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Physics Division Summary

In common with many other organizations and AECL as a whole, Physics Division has itself had
significant structural change in this report period. The Theoretical Physics Branch was
disbanded, with theoreticians now reporting either to the Neutron and Condensed Matter Science
or to the Nuclear Physics branches. This change was part of an overall thrust to minimise
administrative overhead without impacting on the research. Varley Sears has written an article
entitled "Fifty Years of Theoretical Physics at AECL: 1943-1993", which outlines the history of
the Theoretical Physics Branch from its beginning at the Montreal Laboratory until this year.
This article appeared in the 1993 July issue of Physics in Canada and has also been issued
independently as a brochure by AECL Public Affairs.

Work on high-power ion linacs and the ion source development program was terminated 1993
March 31 when the RFQ1 program ended. One of the last program activities was the installation
and commissioning of a klystrode-based rf system, which was accomplished in four weeks.
Subsequently, RFQ1 became the first particle accelerator to be driven by a klystrode system. The
accelerator operated at its new design energy of 1.25 MeV and accelerated more than 50 mA of
a high-quality beam injected directly from the ECR ion source. Upon completion of the RFQ1
program the equipment was disassembled, crated and shipped to the Los Alamos National
Laboratory, where it will be recommissioned as the Chalk River Injection Test Stand (CRITS).
The topical review in this report by Jim Ungrin on High Power Proton Linacs sets out the
historical development of the project.

The Laser Plasma Beatwave Accelerator progressed with the generation of accelerating field
gradients of up to 1.8 GeV/m and acceleration of an injected electron beam to at least 30 MeV
over a 1 cm distance. Also the high-power CO2 laser beam was used to irradiate Zr-Nb pressure
tube samples, with the aim of assessing any surface modification that may occur, particularly
from shock hardening. Preliminary evaluation of the samples shows some promising results.

The technical contributions AECL could make toward construction of a synchrotron light source
were presented at a workshop on Material Research with Synchrotron Radiation. This workshop
was held at Simon Fraser University and organized by the Canadian Institute for Synchrotron
Radiation (CISR) in conjunction with the Annual Meeting of the Canadian Association of
Physicists.
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Work continued on the application of radiofrequency waves to investigate the properties of
relevant materials, notably industrial ferrites. Chalk River has participated in an international
collaboration for measurements of dielectric properties of material at high temperatures. Results
were presented at the 95th Meeting of the American Ceramic Society. The data measured at
Chalk River were taken as the best values when discrepancies arose in the data from the various
groups in the collaboration.

The second topical review in this report on Neutron Scattering and Mineral Physics has been
written by Ian Swainson and Martin Dove. Dr. Dove has spent a sabbatical year with us from
Cambridge University and this contribution shows another dimension to the broadening range of
applications for neutron scattering.

DUALSPEC operated successfully throughout the reporting period and a number of improvements
have been made. The switches controlling operation of the gate/collimator were replaced and
additional shielding was added in the yoke for their improved radiation protection. The switches
controlling the wedge movement within the monochromator drum were also replaced by a more
radiation-resistant design. A redesigned, much stiffer link was added between the monochromator
drum and the detector shield of the powder diffractometer, to allow more reproducible setting of
the scattering angle. A new scan mode has been added to the control program, in which four
angles may be controlled independently. A WAIT command has been added, which permits the
researcher to specify a waiting period after the sample has reached the set temperature before data
is collected. A mode CALIBRATE has been added to allow more automatic and convenient
calibration of the powder diffractometer. For the polarized beam triple-axis spectrometer,
positioning of the boral jaws that define the beam dimensions and the values of the currents in
the flipper coils can now be set from the control program.

In the Physics program, more detailed analysis is reported of data on liquid "He, on high density
amorphous ice and on the superlattice reflections in Cu3Au. The complex magnetic phase
diagram of the heavy fermion compound UPd2Si was investigated and a new magnon mode was
observed by polarized neutron scattering from CsMnI3.

Results from the Molecular Physics program include investigations of the structures of the
ferroelastic compounds A4LiH3(SO4)4 (where A s K and Rb) and the discovery of a new phase
of ND4A1F4. Both elastic and inelastic scattering measurements are reported from calcite, from
its polymorph aragonite and from the analogous mineral, dolomite. Complete lattice melting was
observed at the ferroelastic transition in NajCC^. Phonons were measured in several silicate
minerals and a new calculation for the transition temperature of quartz was made in terms of the
rigid unit model.
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The Materials Science program has included investigation of the austenite to ferrite
transformation in Fe-C Alloys and the evolution of the texture of Al alloys during hot working.
The temperature dependence of the vacancy concentration was measured in particular NiAl alloys
and the sources of aberrations in near surface stress measurements have been explored. A phase
analysis of LEU (Low Enriched Uranium) fuel is reported.

In the Condensed Matter Theory program the reflectivity of several model surfaces was calculated
and the application of particular electron-phonon models to high Tc superconductors was
investigated. Theoretical studies were made of the transition in calcite and of multiple scattering
in steel plates. A theory for the conductivity of vortex cores was developed and three-body
correlations investigated in the description of low dimensional electron systems. A new means
of describing strongly interacting fermion systems was developed and spin structure factors were
calculated for ABX3 compounds. Particular questions in the physics of heavy fermion systems
are under investigation.

The Neutrino Physics program is carrying out quality control tests on the acrylic sheets for the
SNO detector. A detector to trap and detect very small quantities of radon is being developed.
A gas-tiansport system has been proposed to transport calibration sources to the SNO detector.
The Th/U concentrations are being measured for all materials close to the detector. All
procurement and construction contracts for the SNO laboratory have been awarded. Excavation
of the cavity for the detector is complete.

The integral neutron yield from spallation reactions in lead targets has been calculated as part of
the Nuclear Data and Modelling program. The one-dimensional spin 1/2 Heisenberg chain is
being studied in the framework of the quantum inverse scattering method. The quantum special
linear group has been defined in the framework of a braided tensor category and work on
generalizing Majid's transmutation theory is in progress. A study of the Iterated Prisoner's
Dilemma has been made as an example of an interacting many-body problem.

M. Harvey, B.M. Powell and J. Ungrin
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TOPICAL REVIEW

J. Ungrin

High-Power Proton Linacs

The era of high-power proton linac development at CRL ended on 1993 March 31 with the
termination of the RFQ1 program. This program, which was a main theme of the Accelerator
Physics Branch since its inception, began formally in 1964, but had its roots in the early 1950's
with W.B. Lewis' concepts of electronuclear breeding. In 1952, as part of the Future Systems
organization that had bt«n set up at CRL, a High Energy Systems Panel was established to
consider the theoretical and experimental aspects of neutron yield from spallation as well as to
review the existing accelerator technology. Initially this program was seen as a joint US-UK-
Canadian effort. The US was, in fact, working on a classified project called MTA (Materials
Test Accelerator), details of which were not declassified until 1957. The accelerator for the
initial MTA program was a 12 MHz Alvarez linac with a cavity diameter of approximately
18.3 m. (A railroad track was laid in the bottom of the tank to transport the enormous drift-tubes
into position.) The MTA program was designed to breed fissile fuel and/or tritium using
neutrons produced by spallation. The discovery of large deposits of uranium in the US and
improvements in reactor technology led to cancellation of the MTA project in late 1952. Work
at CRL concentrated on neutron yields from the spallation process. Because few accelerators

• were available then in the energy range of interest, experimental measurements were designed
around cosmic rays, the output of nature's accelerators. A series of measurements of neutron
yield from proton interactions with heavy-metal targets were made at Echo Lake, Colorado
(altitude 3260 m), where the cosmic proton flux of interest was an order of magnitude higher
than at Chalk River. These measurements, which were the only ones in existence for proton
energies above 200 MeV, were found to be in reasonable agreement with the theoretical
predictions.

