuum-isolated inner volume that permits irradiation at
controlled temperatures up to 600°C. This second thimble, called the Radiation Effects
Module (REM), began operations in 1992. The energy required to achieve the desired tem-
perature is supplied by electrical heaters on experimental inserts. Since the energy deposited
in the thimble from the neutron and gamma fluxes is very low, temperature control in the
thimble (independent of IPNS operation) is better than 1°C, far superior to any other neutron
irradiation facility. The REM is operated by the Materials Science Division at ANL, with
experiments being approved through the IPNS experimental review process.

Radiation effect studies at IPNS have continued over the past five years at a relatively

Irradiation experiments at IPNS have concentrated on studying the behavior of uranium
silicide reactor fuels during early stages of their burnup. Changes in their crystallographic
structure have been followed with neutron scattering in the General Purpose Powder
Diffractometer (GPPD) at IPNS. The fuels under study are UsSi and UsSi,. These are high-
uranium-density materials for use in high-power or low-enrichment applications.

Neutron irradiations were performed at room temperature in the H2 facility. The
neutron spectrum for this facility is characteristic of a reactor’s neutron spectrum,
with the addition of neutrons having energies up to 450 MeV. Damage in the specimens
was primarily produced by uranium fission in a manner identical to damage produc-
tion in operating nuclear reactor fuel. The nuclear-reaction cross sections for fast and
thermal fission were determined by standard activation techniques to give a fission
rate of 5.39 x 1027/proton for the uranium isotope ratio found in the specimens. The irradia-
tions were performed in small steps, U burnup <3 x 108, in order to closely follow changes in
the crystal structure; total uranium burnups amounted to about 2 x 106, Average damage rates
were 5 x 102 displacements per atom (dpa)/sec for U;Si and 4 x 108 dpa/sec for U;Si,.

After each irradiation step, allowing an appropriate time period for radioactive decay
(as long as 100 days), a time-of-flight powder pattern was measured on the GPPD, and
the data were analyzed using the Rietveld profile refinement technique. For these
experiments, only data from the highest resolution banks at 2Q = +148° [d ~ 0.4 t0 2.9 A,
Ad/d(FWHM) ~ 0.0025] were processed. Data collection times varied from 12 hours for
unirradiated specimens to 48 hours for highly irradiated specimens.
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The diffraction peak shapes from the unirradiated material were the result of instrument
resolution limitations. Repeated irradiation produced structural changes in both alloys that

resulted in shifting and broadening of the Bragg peaks.
In addition, the intensities of the Bragg peaks decreased
as the background intensity irom diffuse scattering
(arising from lattice damage and amorphous material in
the specimens) increased. The diffraction peak shifts
arose from lattice distortions due to strains from defects
and the increasing amorphous volume fraction. The
irradiation dose at which all diffraction peaks disap-
peared was between 0.88 and 1.13 x 1017 fissions/cm3, or
0.29 to 0.38 dpa, for both UsSi and U;Si,. This is consis-
tent with the results of Bethune (1969), who found
amorphization between dose steps of 0.6 and 2 x 1017
fissions/cms3.

The fractional changes in the lattice parameters from
U,Si and U;Si, are shown in Figures 1 and 2 as functions
of the amount of damage produced by the fission frag-
ments. The response of the two compounds was quite
different. In U;Si, the a-axis expanded while the c-axis
contracted, and the net volume change was positive. In
U;Siy, the a-axis contracted strongly while the c-axis was
little changed, and the net volume change was negative.
These results explain the surface appearance of ion-
irradiated U;Si containing second-phase precipitates of
U,Si,. After ion irradiation, the U;Si, precipitates were
rendered in negative relief after the U;Si had expanded
and the UsSi, had contracted during irradiation.

The lattice dilation arose from the long-range strains due
to cascade size volumes of amorphous material. At 30°C,
both alloys were directly amorphized by irradiation. At
low doses, when the volume fraction of amorphous
material was small and localized in separated fission
tracks, the lattice strain was equal to the product of the
volume fraction of amorphous material times the volume
dilation produced upon amorphization. At high doses,
when the volume fraction of crystalline material was
small, volumes of crystalline material were embedded

in amorphous material, and the situation was much
more complex.

Direct amorphization by the fission fragments resulted in the
volume fraction of amorphous material, f,, increasing as

fy = (1-eo49) 0

FIGURE 1.

Lattice parameter changes,
Aa/a (diamonds) and Ac/c
(squares), in U,Si during
neutron irradiation at room
temperature. The lines are fits
using Equation 1 (dashed lines)
or Equation 2 (solid lines). The
fitting parameters are given in
the text and in Table 1.
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FIGURE 2.

Lattice parameter changes, Aa/a
(diamonds) and Ac/c (squares),
in U,Si, during neutron irradi-
ation at room temperature. The
lines are fits using Equation 2.
The fitting parameters are given
in Table 1.

NEUTRON IRRADIATION EFFECT STUDIES AT IPNS




where @ is the neutron dose and ca is the cross section for amorphization. As the specimen
was amorphized, the scattering intensity in diffraction peaks decreased and the background
scattering increased. Background scattering from U;Si for d-spacings between 2.12 A and

2.20 A was determined by fitting a Lorentzian to the raw data. The ratio of background
intensity to peak intensity is shown in Figure 3 as a function of the irradiation dose. The curve
in Figure 3 is a fit based on Equation 1 with a cross section of 1/0.096 dpa. The increase of the
background intensity indicates that amorphization was occurring directly within individual
fission tracks and that the specimen was transforming from the crystalline state according to
Equation 1. Two of the curves in Figure 1 are fits based on the assumption that the lattice
parameter change is equal to the product of the volume dilation produced upon amorphization
times the volume fraction of amorphous material given by Equation 1. Within the experimental
uncertainty, UsSi and U;Si, amorphized at the same rate.

The exponential fits to the lattice parameter changes in Figure 1 indicate that for U;Si the
fractional increase in the a-axis saturated at 0.0115 while the c-axis contracted by 0.0065.

The saturation value for the lattice volume expansion was 0.0165, although the maximum
achieved was 0.0157. Walker
and Morel (1971) found,
with X-ray diffraction after
ion irradiation, a saturation
value for the lattice volume
expansion of 0.012, based on
a 0.4% shift of the <202~
reflection. We found a total
shift in the <202> d-spacing
of 0.3725%, and we directly
determined the change in
the unit cell volume to
achieve a maximum change
of 0.0157; this value declined
as the specimen became
progressively more amor-
phous. Bethune (1969)
FIGURE 3. found, using X-ray diffrac-
Ratio of background intensity to peak intensity from U,Si for tion after a neutron dose

scattering between d-spacings of 2.12 A and 2.20 A. equivalent to 0.17 dpa, that
the a-axis had expanded by

0.0065 and the c-axis con-
tracted by 0.0074, resulting in a volume expansion of 0.0056. After the same dose, we found
the a-axis expansion to be 0.0087 and the c-axis contraction to be 0.0033, resulting in a vol-
ume expansion of 0.014. These X-ray diffraction results were based on a limited number of reflec-
tions, and peak broadening played a role in their interpretation. In addition, the X-ray diffraction
results were sensitive to the surface treatment of the specimens, and cold work or surface
deformation would result in the tetragonal-to-cubic transformation without amorphization.

Background/Peak Intensity
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The exponential fits to the lattice parameter changes in Figure 2 indicate that for UsSi,, the
fractional decrease in the a-axis saturated at -0.011 and the c-axis saturated at -0.00097. The
saturation value for the lattice volume expansion of UsSi, was -0.023. No comparable experi-
mental results are available for UsSi,.

At damage levels greater that 0.1 dpa, the values of the lattice parameters of U;Si deviated
strongly from the exponential fits. The effect occurred, but less noticeably, for U;Si,. Devia-
tions indicate that lattice strains were being relaxed as amorphous material filled the speci-
men and the remaining crystalline regions in the amorphous matrix became isolated from
each other. Plastic flow of amorphous materials during irradiation is a universal behavior and
occurs in response to any strain, such as that associated with the volume change upon
amorphization. The specimens in this experiment consisted of 50- to 150-um-diameter par-
ticles. For plastic flow to occur in these particles, an amorphous volume had to be connected
to the surface so that it was free to expand. During ion irradiation, amorphous U;Si undergoes
rapid plastic flow, while the flow rate in U;Si, is much lower. Thus, strain in the crystalline
fraction of the specimens showed an initial increase due to the embedded amorphous regions,
followed by a decrease in strain as the volume fraction of amorphous material increased.

On the basis of the exponential fits to the data in Figures 1 and 2, strain relief becomes
apparent in U;Si and U;Si, when the volume fraction of amorphous material is 70%. At this
concentration, it is easy to visualize the remaining crystalline volumes becoming discon-
nected and the amorphous material yielding.

In general, our results were in agreement with the X-ray diffraction results; differences in the
measured volume expansions were the result of stress relaxation due to plastic flow of the
amorphous volume fraction. The rate of plastic flow depends on the mechanical constraints
imposed on the system. In an unconstrained system, plastic flow is proportional to the
irradiation dose. In order to gain insight into the strain relief, a linear relaxation term was
added to Equation 1 so that the change in the a-axis lattice parameter was described as

Aa Aa

=-a®+ =2

a = r(-eo) @

M A X

where o is a constant related to plastic flow and Aa_a|MAX is the maximum lattice strain that
would be measured without plastic flow. Values of the parameters are given in Table 1. A
value of o = 0.026 was found for both the a-axis and the c-axis of UsSi, and a value of o = 0.0092
for UsSi,. Due to the unknown mechanical constraints of the specimen particles, it is not clear
how to interpret these values; however, a was larger, and unconstrained plastic flow was
much more rapid, in U;Si than in U3Si,. The volume change on amorphization is given by
twice the change in the a-axis plus the change in the c-axis. The volume changes on
amorphization were 0.0233 for U,Si and -0.0301 for UsSi,. Density measurements on bulk U;Si
indicated a volume increase of 2.3%. The values agree, and there is no indication of excess
vacancies or voids after amorphization. Discrepancies between previous X-ray measurements
and bulk density measurements were due to strain relief in the crystalline material through
plastic flow of the amorphous volume fraction. No comparable experimental results are
available for UsSis.
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Scattering Intensity Arbitary Units

PARAMETER CHANGES DETERMINED BY NEUTRON DIFFRACTION

Plastic Flow
Rate o

Table 1. Parameters derived by fitting Equation 2 to lattice parameter changes determined
by neutron diffraction.

In addition to changes in lattice parameters, U;Si undergoes a phase transformation to its
high-temperature cubic phase as atoms at the Uy position approach the idealized CuszAu
position (1/4,3/4,0). This transformation has been detected by X-ray diffraction for neutron
and ion irradiations. The cubic transformation is illustrated in Figure 4 by the convergence of
the (220)7 and (004)1 reflections to the cubic (200). diffraction peak with increasing damage.
For purposes of display, the (220);r peaks have been normalized to unity and the curves
shifted vertically with increasing dose. Not shown in this representation is the significant
increase in diffuse background scattering with increasing dose. The apparent increase in
noise as the irradiation dose increases is due to the decreasing volume fraction of crystalline
material contributing to the diffraction peaks relative to the increasing scattering from
defects and the amorphous volume fraction contributing to background scattering. The
d-spacing of the (220) and

FIGURE 4. (004) reflections is shown

Changes in the (220); and in Figure 5 as a function
(004) 1 reflections of U;Si of the irradiation dose.
produced by neuiron Extrapolation of these
irradiation. Background peaks’ positions to total
intensities have been convergence yields the high-
subtracted, and peak temperature, cubic-phase
intensities have been lattice parameter. After peak
normalized to unity. The convergence at a dose of
different curves correspond to 0.1 dpa, when the crystalline
damage levels of a, 0; b, 0.003; volume fraction is 0.1, the

¢, 0.006; d, 0.011; e, 0.0235; (200)¢ diffraction peak

£ 0.037; g 0.052; h, 0.074; continues to shift, indicating
i, 0.093;j, 0.119; and additional lattice expansion,
k, 0.144 dpa. The vertical at a rate of 6.1%/dpa. These

line at 2.157 A represents the peak shifts indicate that the
(200) reflection of the high- driving force of the transfor-

temperature cubic phase. mation is the accumulation
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of homogeneous lattice
strains, without the direct F 4
formation of the cubic
phase within the small
volumes damaged by the
fission fragments. Such
direct formation of cubic
material would be indicated
by the growth of a (200).
diffraction peak at 2.156 A,
rather than the merging of
the two tetragonal peaks.