In 1963-64, a proposal began to take shape for a new intense neutron source to replace NRU,
which was recognized to have a limited lifetime as a world-leader in high-flux measurements.
(NOTE: It is interesting that this comment continues to be valid 30 years later.) The proposed
replacement for NRU was called ING (Intense Neutron Generator) and featured a 1.5 km long,
approximately 1 GeV, linear accelerator with an average beam current of 65 mA. This highly-
ambitious accelerator would have required advances in accelerator technology that have not yet
been achieved, three decades after the initial design. ING was designed to provide a thermal
neutron flux that would be a factor of 50-100 times that available from NRU. However, Lewis
continued to view proton spallation and neutron production for fuel breeding as the long-term
goal for "factory-type" accelerators. Although the ING project was cancelled in
1968 September, the concept of high-power, continuous-wave, linacs was established and became

• the Chalk River forte in accelerator physics.
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Hardware and expertise acquired during the ING study, in ion sources, linacs and rf survived
the cancellation of the program and were the basis of the High Current Test Facility. This
facility was designed to accelerate 50-60 mA, cw beams of protons from 0 to 3 MeV, an energy
regime where space-charge forces dominate the acceleration process for high-current ion beams.
The facility consisted of a duoplasmatron ion source, a 750 kV dc column and a 3 MeV Alvarez
linac. The 750 keV injector succeeded in accelerating beam currents of 50 mA, but reliable
operation at greater than 20 mA could not be achieved. In 1985 the experiment was shut down
after 5 mA cw beams had been accelerated up to 3 MeV.

A re-evaluation of electronuclear breeding (ENB) in 1981, using economic and uranium reserves
data from many international sources, showed that fuel breeding with cw proton linacs continued
to appear attractive for economic fissile fuel production in the 21st century. A staged program
was developed to achieve the targets of ENB. The proposed first stage, which came to be
known as ZEBRA (Zero Energy BReeder Accelerator), consisted of a 10 MeV, 300 mA, cw
Alvarez linac. ZEBRA used the recently-invented radiofrequency quadrupole (RFQ) as a
replacement for the dc columns that had proven unreliable at high beam currents. Political
arguments led to the choice of Varennes, near Montreal, as the proposed site for this accelerator.
Changes in the political scene, the slowdown in nuclear power installation worldwide and the
discovery of vast new deposits of high-grade uranium ore in Saskatchewan led to a re-evaluation
and cancellation of the ZEBRA program in 1984. This cancellation was followed by the second
significant exodus of accelerator expertise from CRL. The first exodus had occurred with the
cancellation of the ING project 15 years earlier. In 1984-85 much of the expertise migrated to
the Los Alamos National Laboratory (LANL), which had shared many of the interests in high-
power proton accelerators with CRL and where a program was starting for the use of high-power
linacs in the Strategic Defence Initiative (SDI), also known as Star Wars.

As indicated, the RFQ accelerator was chosen as the injector of choice for high-current
applications. A program to build a cw RFQ continued after the cancellation of ZEBRA. The
project, known as RFQ1, was designed to accelerate 75 mA, cw, of protons up to 600 keV.
Some financial support came from LANL, via the US DOE and DOD. In 1990, RFQ1
succeeded in meeting its design goals and a redesign to increase the energy to 1.25 MeV was
underway.

. The rf system used throughout the proton linac program was based on a high-power triode
amplifier. Production of this triode had ceased many years ago and the program at CRL had
continued on spares acquired from a number of foreign laboratories. In 1989 a decision was
made to acquire a new high-power system based on a klystrode amplifier tube. The common
interest of LANL and CRL in this device led to the purchase of a two module klystrode-based
rf system with shared funding.

In addition to the LANL interest for SDI applications, a new potential application for high-
intensity neutron sources had surfaced, namely the transmutation of nuclear wastes. These
two applications, as well as the renewed US interest in using linacs to produce tritium, led to
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the proposal in 1991 of CWEDA (CW Engineering Demonstration Accelerator), a joint US-
Canadian program for an 8 MeV, cw proton linac with an output current.of 50 mA. Financial
constraints within AECL became severe in FY 1991/92, and the preliminary proposal for
CWEDA was not approved. In addition, in 1992 February it was announced that the RFQ1
program and essentially all of the proton accelerator development would end, effective 1993
March 31.

A number of key experiments remained to be done before the shutdown of RFQ1. These
included tests of the newly-developed, high-quality, ECR ion source with the accelerator and
tests of the klystrode amplifier with RFQ1. Also to be determined was the future of the
hardware acquired during the course of the collaboration with LANL. Delays by the
manufacturer of the klystrode rf system complicated the issue, but delivery of one of the two rf
modules to CRL was made on 1992 December 31 and the system was successfully used to
demonstrate beam acceleration with RFQ1 before shutdown on 1993 March 31. Several other
significant experiments, including the operation of the RFQ1 at the new design energy of
1.25 MeV and the direct injection of beam without a bending magnet system, were also carried
out. The latter experiment was possible because of the high quality beam and high proton
fraction from the ECR ion source, which has been a culmination of the high-current dc ion
source program that has gone hand-in-hand with the linac development program since 1965.

A Memorandum Of Understanding (MOU) was negotiated during FY 1992-1993 for the transfer
of the RFQ1 hardware to LANL, who were successful in negotiating funds from the US DOE
and DOD to continue high-current linac development. Following the completion of the program
at CRL, the equipment was disassembled and shipped to Los Alamos. It will be reassembled
there and will be known as CRITS (Chalk River Injector Test Stand). AECL will have access
to the technical information gained from the experiments and, although there will not be an
active development program at CRL, we will continue to monitor potential applications for
proton accelerators.

It is interesting to note that the main applications envisaged for neutrons from the spallation
process in 1993 are for the destruction of fissile materials from the weapons programs that are
being decommissioned and for the transmutation of nuclear wastes. Over the past 40 years the
applications have migrated from the breeding application at the beginning of nuclear fuel cycles,
as envisaged by W.B. Lewis, to the destruction of the materials at the end of the cycles.

It was recognized early in the development of proton linacs that the high (energy) beta sections
could be more cheaply modelled and understood using electrons. A series of electron accelerator
programs, which included ETA (Electron Test Accelerator) and the medical accelerator program,
was started beginning in the early 1970s. These programs led eventually to the IMPELA and
PHELA accelerators, around which a large portion of the continuing development programs in
the Accelerator Physics Branch on accelerator structures and applications now concentrate.
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TOPICAL REVIEW

I. P. Swainson with M.T. Dove (Cambridge University)

Neutron Scattering and Mineral Physics

Mineral Physics is a relatively new discipline, which initially arose from the application of high
pressure techniques to the study of silicate minerals. The discipline of Mineral Physics has since
come to encompass the applications of many experimental techniques (including neutron
scattering) and theoretical methods (including computer modeling and electronic structure
calculations) of solid state physics to study the properties of minerals under different conditions
of temperature and pressure. Minerals are the basic materials of rocks, so an understanding of
the behaviour of minerals will aid in the understanding of rock processes. However, there are
some interesting new physics problems in these materials, for despite their complexity, silicate
minerals have some simplifying features that allow us to look at old problems in the theory of
phase transitions in a new light, thereby giving new insights of a more general nature. For the
experimentalist, nature has provided some beautiful large single crystals of many interesting
minerals. For the theorist, it is possible to study many minerals using accurate transferable
interatomic potentials.

We describe two examples of the neutron scattering studies that are in progress at Chalk River.
In the first, the study of the phase transitions in carbonates, the experimental results are ahead
of theory, whereas the opposite is true in the second, the study of phase transitions in silicates.

Carbonates

The most common carbonate, calcite (CaC03), occurs as the building material limestone, as
marble, and as chalk. Large single crystals are readily available, and are well-known for their
remarkable optical properties. The crystal structure of calcite at room temperature is illustrated
in Fig. 1. At Chalk River we have been interested in a phase transition that occurs at 1260 K.
Our initial studies of this transition focused on measurements of the intensities of a few Bragg
peaks, which were found to vanish on heating up to the transition temperature. Our results
indicated that the phase transition involves disorder of the orientations of the carbonate molecular
ions, allowing rotations by 60° about their 3-fold axes. It turns out that calcite is almost unique,
in that the orientational order-disorder phase transition is continuous. In most other examples,
such as N2, KCN, SF6 and CBr4, the phase transition involves a large discontinuous change in
the orientational order. Our data have yielded information about the thermodynamic properties
of the phase transition. These are important for geological applications, since they have allowed
an understanding of the phase boundary between the calcite and aragonite forms of CaC03.

More recently we have shown that the orientational disorder in calcite grows in a manner similar
to conventional melting. In the high-temperature disordered phase, orientations of the carbonate
groups that are related by 60° rotations are equivalent. In the low-temperature phase, the
amplitude for rotational motion increases on heating, until it exceeds a critical value that allows
easy 60° rotations and thus precipitates the onset of complete disorder. This is similar to the
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conventional Lindemann model for melting, and is quite different from the conventional statistical
disorder model. Thus calcite is a useful paradigm for "rotational melting".

Inelastic neutron scattering studies of calcite present further intriguing challenges. X-ray
diffraction photographs of calcite that showed unusual diffuse scattering led us to measure the
inelastic spectrum at a particular zone boundary point (called F), apparently unrelated to the
phase transition. We measured an unusual softening of one of the phonon branches at this point.
But we also found an unusual "column" of inelastic scattering, which is narrow in wave vector
but which extends in energy from zero to about that of the soft phonon (Fig. 2). On heating, this
column increases in intensity so fast that by about 1000 K it dominates the scattering spectrum.
The width in wave vector does not change on heating. The origin of this scattering remains
uncertain, but we believe it comes from fluctuations of the stable structure into different ordered
structures. We have calculated the energy of calcite and found alternative ordered structures with
similar energies. Thus we anticipate that the full explanation of this phenomenon will involve
a novel type of fluctuation into different states with similar, but slightly higher, energies.

Silicates

The basic materials that make up hard rocks such as granites are the silicates, with crystal
structures that are based around infinite frameworks of connected SiO4 and A1O4 tetrahedra.
Since rocks are tough objects, it is surprising that silicates are riddled with various types of phase
transitions. Although these structures are complex objects, it turns out that the theoretical
analysis of their phase transitions is greatly helped by taking account of the differences between
the force constants for deforming a tetrahedron and those for rotating two tetrahedra about a
common oxygen atom. The fact that these are so different in magnitude means that we can treat
their effects quite separately. We find that there are some vibrational modes that propagate with
no distortion of the tetrahedra, which then move as rigid units. These so-called "rigid unit
modes" can act as soft modes for displacive phase transitions — their existence explains why
phase transitions are so common in silicates.

Using standard interatomic potentials it is possible to calculate the transition temperature for
quartz, and we obtain a reasonable agreement with experiment. The important finding from this
is that the free energy that drives the phase transition is dominated by the phonon branch that
contains the soft mode. We can therefore use a simple model that has widespread use in the
theoretical study of phase transitions, in which atoms are connected by stiff springs and vibrate
in double-well potentials. In this case the stiff springs represent the forces required to distort the
tetrahedra, and the double-well potentials represent the balance between weak forces that favour
distortion of the structure and short range forces that eventually limit the maximum allowed
distortion. We can then show that the transition temperature is determined by only two factors:
the stiffness of the tetrahedra and the maximum allowed distortion. A number of other
consequences follow from our simple model, such as the explanation of the thermodynamic
properties associated with the phase transition, including the pressure dependence of the transition
temperature, the explanation of observed cation-ordering patterns in some more complex minerals,
and the explanation for the existence of negative thermal expansion.
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Most of our work has been on quartz, because many of the model interatomic potentials have
been developed for silica and virtually all the useful experimental data are confined to studies
on quartz. It is probable that the conclusions we draw from the studies on quartz have more
general significance, since it has been established that interatomic potentials can be accurately
transferred from one silicate structure to another. Nevertheless, it is important to obtain
measurements of rigid unit mode spectra in other systems. This is not a trivial exercise. The
large number of atoms means that the inelastic spectra are complicated and not very strong. We
are therefore starting this enterprise by measuring the phonon spectra of relatively simple
silicates, even though these are complex by most other standards!

0 CALCIUM
• CARBON
O OXYGEN

Fig. 1 The crystal structure of calcite at room temperature. The carbonate molecular ions are
shown as the triangular shaped units. In this structure there are two distinct carbonate
groups with different orientations. In the high-temperature phase, each carbonate group
is able to rotate in their plane between orientations that are 60° apart, so that the two
carbonate groups are no longer distinct.
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effective 1993 June 29.
Started 1993 May 26.
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1.2 SUMMARIES

Ion Source Development

The prototype microwave proton source was consistently able to supply more than enough beam
current to satisfy the requirements of the RFQ1 ion linear accelerator development program.

The Accelerator Physics (AP) Branch ion source development program was discontinued for
economic reasons at the end of the 1992-93 fiscal year.

The AP Branch ion source test stand (ISTS) is currently being used by the staff of the TASCC
Accelerators and Development (TAD) Branch for the development of a negative ion source based
on the prototype microwave proton source.

Ion Linear Accelerator Development

A klystrode-based rf system was installed and commissioned in only four weeks. Subsequently,
it became the first klystrode-based system ever to drive a particle accelerator.

The Chalk River ion linear accelerator program was terminated at the end of the 1992-93 fiscal
year because of fiscal constraints.

The program was assumed by Los Alamos National Laboratory, where the RFQ1 accelerator
system will be recommissioned as the Chalk River Injector Test Stand (CRITS).

Electron Linear Accelerator Development

The BEDROCS and PHELA accelerators are being maintained as branch facilities. A water-
cooled target holder has been installed on the PHELA accelerator for the irradiation of zirconium
samples. The PHELA control system is being upgraded and computerized to permit "hands-off '
operation.

Laser Acceleration of Particles

Accelerating field gradients of up to 1.8 GeV/m have been observed in the laser plasma
acceleration experiments.

A number of Zr-Nb pressure tube specimen have been irradiated with the CO2 laser beam in
order to study laser shock-hardening of materials for CANDU reactor pressure tubes.

TRANSOPTR code was used to assess the beamline performance when the 12 MeV accelerator
structure is replaced by the 5 MeV BEDROCS structure.
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Superconducting Cyclotron

Transfer of computer source code and data files from the Cyber 990 to a personal computer has
begun, in response to the announced shutdown of the 990 in 1994 May.

Modifications of a rotary vacuum feedthrough have been demonstrated to overcome a design
flaw in the feedthrough, which is part of the drive system for foil changer transport chain.

Development of computer code continued. Vertical electric fields in the region of the rf foil
shields have been added to SUPERGOBLIN and the range of currents for generating field maps
has been extended in TRIUMF2.

Synchrotron Radiation Source for Canada

A workshop on Material Research with Synchrotron Radiation was organized by the Canadian
Institute for Synchrotron Radiation (CISR) at Simon Fraser University in Burnaby, B.C.,
between 1993 June 14-16. The CISR Annual Meeting and the Directors Meeting were held on
1993 June 16.