Lattice Spacing (A)

The homogeneous nature of 0 0.05 0.1 0.15 0.2
the transformation may Dose (dpa)

be enhanced by the powder

specimen, which consists FIGURE 5.

of unconstrained, single- Changes in the peak positions of the (220)+ and (004)y
crystal particles between reflections of U,Si produced by neutron irradiation.

50 and 150 pm in diameter.
Previous results based on
X-ray diffraction claimed that the cubic phase was an intermediate phase before amorphization.
We have shown that this is not the case, and that included amorphous volumes drive the
tetragonal-to-cubic phase transformation much as internal stress from cold work or surface
deformation can transform U,Si to the cubic phase.
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Denis Wozniak aligns the beam stop on the new small-angle neutron diffractometer SAND at the Intense
Pulsed Neutron Source. This instrument is used to study large-scale structures (10-1000 A) in biolog

chemistry, and metallurgy.
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Instrumentation and Computing
Developments at IPNS

R. K. Crawford, T. G. Worlton, and J. M. Carpenter, IPNS Division,
Argonne National Laboratory

number of developments have taken place in IPNS neutron scattering instrumentation

and data handling since the 1991 IPNS Progress Report was published. In terms of

instrumentation, the new glass diffractometer GLAD has been commissioned and is
now included in the user program; the new small-angle diffractometer SAND is being commis-
sioned and will soon be added to the user program as well; the mid-angle portion of the
HRMECS chopper spectrometer flight path has been installed and is being commissioned; a
new, prototype crystal-analyzer spectrometer CHEX has been installed, and its performance
is being characterized; and design studies have begun for a major upgrade of the QENS
crystal-analyzer spectrometer. In terms of data handling, we have replaced all the original
PDP instrument computers with microVax computers; we have begun the design of a next-
generation data acquisition system; the computer cluster used for data analysis has been
significantly upgraded, and increasingly we are using workstations for data analysis; several
interesting developments in data visualization have occurred; and we have made consider-
able progress in rationalizing and modernizing all the databases for equipment maintenance,
the proposal system, etc. These various new developments are discussed briefly below.

GLAD is Commissioned

Until recently, neutron diffraction measurements of the structure of disordered materi-
als were carried out at pulsed sources on diffractometers such as SEPD and GPPD,
which are optimized for powder diffraction. Although much work of high quality has
been performed in this manner, these instruments fall far short of meeting the require-
ments for state-of-the-art structure measurements on disordered systems. A few years
ago, because of this shortfall, a group of Argonne and university scientists, organized as a
Participating Research Team (PRT) led by the University of Houston, decided to build a

new instrument optimized for structural measurements in glasses and liquids at IPNS. This
new instrument, the Glass, Liquids, and Amorphous Materials Diffractometer (GLAD), was
described in the IPNS Progress Report (1991). GLAD, now commissioned, was opened in 1992
to proposals from the PRT and outside users. Details of the performance of this instrument,
including background, calibration, resolution, data rate, data quality, and data reduction and
analysis, have been discussed elsewhere (Ellison et al., 1994a).

The analysis of neutron scattering from materials containing light atoms is plagued by
the need for inelasticity corrections. Therefore, GLAD was designed to collect data over
as broad a Q-range as possible, using the highest-energy neutrons collected over the
smallest range of scattering angles, and to perform these experiments in the extremely
limited amount of time typically allotted to experimenters. GLAD routinely collects data at
neutron wavelengths between 0.05 and 5 A, and it can obtain reliable data for scattering
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angles between 4 and 95° (higher for the downstream sample position). For difficult samples,
the data analysis can be restricted to a subset of angles and wavelengths to improve the
quality of the data and minimize corrections. For example, an excellent-quality structure
factor of D,O out to 30 Al was obtained by using detector segments from 8 to 30° (over a
wavelength range of 0.1 to 1.0 A. When a broader range of scattering angles and/or a larger
wavelength range can be employed, the statistics at all points are improved significantly, and
the structure factor data can be extended to far higher Q (analyses are routinely performed
using data through Q = 40 A1, and occasionally to Q = 50 A—l).

GLAD is by far the most technically sophisticated instrument at IPNS, with two sample
positions and 235 linear position-sensitive detectors (LPSDs) distributed around these
sample positions. The use of LPSDs permits GLAD to handle high data rates and to cover
low scattering angles. Crossed, converging Soller collimators focused on the forward
detector bank collimate the thermal and epithermal neutrons used by GLAD. With this
collimation scheme, the sample size does not contribute significantly to the resolution,
so large samples can be used. We have devoted considerable attention to background
sources in GLAD; over the wavelength range for which GLAD is optimized, its back-
ground is currently the lowest among diffractometers at IPNS. The data files are large
and a typical experiment generates several such files in a short period of time, so
efficient programs have been developed for analyzing and compressing the data to
more manageable sizes.

The High-Intensity Powder Diffractometer

The High-Intensity Powder Diffractometer (HIPD) was built from spare detectors and
shielding materials as an instrument with which to study surface diffraction from
molecules adsorbed on large-surface-area substrates. The total amount of sample
present in the adsorbed layers in these systems is small, and these types of studies do
not require high resolution, so the instrument’s design sacrifices resolution to provide
intensities as high as practical. A low-angle detector bank covers scattering angles
from 20 to 40° with resolution Ad/d ranging from 1.8 to 3.5%. A second detector bank covers
the range 84-96° with Ad/d = 0.95%. This instrument has been very productive for the mea-
surement of adsorbed species; since the ~90° bank has been added, it has also been useful for
Rietveld refinements on certain classes of crystalline materials. The low-angle bank has also
been particularly well suited to the study of magnetic structures. This instrument has proved
to be so useful that it was added to the user program in 1992.

The HRMECS Intermediate-Angle Flight Path

The high-resolution chopper spectrometer HRMECS was initially designed to provide
angular coverage of scattering angles from -20° to +140°. The scattering flight path was to be
made in three parts, covering low, intermediate, and high scattering angles. However, because
of funding limitations, the intermediate-angle portion of the flight path was not included as
part of the initial instrument construction. For a number of years, HRMECS has operated with
only the low- and high-angle portions of the flight path installed. Fortunately, we have now
been able to rectify this situation.
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The intermediate-angle section of the scattering flight path for HRMECS was fabricated and
installed in 1994-1995. This section allows coverage of the intermediate scattering angles

(20 to 80°) that previously were inaccessible on HRMECS. Additional detectors were procured
to provide partial coverage of these angles, but the number of detectors currently available is
still far from sufficient to
provide complete angular
coverage. This portion of
the flight path became
operational in late 1995.

The New Small-Angle
Diffractometer SAND

In 1980, a prototype time-
of-flight (TOF) small-angle
diffractometer was operated
at the prototype pulsed
neutron source ZING-P’ at
Argonne National Labora-
tory; this instrument was
P = ¥ : _ : later upgraded and operated

at the IPNS pulsed source
FIGURE 1. from 1982 through 1984. In
late 1984, this instrument
was further upgraded to
become the current Small-
Angle Diffractometer (SAD)
at IPNS. Both Argonne researchers and outside users have performed many experiments on
the SAD, and these have resulted in a large number of publications. The quality of this work,
as well as that at other pulsed-source small-angle neutron scattering (SANS) instruments,
clearly demonstrates that SANS using the TOF method at a pulsed source is now an estab-
lished technique, capable of producing data of quality comparable with those taken on the
more mature reactor instruments.

John Hammonds installs the detectors on the HRMECS
intermediate-angle flight path, viewed from the HRMECS
sample position.

The SAD instrument at [PNS has been severely oversubscribed since its commissioning, with
proposals exceeding operating time by a factor of two to three. Because of this, and because
experience led us to believe we could now build a significantly improved instrument, consid-
eration of a second SANS instrument at IPNS was begun in 1986. Design of this second small-
angle diffractometer and development of the necessary components has proceeded slowly

due to limited resources, but the new instrument (named SAND) is now being commissioned.

SAND is designed to provide all the capabilities now provided by SAD and to enhance those
capabilities by extending the dynamic range and improving the ease of operation and the
instrument reliability. One goal was to make a range of Q down to 0.002 Al readily accessible
for those experiments that require it. SAND includes a chopper to allow operation with much
longer wavelengths, and eventually it will have a second set of collimators with smaller
angular divergence; both features will serve to reduce the minimum Q from that on SAD (0.005 A—l).
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A second goal was to
increase the maximum Q
value accessible and to
provide better counting
statistics for the higher Q
data, where the scattering
cross section is usually
quite small. This goal has
already been partially
addressed by procuring a
position-sensitive detector
with a 40 cm x 40 cm area
for the new instrument.
This is twice the linear
dimensions of the SAD
detector (four times the
area). An array of LPSDs

at higher scattering angles
(up to 36°) is also included
to provide large additional
increases in the maximum Q.

Details of SAND are available
elsewhere (Crawiford et al.,
1995a), so only a few of

the important features are
summarized here. Figure 2
shows SAND in its location
on the C3 beamline and
indicates its relationship
to its neighbors. Figure 3
shows the instrument in
greater detail, indicating
the geometry and relative
placement of major compo-
nents of the instrument.
Major components include
the moderator, incident

FIGURE 2.
Top view of a portion of the IPNS experiment hall, showing SAND
and adjacent instruments.

Beam Stop
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Chopper Collimators

Insertable Area Detector
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Beam Gate . ank o
SCCr?;ﬁ[)Ig? Linear PSDs
1 meter
A
FIGURE 3.

Top view of SAND, showing major instrument components.

beam filter, background chopper, collimation system, sample chamber, area detector, high-
angle LPSD bank, and beam monitors and beamstops. Table 1 summarizes the instrument
parameters for SAND. Figure 4 shows the SAND team in the process of installing the instrument.

A key component of SAND is the solid CH; moderator. The C3 beamline where SAND is located
is one of three beamlines that view this cold moderator. SAD on beamline C1 also views the
same moderator, as do POSY and POSY-II. From early 1985 until late 1988, and again since
1994, these beamlines have viewed a grooved solid CH, moderator (physical temperature ~20 K),
which is an excellent source of long-wavelength neutrons. During the other operating periods,
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PARAMETERS FOR SAND

PARAMETER

Source frequency
Moderator
Source-to-sample distance
Sample-to-area-detector distance
Collimator-to-sample distance
Sample-to-LPSD distance
Focusing collimators
coarse
fine
Beam size at moderator
Maximum beam size at sample
Beam size at area detector
with coarse collimators
with fine collimators
Area detector
active volume

resolution
max. scattering angle
LPSD

active volume per detector

number of detectors

resolution

max. scattering angle
Wavelength range

Qmax

Amin = 1.0 A (noncrystalline)

Ain = 3.0 A (crystalline)
Quin emex = 14 A)

coarse collimation

fine collimation
Quin max =28 A, using chopper)
coarse collimation

fine collimation

afwhm = full width at half maximum.

TABLE 1. Parameters for SAND

the moderator can was
filled with liquid H, instead.
Measurements indicate that
over most of the wavelength
range of interest for small-
angle diffraction, the solid
CH,4 moderator provides a
factor of ~3.5 times greater
intensity than did the liquid
H, moderator.

SAND uses crossed, con-
verging Soller collimators
(similar to those on SAD)

to achieve good angular
collimation with a short
flight path. This permits the
use of neutron wavelengths
up to 14 A without frame
overlap. An MgO f{ilter in
the incident beam eliminates
most of the fast neutrons,
and a slow chopper mini-
mizes the effects of delayed
neutrons and frame-overlap
neutrons. Both of these
features improve the instru-
ment background. The chop-
per can also be rephased to
allow the use of neutron
wavelengths up to 28 A
when desired.

An optical alignment system
has been built into SAND

to facilitate alignment of

the Soller collimators,
beamstop, and transmis-
sion monitor. This system
includes a halogen lamp as a
broad white-light source and
a low-power laser for finer
alignment. Both are directed
along the surveyed axis of
the instrument by a thin
(3-mm-thick) single-crystal
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silicon wafer permanently
mounted in the neutron
beam upstream from the
Soller collimators and
inclined at 45° to the beam.
This wafer has minimal
effect on the neutron beam.
Transparent sapphire
vacuum windows transmit
the light from the halogen
lamp or from the laser all
the way to the area detec-
tor. This optical system has
reduced the time required
for the alignment process
to a few minutes. It also
provides a means for quick
centering of the sample in
the beam when nonstand-
ard sample equipment

is used.

FIGURE 4.

The SAND team at work installing the instrument:

(from left to right) Chris Piatak, Dave Leach, Don Bohringer,
Bob Kleb and Kent Crawford.

A large sample region is provided in the instrument, with proper alignment fixtures so that a
wide variety of sample environments can be easily interchanged. Included among environ-
mental equipment and capabilities are cryogenic capabilities, temperature-controlled sample
changers, furnace capabilities (with the sample in vacuum or in a controlled atmosphere),
high-pressure cells, and magnetic fields.

On SAND, the Q-range extends up to 0.6 A1 even when wavelengths are restrictedto A > 5 A
(above the Bragg cutoff for most crystalline samples), and much higher when the full wave-
length range down to A = 1 A can be used. Much of the interesting data lies at these higher
Q values, above 0.1 A1, An increasing share of the experiments being proposed require such
data, and these will greatly benefit from this extension of the Q-range.

With 14-A neutrons and the coarse set of Soller collimators, the minimum Q on SAND is
0.005 A'l. When SAND is fully operational, the capability to use wavelengths out to 28 A and
the availability of a set of fine Soller collimators will extend the range down to 0.002 A or
possibly even to 0.001 A1,

Improvements to the Quasielastic Spectrometer QENS

In crystal-analyzer spectrometers, the solid angle subtended by the analyzer arm can be
increased by increasing the size of the analyzer crystal array. In order to do this without
spoiling the energy resolution, focusing techniques are employed. The IPNS quasielastic
spectrometer, QENS, and the planned improved instrument, QENS-Upgrade, utilize “fixed final
energy focusing,” in which all neutron paths between the sample and the detector make the
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same Bragg angle 6 with the analyzer array. These instruments are optimized for quasielastic
scattering and for low-energy inelastic scattering.

The fixed final energy condition is satisfied for a point sample and a point detector if the
analyzer crystals are located on a circle that passes through the sample and detector. The
reflecting planes of the analyzer crystals are not in general tangent to this circle, however,
and each individual crystal must be oriented so the normal to its reflecting planes bisects the
sample-analyzer-detector angle. Both QENS and QENS-Upgrade have their analyzer-crystal
arrays assembled in this geometry. With this focusing geometry, a number of closely spaced
detectors can be used for each analyzer bank. Each of these detectors is also approximately
“final-energy focused” for a different set of mosaic planes of this analyzer array. The final
energy for each detector is thus slightly different, but since events from each detector are
analyzed separately, this does not worsen the resolution. This ability to obtain high resolu-
tion from analyzer crystals with a broad mosaic spread, while utilizing the full reflectivity of
the entire mosaic spread, greatly enhances the data rate of these instruments.

QENS is a crystal-analyzer spectrometer at IPNS optimized to provide ~70-ueV resolution

for quasielastic scattering, but it also has very good resolution for chemical spectroscopy

at excitation energies up to ~150 peV. The “white” beam from the source is incident on the
sample, so a separate detector can be mounted to monitor diffraction from the sample. This
allows a careful following of phase changes, in-situ sample growth or modification, etc.,
concurrently with the quasielastic- and inelastic-scattering measurements. QENS has three
focused-crystal-analyzer arms mounted on a rotating table so that a wide range of scattering
angles can be covered. Figure 5 shows the layout of the present QENS. For the past year,
QENS has been viewing a solid CH, moderator, and this has resulted in a factor of ~5 increase
in data rate for most experiments, when compared to the previous liquid CH, moderator. This
higher intensity has made the instrument even more attractive, and demand is rapidly increasing.

The upgrade of QENS, now in the planning stage, will replace the rotating instrument table
having three detector banks (Fig. 5) with a fixed instrument having 16 analyzer-detector
banks plus two diffraction
detector banks. Figure 6
indicates this planned
arrangement. Quasielastic
resolution will be kept at
~70 peV for each of the
analyzer banks. The incorpo-
ration of 16 analyzer banks
will allow sampling of the
Evacuated Detectors full angular range (~15-165°)

Sample for inelastic scattering with-

Chamber i Analyzer —m out rotating the instrument.

Crystals L. .
Eliminating the need for

rotation will allow the use of

Beam Detectors
Monitor Analyzer Crystals

Neutron Beam

FIGURE 5.
Schematic layout of the present QENS. The three analyzer arms
rotate about the sample in order to cover the full angular range.

improved shielding and will
simplify the types of sample
environment required. The
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upgrade will also result in

a factor of ~5 increase in the
analyzer solid angle, leading
to an additional factor of ~5
increase in useful data rate. Analyzer
It is expected that with ade- Crystals
quate funding this upgraded
version of QENS will be oper-
ational in 2-3 years.

Detectors

Diffraction
Detectors

Neutron
Beam

The Prototype
Spectrometer CHEX

For higher-energy inelastic
scattering, it becomes more
important to keep the
sample-detector flight time
constant for all scattered
neutron paths in the ana-
lyzer arm, in order to mini-
mize the incident energy
uncertainty 8E;. This “final-
time-focusing” condition is achieved by placing the sample, analyzer crystals, and detectors
on parallel planes. With this type of focusing, each neutron path from a point on the sample
to a different point on the detector has a different Bragg angle 6, and hence a different final
energy; if large samples and detectors are used to increase the data rate, this can lead to a
relatively large spread in the final energy E;. This spread is not particularly important if

Ef << E;, but it can be the dominant contribution to the resolution for E; = E;. Large samples
can be used with this type of focusing, so this method can be very good for high-energy-
transfer spectroscopy, but it is not as good as the fixed-final-energy focusing of QENS for
low-energy transfers or for quasielastic scattering.

1 meter

FIGURE 6.
Schematic layout of the proposed QENS-Upgrade instrument. The
full angular range is covered without rotating the analyzer arms.

Fortunately, QENS (and soon, QENS-Upgrade) is already optimized to cover this low-energy-
transfer range. However, because QENS is restricted to the use of small samples because of
the type of focusing employed, it was decided to build a complementary crystal-analyzer
spectrometer using the fixed-final-time focusing. This prototype Chemical Excitation spec-
trometer (CHEX) was installed on the F1 beamline in the summer of 1995, replacing the
PHOENIX instrument that previously operated there. Figure 7 shows this instrument sche-
matically. At present, this instrument is in the commissioning stage, but it is expected that it
will soon be added to the user program.

Computing at IPNS
Introduction

The IPNS computer systems were first developed in 1980, about the same time as the first
DEC VAX computers became available. We initially used a DEC VAX computer running the

INSTRUMENTATION AND COMPUTING DEVELOPMENTS AT IPNS




VMS operating system for
Detectors T shared data analysis and

: used PDP-11 computers for
Analyzer Crystals ‘ oy data collection. Because of
developments in the com-
puter industry, we have
Neutron been converting from a
primarily centralized com-
puting system to a client-
server system, with each
scientist or other staff
member having a work-
station that is used for
word processing, graphics,
electronic mail, Internet
access, etc. The original
PDP-11 instrument comput-
ers have been replaced by
VAXstation/VMS computers,
and the data analysis com-
puters have been replaced by RISC workstations running either DEC OpenVMS or UNIX soft-
ware. Data analysis software has been converted to run on the new RISC workstations and to
take advantage of newer software technologies. Graphical display of data is usually done by
using X Windows/Motif with X Terminal emulation software on a personal computer. Text
terminals and Tektronix graphics terminals are now seldom used.

FIGURE 7.

Schematic representation of the prototype crystal-analyzer
spectrometer CHEX. The location of sample, analyzers, and
detectors on parallel planes provides the fixed-final-time focusing.

While we have made good use of Motif and X Windows, we are also evaluating Microsoft
Windows NT as a possible system to use for data analysis. Windows NT is the first portable,
robust operating system that will run personal computer applications as well as support large
scientific calculations. Most of the tools provided by UNIX are now available in VMS or on
Windows NT. Our plan is to shift applications to the most suitable computing platform as
improved systems become available. We have already shifted document sharing among per-
sonal computers from VMS to a Windows NT server. We are providing ftp servers on both
Windows NT and VMS, and our Web servers are running on Windows NT.

New Data Acquisition System

Design of the present data acquisition system for the IPNS instruments was begun in 1977.
This system has served us well, but many of the components are becoming obsolete, and it
is difficult or impossible to find replacements. In the intervening years, electronics technol-
ogy has made enormous advances. For these reasons, we believe that it is now time to
embark on the design of a second-generation data acquisition system for the IPNS instru-
ments. We are just beginning to define the parameters for this new system. We expect that
development of the new system will take about 18 months, after which we will then start
replacing the present systems at a rate determined primarily by the available funds. The
entire changeover is expected to be completed before the end of this decade.
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Collaboration on Data Analysis

In October 1994, IPNS organized the first workshop on Software for Neutron and Synchrotron
Scattering (SOFTNESS-94), under the direction of Ray Osborn. This workshop succeeded in
stimulating cooperation among neutron scientists in the United States and Europe. One of the
recommendations from the first workshop was that a neutron mailing list, a neutron ftp site,
and a neutron World Wide Web home page be established. These have all been set up at IPNS.
To subscribe to the neutron mailing list, send a mail message to “neutron-request@anl.gov”
with a first message line “SUBSCRIBE”. No subject is necessary. You will be sent further
instructions. The neutron WWW page is at “http://www.neutron.anl.gov”, and the neutron

ftp site is at “ftp.neutron.anl.gov”’. Subcommittees on a data format standard and on data
collection and analysis were formed at the workshop; their reports can be found on the

neutron ftp server.

Another recommendation from SOFTNESS-94 was that a second workshop be held to agree
on a format for exchange of neutron and X-ray scattering data. The SOFTNESS-95 workshop
was held at NIST in September 1995. At this workshop, it was agreed that we should base
our standard on the Hierarchical Data Format (HDF) developed at the University of Illinois,
NCSA. The data exchange format will be called NEXUS (Neutron and X-ray Unified Standard);
the workshop attendees are working on standardized nomenclature and developing

sample programs. Further developments will be reported on the mailing list and posted

on the neutron home page. Contributions to the neutron ftp site and World Wide Web page

are solicited.

Data Visualization

Visualization of experimental data and fitted or calculated functions are of prime importance
in quickly analyzing the results of neutron scattering experiments. Historically, we have

generated plots of our data and fitted curves through
calls to a library of graphics routines, such as Computer
Associates DISSPLA, or a similar library, GPLOT, written
at IPNS for DEC GKS. Those types of programs are

being converted to use PGPLOT, which was written by
Tim Pierson at Cal Tech and is freely available on several
computing platforms.

For more sophisticated visualization, we have purchased
several licenses for IDL from Research Systems Incorpo-
rated. We have also collaborated with Dennis Mikkelson
of the University of Wisconsin on a visualization package,
TOF_VIS, which is useful for quickly viewing experimen-
tal data from large arrays of detectors. This has proven
very valuable in assessing the functioning of instruments
with large numbers of detectors. Originally written for
the GLAD instrument and since generalized to be usable
on other instruments, TOF_VIS runs on either UNIX or VMS.
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Database Applications

As database requirements continue to increase, we have begun a program to create and
manage databases with experiment, user, safety, maintenance, and other information. We
have created database procedures for tracking proposals from submission to experiment
completion and have automated the printing of experiment data sheets, equipment usage
reports, and as-run reports. We have also created database procedures for tracking the
qualification for beam gate keys for the various beamlines, as well as for various maintenance
and safety issues. IPNS and Argonne have not had a unified approach to database applica-
tions. Argonne’s business database applications have generally been on an IBM mainframe.
This is being replaced by a client-server database system with UNIX servers and MS Windows
PC clients. The UNIX servers use the Oracle database, and two or three client tools are used.
IPNS has several databases using MASS11 Manager on a VAX and several using Filemaker Pro
on a Macintosh. We are in the process of evaluating database products and converting
applications to run on PC or Mac database systems.