Application of Radiofrequency Waves to Materials

A new multimode complex permeability, high-temperature measurement apparatus was designed,
commissioned and sample results published on industrial ferrites relevant to accelerators. This
expands our capability to measure magnetic as well as dielectric materials.
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1.3 INDIVIDUAL REPORTS

1.3.1 Ion Source Development

T. Taylor

The direct involvement of the Accelerator Physics (AP) Branch in the development of ion
sources for various applications was discontinued at the end of F Y 1992-1993, after more than
a quarter century of significant contributions that started with the refinement of high-current
duoplasmatrons, continued with the improvement of high-current duoPIGatrons and concluded
with the development high-current microwave proton sources.

The prototype microwave proton source supplied, on demand, the beam required for the
completion of the RFQ1 ion linear accelerator development programme.

The AP Branch ion source test stand (ISTS) continued to be used by the staff of the TASCC
Accelerators and Development (TAD) Branch for the development, in consultation with AP
Branch staff, of a negative ion source based on the prototype microwave proton source. The
development of a permanent magnet version of the prototype microwave plasma generator was
also undertaken.

1.3.1.1 RFQ1 Prototype Microwave Ion Source

T. Taylor and J.F. Mouris

A duplicate prototype microwave plasma generator, including a waveguide break, a rectangular-
to-ridged waveguide transition, a plasma generator and a pair of solenoids with power supplies
was installed on the RFQ1 injector, to replace the system shipped to a commercial customer.
Commissioning was interrupted by a mass flow controller (MFC) failure. The RFQ1 injector
MFC was returned to the supplier for repair and replaced by the ISTS MFC.

Matching the microwave line to the plasma generator over a wide range of operating conditions
proved to be difficult. The three stub tuner from ISTS was added to the microwave line so that
any load could be matched.

The waveguide break failed and a pinhole was generated in the Teflon sheet, but the replacement
operated at up to 55 kV without problems. On the basis of previous success with the design,.
the failure was attributed to a poor quality Teflon sheet. A search for a better supplier was
initiated.

The microwave window failed when the ion source was operated at a beam current in excess of
100 mA. Earlier attempts to fabricate a brazed microwave window to improve heat transfer
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were promising. The development should be pursued if beam current densities higher than
500 mA/cm2 are required.

The commissioning of the microwave ion source was greatly facilitated by modifying the high-
voltage power supply controller to allow remote adjustment of the extraction voltage. The
injector was subsequently operated at up to 55 kV. The optimum operating parameters were
essentially unchanged from the two earlier prototype microwave ion sources. The matched beam
current at 50 kV was about 70 mA with an estimated proton fraction of approximately 75%.

Once the final experiments on RFQ1 were initiated, the prototype microwave proton source
generated as much beam current as required, whenever necessary.

The preparation of a report on the assembly, startup, conditioning and operation of the injector
was completed. The startup and operating procedures were independently evaluated by the staff
of the Los Alamos National Laboratory.

1.3.1.2 ISTS Prototype Microwave Ion Source

T. Taylor with W.T. Diamond and J.S.C. Wills (TASCC Accelerators and
Development Branch)

The 7 mm diameter extraction electrodes for the prototype microwave proton source mounted
on ISTS were plugged and remachined to generate a 5 mm diameter set of electrodes for
experiments with various gaseous feeds. A charge exchange canal was subsequently added to
permit the production of negative ion beams. For details, refer to the progress report
PR-TASCC-6, AECL-10908.

The microwave line was upgraded with components supplied by TAD Branch. A circulator
optimized for 2.45 GHz and a four stub tuner replaced the 3.00 GHz circulator and the three
stub tuner.

The extraction column developed a leak at one of the glued joints. (It may be that the system
was subjected to unintended stress.) The assembly was simply reheated in an oven and the
vacuum integrity was restored.

1.3.1.3 Ion Source Test Stand

T. Taylor with W.T. Diamond and J.S.C. Wills (TASCC Accelerators and
Development Branch)

A vacuum stepper motor on the emittance measurement unit failed. Because a vacuum motor
compatible with the motor drivers on the test stand was not found, a conventional stepper motor
was installed in vacuum as a replacement. It failed also and was replaced with a second
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conventional stepper motor, which is currently operating. It appears that the lifetime of
conventional motors in vacuum is one to two months. The stepper motor drivers will have to
be replaced to allow use of available vacuum stepper motors.

1.3.2 Ion Linear Accelerator Development

T. Taylor

During the last eight years, the Chalk River ion linear accelerator development program
significantly advanced the technology required to generate beams of light ions at high-duty
factors. The RFQ1 accelerator still holds the world record for beam current from a
radiofrequency quadrupole. Early in 1992, however, a decision was taken to discontinue the
program at the end of FY 1992-1993, because of fiscal restraints. In 1993 January a new
klystrode-based rf system was installed and commissioned for the RFQ1. It became the first
klystrode-based system to drive a particle accelerator.

As a result of international interest in the RFQ1 project and in partial recognition of past
financial support to the project, a memorandum of understanding was negotiated late in FY
1992/1993 transferring the system to Los Alamos National Laboratory, where the accelerator
will be recommissioned under the banner the Chalk River Injector Test Stand (CRITS).

1.3.2.1 High-Power Klystrode RF System

J.Y. Sheikh and L.W. Shankland

Two 250 kW klystrode rf systems were acceptance tested at Continental Electronics Corporation
(CEC) in late 1992 December. The first system was shipped to Chalk River and the second was
shipped directly to Los Alamos National Laboratory (LANL). Installation began on 1993
January 04 and was completed with first rf power out of the final amplifier by 1993 February
02. An overview of the installed amplifier is shown in Fig. 1.3.1. The system was tuned to
267 MHz and initially operated into a 300 kW resistive load. The power signal from the output-
window sensor, measured at Chalk River, was somewhat larger than that measured at both
Varian (the tube developer) and CEC. The allowed upper limit of 500 mW was reached at an
output power of only 237 kW, whereas the observed signal was previously less than 400 mW
at an output power of 300 kW. The time available for tests of the amplifier was too short to
allow a detailed investigation of the discrepancy and, because the power obtainable was
sufficient to meet the needs of the beam experiments with RFQ1, the problem was left
unresolved. Tuning errors, which were initially suspected, now appear unlikely, leaving
instrumentation differences as the most probable explanation. Varian now believes that the 500
mW limit is conservative and will consider increasing the limit if similar readings are obtained
following recommissioning of the system at LANL. The bandwidth and the linearity of the rf
system observed during the acceptance tests are shown in Figs. 1.3.2 and 1.3.3.
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Fig. 1.3.1 Overview of installed klystode rf amplifier.
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Klystrode operation into the tank, both with and without beam, was similar to that of the triode.
The demonstration of closed-loop beam operation was deferred, but is expected to be
straightforward. The pulsing capability of the rf system significantly eased and shortened RFQ
conditioning. Coarse tuning adjustments to change the amplifier frequency were easy.
However, considerable fine tuning was required to achieve the highest efficiency (>70%) and
the largest final-amplifier gain (>22 dB). The anomalously high sensor power at the output
window remains unexplained, but should not limit operation at LANL. Cavity-gap sensor
readings were inconsistent; output-window probe readings proved much more useful as input to
the protection circuit.