Network Applications

IPNS is beginning to convert from a paper-based system for proposals etc. to a system that
uses electronic media as much as possible in distributing and gathering information. IPNS has
a home page at the URL “http://www.pns.anl.gov/ipns.htm”, which is separate from the server
we provide for the neutron community. Proposal forms are now available via ftp and can be
submitted by Fax (708-252-4163) or regular mail. Since we have switched to an electronic

mail system that supports attached documents, proposals may also be submitted via e-mail
(to bamarzec@anl.gov). To obtain an IPNS proposal form, ftp to “ftp.pnstgw.pns.anl.gov” or
use Netscape or Mosaic to follow the links on the IPNS home page. The forms are available
both in MS Word Rich Text Format (RTF) and in Adobe Portable Document Format (PDF). You
can view or print the PDF format document by means of a free Adobe Acrobat Reader from
“http://www.adobe.com/”, but if you intend to submit a proposal electronically, you need to
use the RTF document and convert it to either MS Word or WordPerfect.

We have also begun a program of converting printed documents to electronic form for
easier storage and access. The documents will be scanned into a computer and con-
verted to Adobe Acrobat format using Adobe Acrobat Capture software. This approach will
provide compact, searchable documents and free up considerable storage space. Eventually,
it may also allow remote users to access documents, such as experiment reports and publica-
tions, electronically.

Other Developments

The increasing complexity of the experiments being proposed at IPNS places ever greater
demands on the quality and types of sample-environment equipment required. One of the
existing general-purpose, “workhorse” furnaces was extensively modified to meet these
demands, an additional furnace was procured, and new furnace temperature controllers with
improved capabilities were procured and interfaced to the data acquisition computers. A
general upgrade of the sample and flight-path vacuum systems on all of the instruments was
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begun; the new systems will allow the vacuum information to be read out by the data acquisi-
tion computers. New higher-power, lower-temperature closed-cycle refrigerators have been
procured to provide faster sample cooldown on the chopper instruments.

Working with an exchange student from Kyushu University, we have completed an accurate,
absolute calibration of a set of beam monitor detectors. We have also been involved in an
extensive effort to understand the performance of the rise-time-encoded, position-sensitive
gas proportional counters used on several of the [PNS instruments. This program is now
beginning to lead to improvements in the encoding speed and linearity and to increased
lifetimes for these detectors.

A program of measurements has begun, aimed at understanding and optimizing mica and
other analyzers for use in high-resolution spectrometers. Mica has the demonstrated poten-
tial to provide inexpensive, large, efficient monochromators. This effort is in conjunction with
preliminary design studies aimed at the design of a high-resolution, backscattering crystal
analyzer spectrometer. This instrument would allow the study of inelastic and quasielastic
scattering with a resolution of 1-10 peV. This would open up several important fields, includ-
ing rotational tunneling and relatively slow diffusion effects, for study at IPNS.
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Robert Kleb demonstrating a 1/4-scale model of the Infense Pulsed Neutron Source
target handling arrangement, which he designed.
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IPNS Target Experience

J. M. Carpenter and W. G. Ruzicka, IPNS Division, Argonne National Laboratory

his section summarizes our experience with targets in IPNS and the origins of target
developments in the prototypes ZING-P and ZING-P". The targets used are as follows:

ZING-P 1/2 lead brick, soldered copper water cooling tube; 1974, 1975

ZING-P’ Tungsten cylinder with surrounding water cooling jacket; 1977, 1978
Zircaloy-clad depleted c-uranium cylinder with surrounding water cooling
jacket; 1979, 1980

Zircaloy-clad depleted a-uranium disks with cross-flow water cooling; same
for neutron scattering and (until 1985) radiation effects targets; 1981-1988,
1991-1996(7)

Zircaloy-clad enriched c-uranium disks; 1988-1991

Zircaloy-clad enriched -phase uranium-10 weight % molybdenum disks;
1996(?)-

The following describes design philosophies, operational experiences, observations of
failures, and performance.

Experience, 1991-1996

The history of IPNS target developments until 1991 was traced in the 1991 IPNS Progress
Report. These developments centered around the use of water-cooled Zircaloy-2-clad
o-uranium (actually “Springfield” uranium, an o-phase alloy with a few hundred parts per
million (ppm) of Fe, Al, Si, and C). Interesting events took place almost immediately after our
last report. The enriched-uranium booster target developed a cladding leak in June 1991,
when the xenon-135 monitoring system, working as planned, promptly indicated the presence
of the fission product in the cooling system cover gas. To determine whether the xenon
monitor was really indicating a leak, we pursued an intensive series of measurements to
verify that fission products were getting out of the target and to quantify the effect. When we
were satisfied that the target had developed a cladding break, we removed the booster and,
in the fall of 1991, replaced it with the earlier-operated depleted-uranium target that we had
reserved as a spare. No deleterious consequences, for the facility or the outside world,
followed from the target failure. We had anticipated that the target would fail after about the
accumulated operating time, on the basis of isotropic radiation-induced swelling of uranium.
But because periodic monitoring (with an ultrasonic probe) of the growth indicated that
growth was proceeding more slowly than anticipated, we were surprised by the leak.
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The depleted-uranium target worked without trouble for about a year, at which time the
xenon-135 monitor again indicated a leak. By then, that target had served for about eight
years; we removed it and replaced it with a fresh spare. Subsequently, we modified the
earlier-used depleted-uranium radiation effects target for service in the Neutron Scattering
Facility (cooling connections had to be rearranged) and, to confirm that it would fit, installed.
it in September 1994. As this is written, that target is still in place, and the slightly-used

second target is our spare.

We dispatched the spent booster target for safe disposal and sent the failed depleted target to
Argonne’s alpha-gamma hot cells for destructive examination by Al Hins, Bob Strain, and

Larry Neimark and his crew. The first disk (facing the
proton beam) had small cracks in the cladding of both
the front and back faces. This was not entirely surprising;
the xenon monitor had indicated two onsets in close
succession. The cladding exhibited wavy distortion on
several of the frontmost disks, more or less coinciding
with the power density variation; the second disk, wavy
as it was, was intact. Figure 1 shows the front surface of
the first disk.

Cutting apart the first disk, we revealed a crack through
the entire thickness, passing through the thermocouple
well and extending from the cladding crack on the one
side to that on the other. Figure 2 shows the sectioned
first disk. We dug out some of the “grunge” that filled
the crack, and other secondary cracks in the uranium
metal, and put it into the General Purpose Powder
Diffractometer for analysis. Although it was a rather
small sample by common standards, Jim Richardson
and Mel Mueller identified uranium hydride and several
oxides, the products of uranium corrosion in water
(even a small amount of gamma iron, residue of the pick
used to remove the grunge and a testimony to the sen-
sitivity of the analysis). The grunge analysis held no
surprises, because the cracked disk had soaked in water
for several months after failure.

We concentrated on the second disk, which was uncon-
taminated by the results of uranium corrosion due to
water entering through any crack, to obtain evidence of
the cause of failure. Figure 3 shows a micrograph of a
section of the second disk. A system of cracks extends to
the clad interface where, at a step in the metal surface,
the uranium metal has separated from the cladding over
a small region. The cladding remains intact at that point,
and no evidence of corrosion is visible. The crack mor-
phology indicates anisotropic growth. (o-Uranium is
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FIGURE 1.
Front face of Disk #1.

FIGURE 2.
Cross section revealed by cut
through Disk #1.



rhombohedral in crystal structure; upon irradiation, it expands in the c-direction and contracts in
the a- and b-directions, causing intergranular strain that eventually leads to cracking.)

This experience is not unique. ISIS has used eight
o-uranium targets, most of which have failed by exter-
nally similar mechanisms. The o-uranium target of KENS
also failed recently, after about ten years of service. After
the IPNS booster target failure, we looked at the records
with Tim Broome (ISIS), seeking to identify the failure
‘mechanism. We found that fission burnup correlated
more closely with failure than did operating temperature
or thermal cycling; this correlation would be expected if
the root cause were anisotropic growth. However, these
observations, based on a rather small number of rather
approximately characterized examples, do not conclu-
sively exclude another possible mechanism, failure due
to hydride formation.

Future Plans

By informal agreement, IPNS and ISIS decided to take two
different routes to solve the problem of shorter-than-
FIGURE 3. desired uranium target lifetime: ISIS would try a target of

Composite micrograph of the finer-grained o-uranium (anisotropic on a smaller physi-

second sample from Disk #2 in cal scale), and IPNS would work on a target of y-uranium.

the as-polished condition. ISIS has gone its route, fabricating a new target and
operating it to end-of-life, with no resulting improvement
in lifetime.

At IPNS, we have completed the analysis and design of a new booster target of enriched
uranium-10 weight % molybdenum, a y-phase (cubic, therefore isotropic) alloy. Information
on this alloy exists from 30 or 40 years ago, when research was done to find a reactor fuel
that could be operated in a water-cooled environment without cladding. Indeed, U-10Mo has
corrosion behavior much superior to that of o-uranium (a significant advantage in hazards
evaluation), but it still needs cladding. Tests done in support of the German SNQ (Spallations
Neutronen Quelle) project confirm the expectation that (cubic, isotropic) U-10Mo is dimen-
sionally stable under thermal cycling, while a-uranium is not. Other SNQ-sponsored tests
have shown that zirconium or Zircaloy cladding can be applied by diffusion (hot isostatic
pressure, HIP) bonding, the process used in all uranium targets so far. These data support
our design.

The new IPNS booster target will have the same multiplication factor (k.; = 0.80) as the
previous partially enriched o-uranium booster target, and disks clad with HIP-bonded
Zircaloy. The subcritical multiplication gain in the new booster target will be about the same
as in the original, since we are essentially replacing U-238 atoms with Mo atoms in the new
booster. (This has been verified in calculations by PX. Job and R.N. Blomquist.) There will be
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no internal thermocouples, since they were used only for measurements to confirm design
calculations and were never intended for monitoring purposes. Furthermore, the thermo-
couple wells in the failed target disk that we examined had at least a partial role in weakening
the disk with respect to cracking. U-10Mo is a metastable phase, which decomposes to a
mixed o + Y phase after long times at temperature. Time/temperature transformation data do.
not extend to times comparable with the desired target lifetime, nor to the relatively low
temperatures expected, and the consequences of transformation to the o + y phase are not
known. Nevertheless, we can reasonably expect the U-10Mo booster to last longer than the
a-uranium booster, which had a lifetime that was, after all, satisfactory under IPNS condi-
tions; we simply seek to do better.

The design and the safety analysis for the U-10Mo booster target are completed. We await
administrative action on the level of hazards categorization and on security concerns. Due
to changes in policy regarding enriched uranium, we also await decisions about the facility
where the new target would be fabricated - the Oak Ridge Y-12 facilities. Y-12 built the origi-
nal booster target, and we have negotiated tentative arrangements for manufacturing the
new one there. However, those facilities have only recently started up after a shutdown.

We are ready to proceed with the new booster target, anticipating the same 2.5-times overall
gain in IPNS beam intensities, and we are eager to carry out our part of the grand uranium
target experiment. Meanwhile, we are down to one spare depleted-uranium target and are
discussing producing another (just in case). We are also preparing plans to replace the
graphite reflector with beryllium, to gain another 15 to 20% intensity in an arrangement that
also will provide faster turnaround of moderator replacements.

IPNS TARGET EXPERIENCE




\ Cold Moderator Development

T L. Scottand J. M. Carpenter, IPNS Division, Argonne National Laboratory

Development of IPNS Moderators

he history of moderator development at IPNS from 1981 to 1991 was described in the
IPNS 10th Anniversary Progress Report (1991). Here, we update that history to 1996.

Before 1988, the solid methane moderators had experienced numerous failures, which
resulted in lost experimental time, costly replacements, and exposure of personnel to radia-
tion. The cause was a pressure surge, caused by a combination of (1) the release of stored
energy, which occurred when methane radiolysis products recombined, and (2) the expan-
sion of hydrogen, which built up in the solid methane during irradiation. We formulated a
theory about the effect to help us manage it.

From October 1988 to August 1991, we ran the moderators with an enriched uranium target,
which increased the intensity of the neutron beams by about 2.5 times. However, the nuclear
heating and radiation damage rates in the moderators also increased correspondingly.
Because we had already experienced problems with solid methane in the C moderator with
a depleted uranium target, we decided to use liquid hydrogen in the C moderator while
continuing to use liquid methane in the H and F moderators. In August 1991, the enriched
uranium target failed, so we returned to use of a depleted uranium target, with a resultant
loss of intensity. Despite the history of solid methane moderator failures, we again ran a
solid methane moderator in the C position to regain greater intensity at long wavelengths
(about 3.5 times greater than was achieved with a liquid hydrogen moderator). We also
formed a committee dedi-
cated to moderator im-
provement. Committee
\ members consulted with
\‘“‘ scientists at other facilities
about how to avoid failures
while operating solid
methane moderators.

Temperature (K)

Moderator

01:00 02:00 03:00 Experiments
Time (minutes)

From December 1992 to
FIGURE 1. March 1993, we tested the
Solid methane C moderator during annealing C moderator with cold solid
(after three days irradiation at 29 K). methane to determine the
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rate at which the stored energy built up during irradiation and the temperature at which '
hydrogen was released during annealing. We found that we could operate at about 28 K if we
annealed the moderator to the melting point of methane (about 90 K) every two to three
days. We determined this schedule on the basis of the stored energy that was released during
recombination, as indicated by the rapid rise in temperature when the moderator warmed up
during annealing. Figure 1

shows this energy release,

which increased with 120 7.0E-5

(1) the irradiation time - AN GOES —
between annealings and 4 g
(2) the lowering of the o 80 _-’- 5.0E-5 g
moderator operating tem- - Temperature | . 40E5 ]
perature. We found that g 60 T . =
very little hydrogen gas g : ‘_.{ "\ 80E5 §
evolved during warm-up, e 40 "?“[ N .05 §
until a temperature of Hydrogen £
about 65 K was reached. 20 == 1065 T
Above this temperature, 0. ] 0.0E+0
the hydrogen gas was 9:00 9:30 10:00 10:30 11:00 11:30 12:00
released rapidly up to Time (hours)

about 90 K, at which the FIGURE 2.

methane melted. (We do Solid methane C moderator (hydrogen release during an anneal).

not yet understand the

physics involved in this threshold temperature for hydrogen release.) Figure 2 shows the
hydrogen release as a function of annealing temperature, as measured with a residual gas
analyzer (RGA). We continue using solid methane as the medium in the C moderator.

Moderator Changes

During the long, hot summer of 1994, the moderator crew, Terry Scott, Mark Schlueter,
Richard Tafoya, and Denny Wozniak, installed a new moderator/reflector assembly, a liquid-
helium refrigeration system, and a gas control system to convert operation of the H modera-
tor from liquid to solid methane. The installation, completed in September 1994, included the
following changes: the liquid methane moderator in the H position was replaced with a new
solid methane moderator; a new solid methane moderator was placed in the C position; and
the liquid methane moderator in the F position was replaced with a new one of identical
design. The new H moderator, which serves three instruments (QENS, GLAD, and HRMECS),
contains an aluminum-foam heat-transfer medium (like that always used in the C moderator)
and an aluminum-17% gadolinium poisoning plate, 0.5-mm thick by 10-cm square, located

2.5 cm beneath the viewed surface.

Moderator Operation
Both solid methane moderator systems are operated at about 28 K and melted to approxi-
mately 95 K at intervals of two to three days to anneal the stored energy and remove accumu-

lated hydrogen. The annealing schedule and operating temperature are dictated by the
observation of spontaneous “burps” that take place somewhat irregularly in the C moderator,
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at intervals of a little less than three days. Figure 3 shows such a burp of the C moderator
that took place after about three days of irradiation of the depleted uranium target at a
proton current of ~15 pA. Such burps do not remove all the stored energy; a subsequent
scheduled annealing
produced another release
of stored energy follow-
A ing a relatively short
/ \ (1-hour) irradiation.

AN

Temperature (K)

Instrument Beam
Improvements

10:00 Accomplished by the
Time (minutes) H Moderator Change

FIGURE 3. The colder, solid methane
Solid methane C moderator spontaneous burp H moderator (about 28 K,

(after three days of irradiation at 28 K). compared with the liquid

methane H moderator at
about 100 K) not only produces a greater flux of long-wavelength neutrons, it also extends the
sharp “slowing-down” shape of the pulse to lower energies. However, there is some sacrifice
of flux in the 10-meV region. This situation has enabled HRMECS to extend its useful range to
Ey below 4 meV, where ~150-ueV elastic resolution is achieved. The counting rate in QENS in
the near-elastic range (E; = 3.7 meV) has increased, with little change in resolution. The
resolution of GLAD is also cleaner in the longer-wavelength range.

Calculations at the University of Illinois, Urbana-Champaign

We hope to modify the grooved C moderator to improve its performance for the reflectome-
ters. We believe we can achieve this because the flux emerging from the bottoms of the
(horizontal) grooves is about five times greater than the flux from the tips of the fins, while
the (vertical) POSY beams average across tips and grooves. The idea is to change the mod-
erator design so that the grooves are vertical and the bottoms of the grooves illuminate the
POSY collimation. However, we are not certain what such a new geometry would do to the
SAD and SAND instruments, which view the moderator * 18° (horizontally) from the normal,
whereas the POSY reflectometers view the moderator perpendicularly. If the moderator had
vertical grooves, SAD and SAND would not see the bottoms of the grooves at all, and intensity
might be lost. To answer the questions raised and guide the design of a modified moderator,
we have begun a program of Monte Carlo neutron transport calculations, overseen by Brent
Heuser and performed by student Steve Kramer at the University of lllinois’s Department of
Nuclear Engineering. Preliminary results, derived from an accurate representation of the IPNS
arrangement with the grooves vertical, indicate that intensity in the directions of SAD and
SAND is preserved, with the sides of the fins providing the principal illumination.

Cold Neutron Testing Facility at Pennsylvania State University

Thus far, our understanding of the burping phenomenon is based on relatively poorly con-
trolled measurements taken on production versions of solid methane moderators. Varying the
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operating conditions systematically is too difficult, the number of installed monitoring
instruments is too small, and the risk to continuing operations is too great for us to under-
take a program of measurements on IPNS that could provide clearer insight into the basic
phenomena. We have developed a design for a facility in which to make well-instrumented
tests under controlled conditions in the Breazeale Nuclear Reactor at Penn State, and we
have obtained safety approval to proceed. Paul Sokol leads the effort; Rob Dimeo carried
out the design and safety analysis work. The project has been encouraged, assisted, and
endorsed by Reactor Manager Marc Voth, Nuclear Engineering Department Chairman

Ed Klevans, and visiting scientist and colleague Genja Shabalin from the Frank Laboratory
for Neutron Physics (Dubna, Russia).

We look forward to carrying out a program of measurements that will offer us a better under-
standing of the burping phenomenon, provide the basis for improving the design of produc-
tion moderators, determining operating temperatures and annealing schedules, and generate
information on the stresses encountered during operation and annealing.
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A Tribute to Bob Kleb

J. M. Carpenter, IPNS Division, Argonne National Laboratory

he two best sculptures on the Argonne site both fascinate and mystify most people.

This response is fitting for the work of any artist, but both of these works were cre-

ated by an engineer. They were components of an important particle-physics detector
of the 1970s: the 12-foot Hydrogen Bubble Chamber. One part, the piston, stands majestically
outside the central administration building; the other, the “Omega bellows,” rests near the
High Energy Physics offices. Their creator, neither a common artist nor a common engineer,
is Bob Kleb. Bob designed those parts and, with his colleague, Lyle Genens, made the bel-
lows himself. Although these are two rather big items, they represent only a tiny fraction of
Bob Kleb’s contributions to the research tools, large and small, of Argonne National Labora-
tory. And they worked! Everything Bob has designed or built works!

In the 1960s, Bob Kleb went to work in the neutron scattering program at the CP-5 reactor,
where he took part in many important developments. We met when [ first began visiting
Argonne in the late 1960s, and I learned then of his already-legendary skills. In the early
1970s, I began working at Argonne for David Price, then Solid State Science Division Director.
Our goal was to build a pulsed source at Argonne. | was to manage the project but needed
engineering assistance. I waited to learn who would be assigned. David announced that
Bob Kleb would work with me. [ had thought that that was impossible even to hope for

and rejoiced in my excellent luck. It was luck widely spread, for our collaboration, which
succeeded only because of Bob Kleb’s numerous contributions, led to a new generation of
neutron scattering facilities. Bob’s mark is on the target, moderator, reflector, shielding, and
general designs for the earliest prototypes — ZING-P and ZING-P'; on all the proposed larger
versions, both built and unbuilt — ZING, IPNS-I, IPNSHI, IPNS Upgrade; and on all the neutron
scattering instruments — in sample cells, cryostats, pressure cells, sample changers, ovens,
countless choppers, detector rigs, shields, moderators, windows.... Bob’s work is every-
where. And everything works! (Well, he has done some “experiments.”)

To say that Bob is a brilliant engineer is to say only part of what he is, for, as a highly skilled
craftsman, he builds with his own hands much of what he designs. The artist is there in him
because he cares deeply about what he does. If “form follows function” is a maxim for beauty
in design, then the origin of beauty in Bob’s creations is obvious. “Easy to work with,” “an
idea man,” “a patient teacher,” “an honest critic” — all these phrases describe Bob Kleb. As
Bob moves toward retirement, I acknowledge my own huge debt to him for his contributions
to the work of pulsed spallation neutron source development.

” 4

The following comments are from a few of Bob’s colleagues. One thing is clear from them: we
are all talking about the same person.
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G. P. Felcher, Senior Scientist, Materials Science Division,
Argonne National Laboratory

“Bob, here is what [ want: I want a superconducting magnet composed of two circular coils,
coaxially placed. I want a magnetic field up to 100 kilooersted in the center, where [ am going
to place my sample. | want to change the sample with utmost ease, to control its temperature
between 1 K and room temperature, and to be able to orient it in any direction. Oh, I forgot ...
I want the two coils to be spaced 2 inches apart, and [ would like to shine (neutron) light in
any direction in the gap. And | do not want any material around that could become magnetic.
No steel.”

“Okay, Gian, let me think about it.”

This exchange of words took place in 1970. At the time, production had just started of
niobium-tin ribbon, the only material capable of attaining that magnetic field. At the time,
also, I was a young man with no qualms for asking the Moon. In 1972, the magnet was

ready and running. True, [ had to descend to grievous compromises. For instance, the

gap between the two coils was not clear over 360° but only over 330°. The coils were not
kept apart just by vacuum (when energized, they were pulling together with the force of

100 tons, the weight of a small bridge) but by a box made of thin, concentric aluminum
rings, carved out of a solid block and prestressed in the ensemble. On the other hand, the
mechanism to orient the sample, made of heavily anodized aluminum - synthetic sapphire —
would have been the envy of any Swiss watchmaker.

Many years have passed since then, and I came to know better Bob and his “creatures”. As
always, one goes to Bob wanting something — something that has a special job to do ~ and
Bob creates it. Large or small, his creatures have come to life to fulfill their appointed goals
simply but marvelously. In the musing of an esteemed Cornell professor: “This looks a
Rube Goldberg thing, but it works.”

Bob loves his creatures. The only times I saw him upset were when somebody (and some-
times it was I) mistreated them, or abused them with no concern about their working. For
Bob, the working of things constitutes their inherent beauty, and I suspect that if sometimes
he was tempted to go beyond and add something purely for aesthetic value, he refrained
because that would have been (where did I hear that?) “gilding the lilies.”

J. M. Rowe, Chief, Reactor Radiation Division,
National Institute of Standards and Technology, Gaithersburg, Maryland

Of the many surprises awaiting me when I arrived at Argonne to take up a postdoctoral
position in August 1966, the one that has given me the most long-term problems was the
existence of an engineer named Bob Kleb. Bob did not behave like an engineer; his only
answer to any request was “Yes, we can do it, and now let’s see how long it will take and at
what cost.” After he had worked on it for a while, the time and cost were always less than I
had feared or guessed. This may not seem to be a problem of any kind, let alone a long-lasting
one, but [ can assure you that it was!
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I spent many years after leaving Argonne looking for “another Bob Kleb,” and to those who
know Bob, it will be no surprise that my search was unsuccessful. He is without question the
most talented and creative design engineer that I have ever had the good luck to meet, and
those of you at Argonne must have found, as [ have, that there is only one of him.

The fruits of Bob’s labor surround you at IPNS, many dating from the days of CP-5 at ANL,
including the LRMECS flight path. [ had the great good fortune to work with Bob at a time of
excitement and accomplishment at ANL, when there were many young and talented scientists
just starting their careers. Some of those scientists were less skilled than others at some of
the more practical aspects of our work, and Bob was unfailingly pleasant, supportive, and a
good teacher. At this time of his retirement, | want to thank him for all that he has done, not
only for Argonne and IPNS, but also for the entire field of neutron scattering.