The successful operation into the tank with beam has demonstrated that a klystrode is a suitable
rf amplifier for accelerator cavities and, thus, deserves serious consideration as the power source
for the next generation of high-power cw or pulsed accelerators in the 0.2 to 1 GHz frequency
range.
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1.3.2.2 RFQ1-1250 Accelerator

J.Y. Sheikh, A.D. Davidson, G.E. McMichael, W.L. Michel, B.H. Smith and
L.W. Shankland

Prior to first operation with the klystrode system, the RFQ1 tank had been left unpowered but
under vacuum for over four months. Some reconditioning was required but, with the pulsing
capability of the new system, it was much easier to break through multipactor and to condition
for high cw power. Beam acceleration was attempted immediately after the RFQ would accept
the 150 kW cw design power. Within three days, a cw proton beam of greater than 50 mA was
accelerated from 50 keV to 1.25 MeV without incident. As expected, the transmission and the
emittance with the klystrode were similar to those observed previously with the triode amplifier.
During the limited time available for experiments before the 1993 March 31 shut down, minor
incompatibilities between the level controller and the rf-blanking module prevented closed-loop
RFQ field control during beam acceleration. The incompatibilities were identified and necessary
modifications verified at the module level prior to shut down. None appears to present serious
long-term concerns.

1.3.2.3 Chalk River Injector Test Stand (GRITS)

A.D. Davidson, J.F. Mouris, L.W. Shankland and B.H. Smith

After the demonstration of the klystrode amplifier with RFQ1-1250 was completed, the entire
accelerator system was disassembled and shipped to LANL, where the system will be
reassembled and recommissioned under the title the Chalk River Injector Test Stand (CRITS).
Over a six-week period, the whole system, including the microwave proton source, the RFQ
accelerator, the beam stops, the vacuum systems, the cooling systems, the klystrode rf system,
the diagnostics and all of the instrumentation and control systems, was broken down into more
than 130 subsystems that were crated for shipment via four trucks.

1.3.2.4 270 MHz Tetrode System

J.Y. Sheikh, A.D. Davidson and L.W. Shankland

The 270 MHz tétrode/triode rf system was permanently shut down last year, as reported in the
previous progress report. The modular power supplies associated with the system were
decommissioned. An assessment of the value of recommissioning the intermediate stage
amplifier, the tetrode, is still pending.
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1.3.2.5 Accelerator Engineering Studies

1.3.2.5.1 GlidCop AL-15 Brazing Tests

T. Tran-Ngoc, R.J. Kelly and RJ. Bakewell

Several successful GlidCop AL-15 braze joints were produced with BAu-2 alloy (comprised of
80% gold with 20% copper), using Chalk River equipment and following the brazing procedure
obtained from the Centre canadien de fusion magnétique (CCFM). Holding the part at the
brazing temperature for only a short period of time was important for a successful joint. This
seemed to limit the diffusion of the brazing alloy into the base material. The use of a double
brazing foil (two layers each 0.05 mm thick) also improves the joint, presumably for the same
reason.

The ultimate tensile strength (UTS) of the joints, measured by pulling with a jig on a 19.05 mm
OD by 12.7 mm ID cross section, is shown in the following table:

TEST CONDITIONS LOAD TO RUPTURE
(kN)

UTS
(MPa)

OFHC TO OFHC WITH 1 LAYER
OF 0.05 mm BRAZING FOIL

17.8 (RUPTURED
AT BRAZED JOINT)

114

AL-15 TO AL-15 WITH 1 LAYER OF
0.05 mm BRAZING FOIL

53.4 (RUPTURED AT
BOTTOM CORNER IN

BASE MATERIAL)

338-345

AL-15 TO AL-15 WITH 2 LAYERS OF
0.05 mm BRAZING FOIL

53.4 (RUPTURED AT
BOTTOM CORNER IN

BASE MATERIAL)

336

AL-15 TO AL-15 WITH 1 LAYER OF
0.05 mm BRAZING FOIL (LEAKED

BECAUSE OF LONG SOAKING TIME
AT BRAZING TEMPERATURE)

19.1 (RUPTURED
AT BRAZED JOINT)

152

A copper layer, plasma sprayed commercially onto Glidcop AL-15 using the High-Velocity Oxy-
Fuel Technique, failed to provide an adequate diffusion barrier for brazing the material using
a silver-based alloy. The sprayed samples appeared to be satisfactory, but were so porous that
they all leaked when sealed onto a machined plated surface with an "6" ring or a rubber gasket.
Several samples brazed with CuSil alloy also leaked. The joints were depleted of the brazing
alloy, indicating excessive diffusion of the alloy into the plating or the base material. A slight
increase in the size of the plating also indicated a reaction between trapped air in the voids and
hydrogen in the furnace during brazing.
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1.3.2.5.2 Intersecting Channel High-Power Beam Dump

T. Tran-Ngoc and RJ. Kelly

Development of the intersecting channel high-power beam stop continued. The test jig was
modified to make the angle between the main channels and the cross channels 30° rather than
45°. Preliminary results showed a higher pressure drop at 30° than at 45° for the same size
cooling channels.

1.3.3 Electron Linear Accelerator Development

P.P. Adams

Two 3 GHz linacs are housed in a common shielding tunnel in Bldg. 610. The higher power
of these, PHELA, is used for a range of commercial irradiations and for the development of
dosimetry. The second accelerator, BEDROCS, is used for lower-energy irradiations and
experiments to improve the quality of accelerated electron beams.

1.3.3.1 BEDROCS

P.P. Adams

The BEDROCS accelerator is being maintained as a branch facility. The accelerator is capable
of producing electron beams of energy up to 6 MeV and power level up to 350 W. In June, the
accelerator was set up and operated to perform a low-power, low-energy irradiation on
zirconium and other samples cooled by liquid nitrogen. This irradiation was done in support of
COG research being performed by Gavin Hood of the Reactor Materials Research Branch.

1.3.3.2 PHELA

P.P. Adams

The PHELA accelerator is being maintained as a branch facility, and produces an electron beam
at an energy of 13 MeV and a power level of 4 kW. A water-cooled target holder was installed
on the accelerator for the irradiation of zirconium samples as part of a COG experiment in
collaboration with On-Ting Woo of the Fuel Channels Components Branch. The accelerator was
operated intermittently from February through June to test the target holder design. It was also
operated to develop and test an automatic frequency control system. In view of anticipated
irradiation requirements, the PHELA control system is being upgraded to reduce operator
workload and permit hands-off operation, with unattended operation as the long-term goal.
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1.3.3.3 Electron Linear Accelerator Beam Dynamics

T. Taylor

The accurate simulation of electron beam dynamics is crucial to develop linear accelerators
capable of generating high-quality electron beams. A thorough search of the relevant literature
was conducted. A comprehensive review revealed that the standard particle-tracking computer
code, PARMELA, still represents the state-of-the-art, despite serious attempts to develop more
elegant techniques. The staff of the Los Alamos National Laboratory agreed to supply a copy
of the latest version of the code developed specifically for use on a personal computer.

1.3.4 Laser Acceleration of Particles

N.A. Ebrahim

The high-power CO2 laser laboratory has been established to study advanced accelerator concepts
and laser chemistry. Experiments are underway to study plasma-based collective accelerator
concepts such as the ultra-high-gradient plasma heatwave acceleration concept. Experiments
have also been initiated to examine the laser shock-hardening of Zr-Nb pressure tube materials
for CANDU reactors.

1.3.4.1 High-Power CO2 Laser System

N.A. Ebrahim, R.W. Davis and J.F. Mouris

The CO2 laser system continued to perform reasonably well, although a number of major
unscheduled overhauls had to be undertaken during this quarter, which seriously slowed progress
in the experimental area.

The Lumonics oscillator developed frequent and sustained arcs in the main discharge, so the
• Marx generator had to be completely overhauled. This repair seems to have eliminated the
problem.