J. J. Rush, Group Leader, Neutron Condensed Matter Science,
National Institute of Standards and Technology, Gaithersburg, Maryland

In 1963, I arrived at Argonne as the first of a cadre of young Turks who joined Don Connor’s
leap into time-of-flight neutron scattering at the CP-5 reactor. Being a chemist among physi-
cists and engineers, with a strong sense of mission and confidence and an urge to get on with
it, | needed tempering and guidance, which Don Connor understood better than I did at the
time. He introduced me in short order to a young engineer named Bob Kleb he had rescued
from the Argonne Central Shops. My job was to “design” and carry out the tests of a D,O-ice
moderator for the CP-5 and NBS reactors and to start a research effort in chemical spectros-
copy with neutrons. It was during those early days that I experienced and came to under-
stand the special qualities and genius of Bob Kleb as an engineer and designer.

With a smile on his face and his special blend of kindness and directness, Bob managed to
blunt and redirect my sometimes bizarre (but creative) plans and suggestions. Quite simply,
he (and Don) taught me in those days a lot of what | know about doing things right, in neu-
tron instrumentation, in cryogenics, in sample containment, and a host of other issues. 1
never got very good at it, but with their guidance 1 did develop a better sense of things and a
nose for detecting potential problems. So Bob Kleb was both a tutor and a friend to me in
those early days. Also, he was always available to Bob Carter, Mike Rowe, and me for valuable
consultations in later years, in spite of his increasing responsibilities. Bob is perhaps the
most multitalented engineer [ have ever had the privilege to work with. I know he will be
sorely missed at Argonne, but he has certainly earned an active and joyful retirement. [ wish
him the best.

D. L. Price, Senior Scientist, Materials Science Division,
Argonne National Laboratory

During the quarter century of our association, Bob has been responsible for many facilities
and pieces of apparatus for our neutron scattering research. These cover an enormous
variety of sizes, shapes, and functions, but all have two features in common: an outstanding
simplicity and an infallible capability for doing the job. This unique performance testifies

to the unique genius of their creator: an uncanny ability to distill the often wild and
misarticulated demands of the scientist into essential technical requirements and produce
a finished piece of equipment that never ceases to amaze in its simplicity and its match of
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function to purpose. This rare engineering talent is combined in Bob with a delightful person-
ality; an unflagging interest in, and a mine of information about, all diverse things; a quizzical
sense of humor; and a humane interest in his fellow beings. We shall not look upon his like again.

J. D. Jorgensen, Senior Scientist, Materials Science Division,
Argonne National Laboratory

When I arrived at Argonne in 1974, I quickly realized that Bob Kleb was a critical part of a
highly developed infrastructure that allowed unique experiments to be done at the CP-5
research reactor in spite of its modest flux. His contributions included high-speed neutron
choppers of various designs, a superconducting high-field magnet with a large aperture to
accommodate samples in the neutron beam, and specialized sample cells that would enable
the measurement of the antiferromagnetic order in high pressure, ultracold solid 3He.

My arrival coincided with the beginnings of the pulsed neutron effort at Argonne, which
would prove to depend heavily on Bob’s skills. It’s not hard to understand Bob’s contribu-
tions to the pulsed neutron source effort. Originally, there was the series of ZING prototypes,
where Bob did everything from target/moderator design to instrument design to the buildings
and hutches that housed them. It all needed to be done on a tight budget. I can still picture
my beam path, made from hardware-store downspout and borax, passing though a torch-cut
hole in a large cooling-fan plenum that happened to be in the desired path. His later contribu-
tions to IPNS are simple to define. Consider an empty Building 375 — a bare floor. Everything
other than that was engineered partly or solely by Bob.

An amazing quality of Bob’s engineering is that he often executed the fabrication himself in
order to make sure it was done correctly. The computer-controlled sample changers on the
SEPD and GPPD are examples. Responding to my request for a sample changer (I was tired
of changing samples in the middle of the night), Bob went into the neutron group’s shop in
Building 223 to fabricate a prototype based on his idea of using a Geneva drive to achieve
accurate (within 0.025 cm) sample positioning. He made the critical components himself.
Other components were made in Central Shops. The changer was so successful in its first
test on the SEPD that GPPD immediately wanted one. Bob took the prototype apart to mea-
sure the components and make drawings for the shop. The installation of these changers
on the SEPD and GPPD yielded an increase of about 50% in the overall throughput of samples
on these instruments. Bob’s ingenuity proved again that productivity in neutron scattering
depends on more than the neutron flux.

The amount of creative engineering done at the lunch table also amazes me. Concepts

that led to air-tight vanadium sample cans that could be sealed in a few seconds and tech-
niques for the study of small samples (smaller than 100 mg) by hanging them on amorphous
boron fibers were developed in just this way, with the first prototypes often fabricated the
same afternoon.

Few people have contributed as much to the overall success of Argonne’s neutron scattering
effort. At a lunch honoring Bob’s 70th birthday, some of us joked about how productive he
still was, but it’s actually a sobering thought to consider his retirement. Thanks for all the
contributions that only you could have made, Bob! I'm going to start trying to learn how to
take care of that helium pressure cell myself.
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Shireen Adenwalla and Apollo P. Y. Wong adjust the alignment of the polarized neutron beam with the
super mirror analyzer on the POSY diffractometer at the Intense Pulsed Neutron Source. POSY is used to
study near-surface behavior — for example, polymer bonding and diffusion.
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Organization and User Program

B. A. Marzec, IPNS Division, Argonne National Laboratory

PNS is operated by the IPNS Division (Figure 1). The IPNS management team — which

includes the Division Director, Technical Director, Operations Manager, Accelerator

Facilities Manager and Deputy Manager, Assistant Division Director, Instrumentation
Scientist, Group Leader for Neutron Scattering, and Data Analysis System Manager — provides
strategic direction for the organization’s mission, vision, values, and goals and defines the
personnel roles and responsibilities to attain these objectives. The management team takes a
positive, pro-active approach in developing new or revised IPNS strategies and in integrating
such strategies into the
operational program. These
strategies include modes of
operation, staffing plans,
new instruments, new
advanced sources, and
external interactions.

[PNS itself has a permanent
scientific and technical staff
to maintain and run the
accelerator, target and
moderator systems, and
instruments (and to pursue
development where neces-
sary), as well as to serve
the user program. Many of
the Ph.D. scientists who
spend full time in neutron
scattering and serve as
Instrument Scientists for
[PNS instruments are
members of the Materials
Science Division at Argonne.
Service personnel, adminis-
tratively part of other
Laboratory organizations,
are dedicated to work
closely with the IPNS
FIGURE 1. organization to provide
IPNS Division personnel. support. In addition, at any
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given time, a number of visiting faculty members, post-doctoral appointees, and students
spending extended periods at Argonne add a welcome diversity to the in-house neutron
scattering community.

Neutron Scattering Instruments

IPNS currently has eleven operating neutron scattering instruments, plus two more
under development:

General Purpose Powder Diffractometer (GPPD)

Glass, Liquid, and Amorphous Materials Diffractometer (GLAD)
High-Intensity Powder Diffractometer (HIPD)

High-Resolution Medium-Energy Chopper Spectrometer (HRMECS)
Low-Resolution Medium-Energy Chopper Spectrometer (LRMECS)
Neutron Reflectometer (POSY II)

Polarized Neutron Reflectometer (POSY)

Quasielastic Neutron Spectrometer (QENS)

Single Crystal Diffractometer (SCD)

Small-Angle Diffractometer (SAD)

Special Environment Powder Diffractometer (SEPD)

Chemical Excitation Spectrometer (CHEX, under development)
Small-Angle Neutron Diffractometer (SAND, under development)

These instruments are the result of a continuous series of developments that began with the
early prototypes. Ancillary equipment, available for all of these instruments, includes various
capabilities for measurements at high temperature, low temperature, high pressure, and high
magnetic field, as well as under various gaseous conditions. A majority of users come from
outside Argonne, representing universities, industrial corporations, and government-spon-
sored research laboratories throughout the nation and overseas, as shown in Figure 2.

User Program

IPNS is by far the most user-oriented of the U.S. Department of Energy’s (DOE'’s) neutron
source facilities. IPNS personnel believe that to properly run a user program, it is necessary
to provide creative, Ph.D.-level scientists whose primary responsibility is to aid users of the
IPNS neutron scattering instruments in the planning and performance of experiments. This
involves providing individual help through the whole experiment process, beginning with
sample preparation; followed by sample environment, experiment setup, and data collection;
and concluding with data evaluation. Other services provided for users include helping with
travel and lodging arrangements, site entrance assistance, and site-specific IPNS orientation
and training. In addition, training and safety-related information are provided to users to
facilitate independent future experiments, permitting the Instrument Scientist to work with
other new users and thereby expanding our user base.

In meeting one of the primary user requirements, IPNS has attained an enviably high reliabil-

ity record (of which we have always been extremely proud) for its accelerator system. Oper-
ating reliability is defined as the percentage of scheduled operating time during which the
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IPNS USER PROGRAM
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FIGURE 2.
A majority of users come from outside Argonne, representing universities, industrial corporations, and
government-sponsored research laboratories throughout the nation and overseas.

accelerator, target, and moderators are all functioning to deliver useful beams to the instru-
ments. From the beginning, the operating reliability of IPNS has been consistently above 90%,
and in recent years this has increased to 95%. Reliability is especially important because the
typical experiment lasts only a few days. IPNS’s high reliability has made it possible for users
to schedule their visits comfortably and to count on collecting their data during their sched-
uled time. In those few cases where problems have been encountered in neutron source
operation, in operation of the specific instrument, or in the user’s own equipment, the dedi-
cated operation of the accelerator system for IPNS has usually permitted the flexibility to
arrange the scheduling changes necessary to complete the experiment (for example, by
extending the run). Two weeks of operation per year have been supported by the NSF Science
and Technology Center for Superconductivity.

IPNS/LANSCE Program Advisory Committee

The Program Advisory Committee (PAC) for IPNS and the Los Alamos Neutron Scattering
Center (LANSCE) meets twice a year to review proposals for beam time at the two neutron
facilities. The PAC has a majority of non-Argonne members, with its membership chosen to
span the diverse types of science typically proposed (Figure 3). Current members of the
committee and their institutions are:

Elastic Subcommittee

Anthony K. Cheetham (University of California)
David E. Cox (Brookhaven National Laboratory)
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Andrew C. Lawson (Los Alamos National Laboratory)
Kenneth R. Poeppelmeier (Northwestern University)
James D. Jorgensen (Argonne National Laboratory)

Inelastic Subcommittee

Jurgen Eckert (Los Alamos National Laboratory)
Priya D. Vashishta (Louisiana State University)
Gabriel Aeppli (AT&T Bell Laboratories)
Raymond Osborn (Argonne National Laboratory)
Brian M. Powell (Chalk River Laboratory)

Small-Angle Diffractometer and Refleciometer Subcommittee
Robert Briber (University of Maryland), PAC Chairman
Brent Heuser (University of lllinois)

Pappannan Thiyagarajan (Argonne National Laboratory)
Gregory S. Smith (Los Alamos National Laboratory)

For most instruments, 75% of the beam time is allocated by the PAC to the users, on the basis
of proposals submitted by the users, and 25% is reserved for the Instrument Scientists, who
operate, maintain, and improve the instruments and carry out their own scientific programs.
In December 1995, the PAC met to schedule experiments for the 26th operating cycle. Most
instruments have been oversubscribed by factors of 2-3 since their commissioning, and no
instruments are undersubscribed. For experiments on publishable research accepted by the
PAC or done in collaboration with an Argonne Instrument Scientist, the neutron beam time,
complete scientific and technical assistance, and the use of the relevant [PNS instrument, analysis
codes, and computing
facilities are provided free
of charge. Some support is
also available to cover
travel and lodging for those
university users who are
unable to arrange this
support otherwise. The
IPNS computers can be
easily accessed remotely,
permitting scientists to
complete data analysis

from their home institu-
tions. Beam time for
proprietary work or for
publishable work that is

not accepted by the PAC FIGURE 3.
can be purchased under a IPNS/LANSCE Program Advisory Committee members present at

rate structure established the December 1995 review meeting. From left to right, they are
by the DOE. Andrew (Angus) Lawson, James Jorgensen, Brent Heuser,

Gregory Smith, and Kenneth Poeppelmeier (standing); Raymond Osbom,
Robert Briber, Gabriel Aeppli, and Brian Powell (seated).
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Application for Beam Time

To apply for neutron beam time at IPNS, a proposal must be submitted on a proposal form.
The IPNS/LANSCE Program Advisory Committee meets twice a year to consider these proposals.
Proposal forms are sent to a large subset of our mailing list approximately one month in
advance of each deadline.

Proposal forms are now available via ftp and can be submitted by fax (708-252-4163) or
regular mail. Because we have switched to an electronic mail system that supports attached
documents, proposals may also be submitted via e-mail (to bamarzec@anl.gov). To obtain an
IPNS proposal form, ftp to “ftp.pnstgw.pns.anl.gov” or use Netscape or Mosaic to follow the
links on the IPNS home page. The forms are available both in MS Word Rich Text Format
(RTF) and in Adobe Portable Document Format (PDF). You can view or print the PDF format
document by means of a free Adobe Acrobat Reader from “http://www.adobe.com/”, but if
you intend to submit a proposal electronically, you need to use the RTF document and
convert it to either MS Word or WordPerfect.

The proposal form is an important input to the PAC for allocation of beam time. The form
should be as comprehensive as possible; use of figures is extremely useful to the committee.
However, the available space on the proposal form must be strictly respected. It is essential
to complete and sign the safety box on the proposal form. Desired and impossible dates
should also be indicated. The PAC will review only those proposals submitted on the most
current proposal form. All other submitted forms or incomplete forms will be returned.

Those who have already run experiments must submit a report on the standard IPNS report
form. Further beam time will not be granted unless reports on all previous experiments have
been submitted. Referencing and discussing all previous work at IPNS is extremely useful to
the PAC and can enhance your proposal’s prospects for acceptance.

Assistance for University Users of IPNS

A policy has been established, with support from the University of Chicago Board of Gover-
nors for Argonne National Laboratory, for limited financial assistance for IPNS users from
North American universities. The University of Chicago Board of Governors for Argonne
National Laboratory has also supplied a car, which is available to IPNS users during their stay.

Purchase of Proprietary Beam Time

Beam time for experiments can be purchased under a rate structure approved by the Depart-
ment of Energy. For proprietary work or publishable work that is not of direct interest to the
DOE, the full-cost-recovery rate of ~$5000 per instrument per day (effective October 1995) will
be applicable. For information, contact the IPNS Division Director, Bruce Brown, at 708-252-4999.
Other IPNS Activities

IPNS activities are related to many other DOE programs, such as fossil energy, energy effi-

ciency, nuclear waste management, transportation, defense, and biological research. Many
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industrial users have performed experiments at IPNS, and some of them have paid for beam
time for proprietary research. Many of these experiments are collaborations with Argonne
and IPNS scientists and result in joint publications.

IPNS and the Neutron Scattering Group in the Argonne Materials Science Division have
continued to develop on-site Ph.D. thesis participation programs in collaboration with the
Division of Educational Programs (DEP) at Argonne. In addition to trips to Argonne during the
year, faculty advisors have frequently come to Argonne for the summer as part of a faculty
research program. Some IPNS personnel have served as regional university adjunct faculty.

Argonne sponsors a Laboratory Open House every few years. IPNS has always participated in
this Open House, and several thousand people routinely tour IPNS during the event. IPNS tour
guides inform the public about IPNS activities and share information on the type of research
performed at the facility
(Figure 4). Visitors are
provided with information
about Argonne and [PNS,
enhancing public under-
standing about the Labora-
tory and how it conducts
its important national
mission. The Open House
demonstrates both the
high quality of our research
and concern for our neigh-
bors. The next Open House
is planned for the fall of
1996 to celebrate the 50th
Anniversary of Argonne
National Laboratory.

Conferences and o
Workshops FIGURE 4.
IPNS Division tour guides for the May 1994 Open House.

With financial and techni-

cal assistance from both

the University of Chicago and Argonne’s Division of Educational Programs, IPNS has spon-
sored conferences and workshops to inform and educate the outside community about the
usefulness of neutrons across a spectrum of scientific disciplines and to train newcomers in
the applications. In the early years of IPNS, an average of five conferences and workshops
were held per year. More recently, the average has decreased due to budget restrictions.

IPNS celebrated its 10th Anniversary on July 10, 1991, with a day-long workshop followed by a
reception. Similar plans are being made to celebrate the 15th Anniversary of IPNS on May 7, 1996.

The Frontiers of Liquid and Amorphous States International Symposium was held on
August 13-15, 1991. The goals of this symposium were to (1) focus on recent advances in the
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chemistry and physics of disordered materials; (2) emphasize the interplay between physico-
chemical properties and atomic structure, as probed by neutron and x-ray scattering and
computer simulation; and (3) discuss selected topics related to the liquid and amorphous states.

In planning for very large projects, such as the new IPNS Upgrade source that is being pro-
posed, IPNS received considerable input from the users. A large workshop for users was held at
Argonne on May 13-16, 1993, on Scientific Opportunities at Future Spallation Neutron Sources.

The Workshop on Software Development at Neutron Scattering Sources, SOFTNESS-94, was
held on October 6-7, 1994. The purposes of the workshop were to (1) promote the exchange
of information concerning software developments for the visualization and analysis of neu-
tron scattering data; (2) establish a formatting standard for the interchange of neutron
scattering data between neutron sources and the user community; and (3) assess the capabil-
ity of proprietary and public domain software for general data analysis problems and discuss
the potential for standardization by U.S. neutron scattering centers.

In April 1995, the IPNS Upgrade Workshop was held to examine the Feasibility Study for an
IPNS Upgrade. The workshop was a substantial peer review of the proposed accelerator
system, conventional facilities, cost, and schedule. The target stations had been previously
reviewed. The above study was carried out as a collaboration between IPNS and Advanced
Photon Source (APS) personnel at Argonne. The successful IPNS operational, experimental,
and target experience were augmented with APS accelerator and project management exper-
tise to produce concepts with high technical, cost, and schedule credibility.

The Fourth International Conference on Surface X-Ray and Neutron Scattering was held on
June 26-30, 1995. The following topics were discussed during the conference: depth profile in
polymers, semiconductors, and magnetic materials; roughness at surfaces and at the inter-
faces of multilayers; structure of overlayers and surface layers; and in-situ studies of vapor,
liquid, and solid interfaces in special environments.

The Ninth International Conference on Liquid and Amorphous Metals was held on
August 27-September 1, 1995. Highlighted topics included new structural materials and
applications in energy conversion, electronics, optics/electro-optics, and waste storage.

The International Collaboration on Advanced Neutron Sources (ICANS) was founded at
Argonne in 1977. Argonne hosted the sixth ICANS meeting in 1982 and will be hosting the 14th meeting
in the spring of 1998. For further information, contact John M. Carpenter (JMCarpenter@anl.gov) or
consult our Web description, “http://www.pns.anl.gov/icans/icansdescript.html!”.

IPNS Advisory Committee
The IPNS Advisory Committee was established in 1986 to represent the mix of disciplines of
the users and to assist users with any problems or issues arising at IPNS where consultation

could be useful. The committee reviews and advises on all aspects of the IPNS operation,
including scientific programs, user programs, planned upgrades, and other programmatic
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issues as requested by the IPNS Division Director. The purview of the committee has expanded
to include advising on short- and long-term plans for the facility. The members are chosen to
represent the various scientific research areas that utilize IPNS. The committee is being
expanded and will report to the University of Chicago’s Board of Governors for Argonne
National Laboratory. The next meeting will be in the spring of 1997.

Awards and Recognition

Recognizing employee
contributions is paramount
to a continuing successful
program. Performance
awards may be given to
individual employees in
recognition of performance
achievements, as set forth
in the specific award
program criteria. IPNS
personnel have been
nominated for and received
numerous awards. In
October 1995, IPNS facility
personnel were honored to

be recognized by the U.S. FIGURE 5.

Department of Energy and Beverly Marzec accepted the 1995 DOE Energy Quality Award for
the Energy Quality Council; IPNS from Secretary of Energy Hazel O’Leary. Also attending the
the facility was presented awards ceremony were H. Sue Morss (left), representing the

the Energy Quality Com- ANL Associate Laboratory Director for Physical Research, and
mendation Award for Arthur J. Goldman (right), Director of ANL Quality Management.

exemplary achievements in
demonstrating the quality
ethic (Figure 5).

Since 1991, the following IPNS personnel have received awards:

The 1992 Federal Laboratory Consortium Award for Excellence in Technology Transfer
James Richardson, Jr.

The University of Chicago Outstanding Service Award
Franklin Brumwell '
David Leach

The Argonne Director’s Award

Julie Hanebuth
Kenneth Volin
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The Argonne Pacesetter Award
Roger Blackman and Lawrence Johns
Roger Blackman, Donald Bohringer, Merlyn Faber, John Hammonds, Lawrence Johns, David
Leach, Beverly Marzec, William Ruzicka, Terry Scott, Kenneth Volin, and Robert Zolecki
John Hammonds
Julie Hanebuth
Terry Scott and Al Paugys
Jeffrey Toeller and Frans Trouw

IPNS Facility Personnel — March 1996

Specific job responsibilities of IPNS personnel are listed. IPNS instrument responsibility is given in parentheses.

PNS DIVISION ADMINISTRATION

Bruce Brown
Diane Hoffmann
Ira Bresof

Jack Carpenter
Julie Hanebuth
Beverly Marzec

- Division Director

- Secretary

- Assistant Division Director
Technical Director

- ESH Coordinator, Quality Assurance

- Staff Assistant, Scientific Secretary

USER SUPPORT

Kent Crawford

Chun Loong

George Ostrowski
Jim Richardson

Art Schultz

Thiyagu Thiyagarajan
Frans Trouw

Apollo Wong

Tom Worlton

Shireen Adenwalla
Gary Burr

Millie Firestone
Jackie Johnson
Jamie Ku

Cheok Tam
Dianna Young

Instrumentation Scientist

Group Leader for Neutron Scattering, Inelastic Scattering (HRMECS)
Software Development

Powder Diffraction (GPPD)

Single Crystal Diffraction (SCD), High-Intensity Powder Diffraction (HIPD)
Small-Angle Diffraction (SAD/SAND)

Quasielastic and Inelastic Scattering (QENS/CHEX)

Neutron Reflection (POSY 1)

Computer Systems Manager, Network Manager

Neutron Reflection (POSY)

Powder Diffraction (GPPD)

Molecular Diffusion, Synthesis (QENS)

Glass, Liquid, and Amorphous Materials (GLAD)
Colloidal Systems (SAD/SAND)

Molecular Spectroscopy, Chemical Excitation (CHEX)
Chemical Crystallography (SCD)

NEUTRON OPERATIONS

Bill Ruzicka
Cathy Riblon
Henry Belch
Don Bohringer
Lawrence Donley
Rick Goyette
John Hammonds
Lynette Jirik
Chris Johnson
John Kowalski
Dave Leach

Operations Manager

Secretary

Design Engineer

Neutron Facilities Supervisor

(LRMECS), Choppers, Accelerator Kicker System
Neutron Reflection (POSY/POSY II), Mac Computers
Data Acquisition

Operations

Operations, (QENS)

Ancillary Equipment Engineer

Group Leader - Operations

INTENSE PULSED NEUTRON SOURCE




Martha Miller - Cryogenic Engineer, Moderators

Dean Peters - Cryogenics, Moderators

Chris Piatak - Operations

Mark Schlueter - Operations

Terry Scott - Lead Engineer for Moderators, Cryogenics

Tony Tafoya - Operations

Ray Thomas - Powder Diffraction Instrumentation (GPPD)

Jetf Toeller - Chief Technician - Operations

Rich Vitt - Operations, (SCD)

Ken Volin - Glass, Liquid, and Amorphous Materiais (GLAD)
Tom Walsh - Operations
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James Spindler at the controls of the Intense Pulsed Neutron Source accelerator, which produces a 500-MeV
proton beam for use by the IPNS spallation neutron source.
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Enhanced Operation

B. 8. Brown, IPNS Division, Argonne National Laboratory

he DOE budget proposal for FY 1996 includes a Scientific Facilities Initiative (SFI) that

will lead to the more effective use of a remarkable array of research facilities through-

out the United States, many of which have no counterpart in any other country. These
innovative, state-of-the-art resources represent a large federal investment in specialized
energy, environmental, medical, physics, and industrial research. The facilities include high-
energy and nuclear physics accelerators, neutron and synchrotron-light sources, and smaller
facilities, such as electron microscopy centers.