The Lumonics 612 laser amplifier also developed arcs in the main discharge. This was caused
in part by a faulty ferrocene flow system and in part by failing components in the main
discharge. The main amplifier was dismantled and the discharge electrodes removed from the
discharge tube. A new set of pre-ionizer boards were customized and installed in the electrode
assembly. This failed to eliminate the problem. The Marx generator for the amplifier was
examined and a fault located in the voltage-equalizing liquid resistors on the spark gaps. New
copper sulphate resistors were fabricated, tested and installed on the Marx generator. This
appears to have solved the problem of arcing in the main discharge.
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Two cw-mode low-pressure laser tubes were designed and are currently under construction. The
tubes are being fabricated from quartz and it is expected that they will improve performance in
single-mode operation.

1.3.4.2 Laser Plasma Acceleration Experiments

N.A. Ebrahim, R.W. Davis and J.F. Mouris

We have observed accelerated electrons up to at least 30 MeV with the present experimental set-
up. With an injection energy of 12 MeV this gives an energy gain of 18 MeV over a 1 cm

. plasma length and a corresponding accelerating field gradient of approximately 1.8 GeV/m. We
have not as yet searched for accelerated particles above 30 MeV, because this involves a major
reconfiguration of the spectrometer and detector systems.

Experiments are underway to search for acceleration in a hydrogen plasma at somewhat lower
fill pressures. We have not as yet observed any signatures of acceleration.

1.3.4.3 Linear Electron Accelerator System

R.W. Davis, N.A. Ebrahim and J.F. Mouris

The accelerator system continued to perform reliably and only minor routine maintenance has
been carried out. No major problems have been encountered with the transport beamline or the
detector system.

A number of control panels and boards have been redesigned and are being fabricated to replace
existing ones that are failing or are inadequate.

1.3.4.4 Laser CANDU Materials Experiment

N.A. Ebrahim, R.W. Davis, C.R. Hoffmann and J.F. Mouris with
K.F. Amouzouvi (Fuel Channel Components Branch, WL)

Four samples of Zr-2.5Nb pressure tube specimens have been irradiated with high-power, short
pulse CO2 laser beams. The aim is to assess surface modification that may arise as a result of
the irradiations, particularly shock hardening. Preliminary evaluation of the samples indicated
that the specimen irradiated at a power density of 2xl014 W/cm2 looked promising. More
irradiations will be done with specimens prepared for greater absorption of the laser light.
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1.3.4.5 Beamline Calculations

C.R. Hoffmann

The TRANSOPTR code was used to assess the beamline performance when the 12 MeV
accelerator structure is replaced by the 5 MeV BEDROCS structure. The calculations assumed
that all beamline elements and the rf input line from the magnetron would not be moved. At
the structure exit face the beam was assumed to have a transverse dimension of 0.1 cm, angular
divergence of 0.5 mrad and a total momentum spread of 2%. Second-order calculations showed
that the beam is focused to a spot size of diameter less than 500 /tm in the centre of the main
interaction chamber.

1.3.5 Heavy Ion Superconducting Cyclotron

C.RJ. Hoffmann

TASCC Accelerators and Development Branch operate the Chalk River superconducting
cyclotron. Accelerator Physics Branch provides assistance in commissioning, maintenance and
operation, and in the design of improved components to enhance performance and reliability.

1.3.5.1 Main Magnet Diagnostics

C.RJ. Hoffmann with D.L. Schroeder (TASCC Accelerators and Development
Branch)

Review of a technique to monitor temperatures of the pancake windings in the magnet is
completed. A scheme to permanently install and interlock this diagnostic has been devised and
hardware procurement is underway. The technique, used previously during magnet cooldown,
is to measure the voltage across each pancake that is generated from a current of 1 A flowing
in the magnet, and then deduce temperature from the known variation of the resistivity of copper
with temperature. The temperature range of interest is 10 K and above.

1.3.5.2 Foil Changer

J.F. Weaver with J.S.C. Wills (TASCC Accelerators and Development Branch)

A mechanical test jig was assembled to test a modified vacuum rotary feedthrough used to drive
the foil transport chain. Previously it had been discovered that a design flaw (see PR-PHY-5)
led to galling and generation of mechanical debris, which impeded rotary motion. Continuous
operation of the feedthrough under load in the jig verified that the corrective measures were
adequate. This feedthrough is available for service on the cyclotron.
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1.3.5.3 Computation

C.R.J. Hoffmann

Development of code in SUPERGOBLIN to model the effects on the beam of vertical electric
fields in a dee continued. Calculations for vertical field effects in the vicinity of the foil changer
rf shield showed a vertical deflection of a few millimetres, which was rf-phase dependent.
Furthermore, the calculations supported the idea, proposed by E.H. Lindqvist (TASCC
Accelerators and Development Branch), that an identical structure placed in the following dee
will provide substantial reduction of this vertical deflection. The code is being extended to
include the vertical electric fields measured at the dee gaps.

The code TRIUMF2 has been modified to generate field maps for magnet currents that are
outside the measured map grid, but well within the operating limits of the magnet.

Transfer of code and data files from the Cyber 990 computer to fast personal computers,
operating under DOS and using the Watcom Fortran 77/386 compiler, has started, in response
to the announcement that the 990 will be shut down 1994 May 31. Two codes for cyclotron
setup, TRIUMF2 and TRIUMF3, have been transferred along with relevant data files, which
include the field map data extracted from measurement field maps. The data files have been
rewritten in the required binary form and the source code has been recompiled, modified as
required, and run in the new environment with satisfactory results. Several more source codes
and data files must be moved before setup of the cyclotron beam can be calculated on a personal
computer.

1.3.6 Synchrotron Radiation Source for Canada

N.A. Ebrahim

The effort to establish a synchrotron radiation facility in Canada continues through support of
the Canadian Institute for Synchrotron Radiation (CISR).

A workshop on Material Research with Synchrotron Radiation was organized by CISR in
conjunction with the Annual Meeting of the Canadian Association of Physicists (CAP) at Simon
Fraser University in Burnaby, B.C., between 1993 June 14-16. M. Harvey attended the
workshop and presented an invited talk on the technical contributions that AECL could make
towards such a facility. The CISR Annual Meeting and the Directors Meeting were also held
at Simon Fraser University on 1993 June 16. M. Harvey represented AECL at both meetings.

While work is proceeding towards establishing a synchrotron radiation facility, the next major
step will be a workshop (scheduled for the Fall, 1993 at the Saskatchewan Accelerator
Laboratory) organized by CISR to set the specifications for a machine that would meet most of
the requirements of the Canadian Synchrotron Radiation users.
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1.3.8 Application of Radiofrequency Waves to Materials

1.3.8.1 Measurement of RF Properties of Materials

R.M. Hutcheon, M.S. de Jong, P.P. Adams and G.F. Morin with P. Hayward
(Containment Analysis Branch) and P. Lucuta and L. Bahen (Fuel Materials
Branch)

Development work continued on cavity-based systems for measuring high-temperature rf
dielectric properties of industrially relevant and scientifically interesting materials. The
prototype multimode cavity for permeability measurements was constructed, calibrated and used
successfully to demonstrate measurements of the effects of dc magnetic bias on the measured rf
properties of G810, G510 and TT2-111R ferrites from Trans Tech.

A collaboration was initiated with V. Krstic's group at Queen's University, Kingston, to measure
the dielectric properties of advanced silicon carbides, which they are developing. Initial
measurements on their silicon carbide formulations showed unique frequency dependence of the
microwave loss, which may be useful in mode absorber applications. Studies of the absorption
mechanism will be done.