The SFI provides $100 million per year to meet the increasing demand for operating time at
these unique facilities involved in the basic energy sciences, high-energy physics, and nuclear
physics. Although that sum represents a funding increase of about 10% for user facilities, it
will actually increase operations at such facilities by about 30%, thereby leveraging both
federally and privately sponsored research. The initiative recognizes the president’s pledge
and the Administration’s commitment, as articulated in Science in the National Interest, to
invest in fundamental science as a top priority.

One goal of the SFI is to double the IPNS’s operation time and provide the scientific and
technical support needed to permit all instruments in the user program to be operated
fully. The additional operating funds represent a 50% increase over FY 1995’s funding
from DOE.

Upon receiving news of the possible increase, ANL solicited opinions from outside
users, as well as its own scientists and technical support personnel, on the best use of
the prospective funds. Discussions were held within the IPNS division and throughout
the Laboratory, and a plan was formulated. A decision was made to add staff at the
post-doctoral level, scientific staff to support the instrument scientists, and engineering and
technical staff to support the accelerator and neutron operations groups. Ads were placed,
and Argonne received many inquiries and applications from outstanding candidates. The
interview process, which is still going on, involves many members of the IPNS team. The first
“new faces” began to appear in December 1995, and by March 1996, over half of the new
personnel were on board. So far, ANL has been very pleased with the new additions.

The goal is to build up the amount of time the IPNS operates to 32 weeks per year. During

the first year, while people are being hired and trained, IPNS will operate for 25 weeks. The
transition to greater availability is already under way; it started in October, the beginning of the
new fiscal year. At its December meeting, the Program Advisory Committee (PAC) increased the
amount of time it will allocate by 50% for most instruments and by 100% for the two powder
diffractometers. The funding increases under the SFI are being immediately translated into
additional beam time for IPNS users.
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Spallation Neutron Source Plans
at Argonne

B. S. Brown, IPNS Division, Argonne National Laboratory

Energy Sciences Advisory Committee (BESAC) established three subcommittees to update

its review of future U.S. neutron sources. One subcommittee was to review possible
upgrades to existing reactors; the second was to review possible upgrades to existing spallation
sources; and the third was to guide DOE’s conceptual design of a new spallation neutron source.

I n the fall of 1995, after the Advanced Neutron Source (ANS) was cancelled, DOE’s Basic

For the past three years, Argonne has been examining the feasibility of upgrading the
IPNS. Page iii of this report shows the layout of the IPNS Upgrade. Based on a proton accelera-
tor producing 500 LA at 2 GeV, the upgrade could provide a total beam power of 1 MW, It
would have two target stations; one would operate at 10 Hz, for high-resolution and long-
wavelength instruments; the other would operate at 30 Hz, for high-intensity applications.
The IPNS could be upgraded in 4-1/2 years through a modest extension of existing technology,
for a total construction cost estimated at $559 million. Using existing Argonne buildings
would save $175 million over using a new (greenfield) site. Argonne printed and distributed
its IPNS Upgrade: A Feasibility Study in April 1995, and since that time, the report has been
subject to many peer reviews. The target stations, accelerator system, conventional facilities,
cost, and schedule have all been endorsed.

The choice of 30 Hz as the source repetition frequency was based on a survey of scien-
tific requirements and an evaluation of preliminary designs for neutron scattering
instruments for a 1-MW pulsed source. The study found that scattering instruments
could be put into two categories: those for which 30 Hz would be preferable, and those
that would require a lower frequency, for which 10 Hz would be satisfactory. Few of
the instruments considered could efficiently use frequencies higher than 30 Hz. There-
fore, Argonne determined that two targets operating at different frequencies would
provide the flexibility to serve both categories of instruments while doubling the num-
ber of available beamlines and instruments.

The preferred option is to operate at the highest possible energy and lowest possible
current. This preference would not affect the neutron production rate, which is propor-
tional to the proton beam power at the energies under consideration. High-energy
protons can be obtained by accelerating protons through a linear accelerator or a circular
machine. Because single-pass machines such as linacs tend to have high construction and
operating costs, proton linacs tend to be lower-energy machines. The highest-energy proton
linac is the 800-MeV linac at Los Alamos National Laboratory. Because circular machines take
advantage of multiple traversals of the particles, the energy level at which they operate can
be very high. Construction and operating costs for circular machines are substantially lower
than those for linacs of similar energy. Circular machines can accelerate a time-averaged
current of 0.5-1.0 mA to several GeV. Argonne chose to use a linac to provide a 400-MeV H-
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beam for injection into a rapid cycling synchrotron (RCS). The RCS is designed to accelerate
an average proton beam current of 0.5 mA to 2 GeV.

Shielded transport lines would carry two extracted proton beams to the two target stations.
Each station would contain a neutron-producing target consisting of water-cooled tungsten
plates in two sections. Moderators positioned close to each target would slow down neutrons
from the primary source energies (about 1 MeV) to useful energies (less than about 10 eV).
Water, liquid methane, and liquid hydrogen moderators would be used. Reflectors of beryl-
lium metal or of beryllium and heavy metal would surround the moderators to enhance the
intensities of the neutron beams. Decouplers and heterogeneous poisons within the moderator-
reflector system would tailor the spectra and pulse characteristics of the neutron beams.
Massive steel and concrete shields would surround the targets and moderators and provide
multiple levels of confinement for the radioactive materials within. Because some compo-
nents of the target would have finite lifetimes, and because alterations would need to be
made over the years to accommodate changing demands, each target station would be
equipped with a hot cell and remote handling equipment and designed to facilitate the
movement and servicing of the internal components. Cross-sectional views of the biological
shield and hot cell are shown in Figure 1. Irradiation facilities for neutron activation and fast-
neutron materials irradiation applications would be arranged close to the targets. These
irradiation facilities would not interfere with neutron scattering applications and would be
accessible during operation.

The IPNS Upgrade would provide 36 beam ports for neutron scattering instruments, 18 at the
30-Hz target station and the other 18 at the 10-Hz station. Because neutron beams for more
than one instrument would

be extracted from a single
beam port in some cases,
more than 36 neutron
scattering instruments could
be supported at this facility.
There would be a total of 12
Biological Shield moderators, one for every

and Hot Cell three beam ports, so the
[ moderator characteristics
W N could be optimized to meet
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instruments and specialized instruments developed by participating research teams.
Chapter V of the IPNS Upgrade: A Feasibility Study outlines a reference set of 27 instruments
that would be well-balanced and capable of carrying out a wide range of neutron scattering
activities. This reference set was used in selecting the target station parameters, laying out
the locations of the target stations within the experiment halls (page iii), and making cost
estimates. Up to 10 of the instruments that are presently operating at IPNS would be refur-
bished and transferred to the IPNS Upgrade as part of this initial instrument complement.
This approach would provide a core of proven instruments ready for operation at start-up.
The neutron scattering instruments are located in existing experiment halls that provide
internal space for beamlines up to 50 m long. Longer beamlines can be extended outside
the buildings, if necessary.

Most of the neutron scattering instruments use the neutron time-of-flight (TOF) principle for
determining neutron wavelengths. The majority of these instruments, in turn, require good
wavelength resolution. For such instruments, the IPNS Upgrade target stations would provide
25 to 50 times the intensity available at IPNS. However, for those instruments that do not
require good wavelength resolution (for example, small-angle-scattering instruments), the
coupled liquid hydrogen moderators would be used to provide 100 to 200 times the intensity
available at IPNS.

If the IPNS Upgrade were a 1-MW source, it could easily be upgraded to 5 MW by injecting the
beam from the 2-GeV RCS into a 10-GeV RCS. Studies on this option have been under way
since the 1-MW feasibility study was completed. A viable concept that takes ANL site consid-
erations into account has been developed. This design has the advantage of permitting full
operation of the 1-MW source while the 10-GeV ring and target areas are under construction.
The 2-GeV and 10-GeV rings could be connected quite quickly. Furthermore, the 1-MW facility
would require no additional capabilities to be enhanced to 5 MW, thus, there would be no
extra costs associated with the initial 1-MW source.

A downsized version of the 1-MW IPNS Upgrade has also been under study; the design was
presented to the second BESAC subcommittee in January 1996 and to the full BESAC in
February 1996. The downsized source would use the same conceptual linac-synchrotron
accelerator system, operating at 30 Hz. The beam would be delivered to only one target (not
two), and the number of instrument beamlines would also be halved. The beam power would
be 400 kW (2.5 times that of ISIS, the most powerful spallation source in the world), and the
cost would be about half that of the 1-MW source. Using existing Argonne buildings would save
$155 million over using a new site. Not only would this proposed downsized IPNS Upgrade be
considerably less expensive, it would also take less time to build (less than 4 years, rather
than 4-1/2 years), thereby helping the United States regain its leadership position in neutron
research. A reference set of instruments was chosen; it includes five existing, upgraded
instruments that would be moved from IPNS. The layout of the reference set is shown in
Figure 2, and the corresponding requirements are listed in Table 1.

Since the BESAC review, an effort has begun on designing and costing an ISIS-level source of

150 kW. This would consist of a linac and 1.5-GeV synchrotron operating at 30 Hz and produc-
ing 100 pA. There would be one target station, and instruments would be moved from IPNS
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BEAMLINE REQUIREMENTS

INSTRUMENT MODERATOR | COUPLINGP| BEAM PORT®

*SEPD

*GPPD

hi resd powder
residual stress
*GLAD

single crystal
*HRMECS
quasielastic
*SAND

hi res small-angle
reflectometer
cold neutron chopper

hi res backscattering

* Instruments transferred from IPNS.

2 The reference set of instruments is selected to show that a balanced set of instruments
can be suitably placed to utilize the experiment hall (Building 370). This reference set
occupies 13 of the 18 beam ports. It includes the five instruments transferred from IPNS,
with the remainder being selected from among the instruments described in Reference 1.

b All moderators are decoupled, unless otherwise noted.
€ Beam ports are numbered clockwise from the proton beam, as viewed from above.

Numbering scheme is moderator (A through F) and beam port on that moderator
(1 through 3).

d “hj res” = high-resolution.

€ To low-resolution sample position.

f Flight path shortened for 30-Hz operation.

TABLE 1. Beainline requirements for a reference set? of instruments.
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and/or provided by Participating Research Teams. The construction schedule would be
somewhat shorter than the 400-kW Upgrade, and the cost would be slightly more than half
that of the latter source.

All of the above studies
have been carried out as
collaborations between the
IPNS and APS (Advanced
Photon Source) personnel
at Argonne. Augmenting the
successful operational,
experimental, and target
experience gained at IPNS
with the accelerator and
project management Meters

expertise developed at APS

0 10 20 30

has resulted in concepts
that are very credible in
terms of their technical
merit, cost, and schedule.

FIGURE 2.
Location of the reference set of instruments on the neutron
beamlines in Building 370.

Reference

IPNS Upgrade: A Feasibility Study, Argonne National Laboratory Report
ANL-95/13 (April 1995).
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Lawrence Donely examines a bakeable cell designed for in-situ neutron studies of atomic diffusion and

excitations in hydrogen-charged zeolites and proton conductors.
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Publications

uthors should be reminded that IPNS is funded by the Department of Energy (DOE)

and appropriate acknowledgement is important. Authors are encouraged to acknowl-

edge IPNS and DOE support in all relevant papers and abstracts. A recommended
acknowledgement citation is the following:

This work has benefited from the use of the Intense Pulsed Neutron Source
at Argonne National Laboratory. This facility is funded by the U.S. Department
of Energy, BES-Materials Science, under Contract W-31-109-Eng-38.

Please pay particular attention to items which are to be copied by direct method; cover page
acknowledgements are not normally copied. Since publications are the “product” of IPNS
experiments, all authors are requested to send a copy of all publications arising from IPNS
work to the IPNS Division office. If you send a preprint, please remember to follow up either
with a reprint or at least a note giving the precise publication details. This request applies
irrespective of whether an Argonne scientist is co-author of the paper.

Please remember that the Argonne staff have spent considerable effort building up the
facilities which are made available to users. We consider it natural that Argonne staff partici-
pating extensively in the performance of user experiments will have the opportunity to be co-
authors of any resulting publication. If in doubt, co-authorship should be discussed at the
beginning of an experiment.
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