Recent contact with microwave component suppliers and system developers revealed a complete
lack of dielectric absorption data for thermal insulating materials that are used in microwave
heating systems. In general, it is desirable to minimize microwave absorption in such materials,
especially for work piece temperatures above 1000°C. Several manufacturers have provided
samples of candidate materials, and measurements are underway to characterize them.

An international collaboration was established in the field of high-temperature dielectric property
measurements to compare results from different laboratories, using different techniques, to
establish consistency of results. Each group made measurements on samples from the same
batch of Hilox 882 Alumina from Morgan Matroc. Preliminary results were presented at the
95th American Ceramic Society Meeting. The data from CRL agreed with most of the other
measurements, and, in fact, were accepted as the best values when discrepancies occurred.

1.3.8.2 Joint Studies with University of Florida Materials Engineering Department:
The Application of Microwave Processing to Selected Ceramics

R.M. Hutcheon and G.F. Morin

The Florida group submitted three proposals for joint R&D work to various funding agencies
(NSF and DOE). No decision from the funding agencies has yet been received on these
proposals.
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1.4 PUBLICATIONS AND LECTURES

Publications

THE ELECTROSTATIC DEFLECTOR FOR THE CHALK RIVER SUPERCONDUCTING
CYCLOTRON
W.T. Diamond, C.R. Hoffmann, G.R. Mitchel and H. Schmeing
Proceedings of the 13th International Conference on Cyclotrons and Their Applications,
Vancouver, Canada, 569, 1992.

POTENTIAL ENHANCEMENT OF MAGNETIC DEFLECTION IN THE CHALK RIVER
SUPERCONDUCTING CYCLOTRON EXTRACTION SYSTEM
C.R. Hoffmann and E.H. Lindqvist
ibid., 573.

MODEL STUDY OF AN ELECTROSTATIC DEFLECTOR CONFIGURATION WITH AN
INTERMEDIATE ELECTRODE
C.R. Hoffmann and J.F. Mouris
ibid., 577.

DESIGN OF HIGHLY BEAM-LOADED, NORMAL-CONDUCTING RF CAVITIES
M.S. de Jong and T. Tran-Ngoc
Proceedings of B Factories - The State of the Art in Accelerators, Detectors and Physics,

• Stanford Linear Accelerator Center, Stanford University, SLAC-400, CONF-9204126, UC-414,
150, 1992.

Reports

SUPER-1G COST COMPARISON STUDY OF A 1 GeV PROTON FACTORY LINEAR
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2.2 SUMMARIES

Condensed Matter Science

Recent measurements of S(Q, co) from liquid 4He very close to Tx were analysed in
terms of two Lorentrfans (2.3.1.1). The results showed a rapid increase in linewidth
and rapid decrease in the frequency of the roton as T\ is approached from below.
This is very similar to classical soft-mode behaviour in a solid.

Measurements to compare the frequency distribution functions of high-density
amorphous ice and crystalline ice Ih have shown a significant excess of low-
frequency modes in the former (2.3.1.2). At 11 K the distribution of excess modes
appears to be double-peaked, but disappears by 80 K. This is interpreted as the
melting of two kinds of structural defects in the glass.

The unusual temperature dependence of superlattice reflections in Cu3Au was
analysed in terms of an anisotropic Debye-Waller factor for the Cu ions (2.3.1.3). This
is in contrast to the temperature dependence of the fundamental reflections, which
can be understood in terms of a normal, isotropic Debye-Waller factor.

Measurements of the magnetic structure of UPd2Si2 in a field revealed the existence of
a re-entrant triple-point at T = 108 K and H = 1.95 T (2.3.1.4). It marks a first-order
transition between a commensurate and an incommensurate phase. At 2.95 T
transitions between magnetic phases are found at 105 K and 115 K.

Polarized neutron measurements on CsMnI3 (2.3.1.5) have observed a weak, low-
frequency peak, consistent, in both frequency and intensity, with a recent theory of
magnetic excitations in these materials. The results show that it is possible for rwo-
magnon peaks to be as intense as one-magnon excitations.

The low-temperature, ferroelastic structure of Rb2LiH3(SO4)4 was determined to be
monoclinic, space group P2l (2.3.1.6). The temperature dependence of the monoclinic
angle and the small distortions of the structure from the high-temperature (>135 K)
tetragonal paraelastic phase were measured. This behaviour contrasts with that of
the analogous material K2LiH3(SO4)4 (2.3.1.7) in which no structural transition was
observed. The structure remains monoclinic between 4.2 K and 250 K.

Measurements, of the temperature dependence of the structure of ND4A1F4 (2.3.1.8)
found only a very weak effect at the reported phase transition at ~150 K. Attempts to
refine the D-position have been unsuccessful. However, a previously unknown phase
of ND4A1F4 was discovered at 5 K.
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The orientational order-disorder transition in calcite at 1260 K is found to occur when
the librational amplitude of the carbonate ions exceeds a critical value that permits
easy rotation through 60° (2.3.1.9). No site disorder was observed at higher
temperatures. This librational amplitude is correlated with the order parameter.
More detailed measurements were made of the anomalous "column" of inelastic
scattering at the F-points in calcite (2.3.1.12). Its intensity is proportional to the
intensity of the soft phonon at F and increases dramatically with temperature, but
does not diverge at the transition. At ~1000 K it is impossible to distinguish between
the column and the soft phonon.

In dolomite, which has a structure similar to that of calcite, the orientations of the
carbonate ions become progressively disordered on heating (2.3.1.10). But, although
the librational amplitude of the ions increases with temperature, the onset of site
disorder was also observed, unlike the case of calcite.

The ferroelastic phase transition in Na2Co3 at ~755 K was found to be continuous
(2.3.1.11). On cooling towards the transition, the intensity of the Bragg peaks are
reduced because of the divergence of the temperature factors, and diffuse peaks
associated with soft acoustic modes appear. The transition is interpreted in terms of
complete lattice melting.

Acoustic modes have been measured in the aragonite structure of calcite (2.3.1.13).
The objective is to refine the interatomic potential model for CaCo3. Efforts have
been made to measure phonon dispersion curves in several silicate minerals (2.3.1.14).
An optical branch was observed in leucite, KAlSi2O6 and low-frequency modes in
diopside, MgCa(SiO3)2.

The temperature for the a-3 transition in quartz was calculated from a model
interatomic potential with renormalized phonon theory (2.3.1.15). The calculated
temperature is in reasonable agreement with the experimental value.

The carbon redistribution in Fe-C alloys at the austenite/ferrite interface was
investigated (2.3.1.16). It was found that non-equilibrium carbides are precipitated.

Texture measurements were used to probe the evolution of the microstructure of an
aluminum alloy during hot working (2.3.1.17). Relationships describing the
microstructural evolution were derived.

The temperature dependence of vacancy concentrations and the long-range order
parameter in Ni499Al501 alloys were measured (2.3.1.19). The vacancy concentration at
1400°C was found to be a factor of two greater than estimated previously.
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Possible causes of systematic observations in near-surface diffraction measurements
were investigated (2.3.1.20). Improvements in the experimental configuration can
reduce the effects of the aberrations and some of the effects can be modelled.

Polarized neutron spectrometry was used to investigate a Co-Re multilayer (2.3.1.21).
An antiferromagnetic peak was observed. A phase analysis of LEU fuel core was
carried out (2.3.1.21). The results led to a contract to perform Quality Assurance tests
of fuel rods for Fuel Fabrication Branch.

The reflectivity for some model surface potentials was calculated in the Distorted
Wave Born Approximation (2.3.1.22). The error in the calculations is found to be ~100
times less than an ad hoc model commonly used to interpret experimental data.

The spectral function was calculated from an exact diagonalization of the
Hamiltonian for an electron-phonon model (2.3.1.23). The result was compared with
two approximations that are used as bases for theories of high Tc superconductivity.

Solutions of the Eliashberg equations have been determined (2.3.1.24). It was found
that the superconducting Tc is enhanced due to retardation.

The CO3 molecular ions in calcite were modelled with Ising-like variables (2.3.1.25).
The partition function was calculated by exact numerical summation. The model is
equivalent to an Ising model.

Measurements of strain within thick steel plates were analysed to determine whether
multiple scattering effects were of importance (2.3.1.26). Initial results suggest that
other aberrations may be as important as multiple scattering.

The effect of three-body resonances on the electron Green function has been
compared to exact solutions for interacting electrons in one dimension (2.3.1.27).

It was shown that the Random Matrix Theory description is applicable to quantum
spin systems (2.3.1.28). The transition from integrable to non-integrable systems was
studied.

The spin structure factor for all polarizations was calculated from a recent spin
theory for the ABX3 stacked antiferromagnetic chain systems (2.3.1.29). The
agreement between theory and experiment is now improved.

Two questions are being addressed in the physics of heavy fermion systems (2.3.1.30).
One concerns the very small antiferromagnetic moments observed in some materials,
the second is the lack of degeneracy of the crystal field levels.
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Neutrino Physics

Optical transmission and radioisotopic analysis of the production sheets of acrylic are
made as a routine quality control mechanism (2.3.2.1). Initially there were difficulties
with the optical properties, which did not meet specifications, but these now appear
to be resolved. All samples have met the specifications for Th and U content

A Si diode cryotrap has been designed to detect very small quantities of 220Rn and
222Rn (2.3.2.2). Operated at 80 K, the cell is expected to be -95% efficient in detecting
any radon atom that enters.

A proposal has been made to produce calibration sources for the SNO detector in a
remote location (2.3.2.3). The sources are short-lived and will be transported to the
detector in sub-second times by a gas-capillary transport system. The concept has
been tested successfully.

The Th and U content is being measured for all materials being considered for SNO
components that are close to the D2O (2.3.2.4). Measurements have been made on
vectran and kevlar rope, rope fibre, nylon and dyes.

Design for the SNO project is virtually complete and the construction phase has
begun (2.3.2.5). Excavation of the cavity is complete and all procurement and
construction contracts for the laboratory have been awarded. The site manager is
now responsible for the project management of the Sudbury-based work (2.3.2.6).
The current thrust is to establish a facility for the pre-assembly of the
photomultipliers, reflectors and support panels.

Nuclear Data and Modelling

The integral neutron yield from spallation reactions in lead targets was investigated
for proton energies between 0.4 and 2 GeV (2.3.3.1). The calculations show that
(n,xn) reactions contribute significantly to the neutron yield below 100 MeV.
Comparison of the calculated yield with empirical data established a value for the
level density parameter.

Calculations have been made to investigate the gamma-ray dependence of Pt-clad
self-powered detectors (2.3.3.2). Results were obtained for detectors surrounded by
air and by water. The empirical data at 1.25 MeV from ^Co is in good agreement
with the calculations.

The one-dimensional spin 1/2 Heisenberg chain is being studied within the
framework of the Quantum Inverse Scattering Method (2.3.3.2). A set of commuting
transfer operators has been defined in the framework of braid statistics.
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The quantum special linear group and its enveloping algebra have been defined in
the framework of a braided tensor category (2.3.3.3).

Work is in progress to generalize Majid's transmutation theory to braid statistics
(2.3.3.4).

The Iterated Prisoner's Dilemma problem is being studied (2.3.3.5). It is an example
of an interacting many-body system.

Instrumentation

A Universal Test Machine to apply static and dynamic tensile or compressive stresses
was successfully mounted on the L3 spectrometer (2.3.4.1). A tested and certified
beam was acquired to enable residual stress measurements to be made on a sleeve
welded pipeline joint (2.3.4.2). A new, break-away exit slit and tunnel were installed
on the L3 spectrometer (2.3.4.3).

The optical switches that sense the positions of the DUALSPEC gates were replaced
and additional shielding was installed to reduce their radiation damage (2.3.4.5). The
NRU shutdown schedule and current power level are now displayed as part of a
login message (2.3.4.6). A new scan mode has been installed and a WATT command
has been added. The motorized jaws that define the beam dimensions are now
under computer control. A new control system has been installed at the T3
spectrometer.

Support Services

Two designs for detectors with 2 mm wire spacing are under development (2.3.5.1).
Excellent spatial resolution can be obtained, but, to maintain adequate gain, the
anode voltage must be increased to unacceptable values. This has motivated the
design for a detector with a grounded anode. Improvements were made to the AMS
counter (2.3.5.2) to provide increased flexibility in its configuration.

A new beam stop was installed at the C5 spectrometer (2.3.5.3). Components for a
high-pressure cell were completed.

The techniques of working with aluminosilicate glasses (#1720 and 1724) are being
developed, to provide components in these glasses to Environmental Research
Branch.
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2.3 INDIVIDUAL REPORTS

2.3.1 Condensed Matter Science

Physics

2.3.1.1 Soft-Mode Behaviour of the Roton Excitation in Superfluid 4He

E.G. Svensson with W. Montfrooij (Ris0 National Laboratory)

In the last period (PR-PHY-5: 2.5.1.3; AECL-10775) we reported the results of new
measurements of roton excitations in liquid 4He in which we probed almost ten times
closer to the superfluid transition temperature, Tx , than achieved previously. This
study gave values for the relaxation function

which indicated that the roton excitation at a constant density, p , of 0.1715 g.cm"3

(P~20 bars) was exhibiting typical soft-mode behaviour on approaching Tx from
below. We report here the results of a quantitative analysis of Ssym(q,v).

The exact Mori-Zwanzig projection formalism (H. Mori, Prog. Theor. Phys. 33 (1965),
423) states that Ssym(q,v) can always be described as a sum of n Lorentzians, reducing
to a sum of just two Lorentzians (centered at ±vs) in the simplest case. Line-shape
analysis in terms of two such Lorentzians gives a satisfactory description of our
Ssym(q,v) for all temperatures and the values of the frequencies, v^ and the
corresponding widths, T^ shown in Fig. 2.3.1.1. We see here very clearly the
increasingly rapid decrease in the roton propagation frequency and increase in the
intrinsic width as Tx is approached from below, and the major qualitative change
from propagating behaviour below Tx to non-propagating behaviour (central modes
only) above Tx. While measurements even closer to Tx would be desirable, the
results in Fig. 2.3.1.1 very strongly indicate that the roton is exhibiting typical soft-
mode behaviour. There is no indication that the roton suddenly appears as a well-
defined mode as one goes below Tv as had been inferred from earlier measurements
and as is expected from theoretical considerations. Pushing the measurements ten
times closer to Tx has markedly changed the picture and shown that we need to
carefully reconsider the nature of the (presumed) connection between the existence of
a Bose condensate and the unique excitations in superfluid 4He.
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Fig. 2.3.1.1 Frequencies, v^ and widths, T^ for q = 2.0 À'1 in liquid 4He at p =
0.1715 g.cnv3 (P~20 bars) obtained by fitting S^q/v) to a sum of two
Lorentzians. The vertical dashed line shows f x = 1.9202 ± 0.0002 K.

2.3.1.2 Low-Frequency Modes in High-Density Amorphous Ice

E.G. Svensson and V.F. Sears with W. Montfrooij (Ris0 National
Laboratory) and D.D. Klug (National Research Council of Canada)

We have previously reported the observation (PR-PHY-4: 2.5.1.3; AECL-10673) of a
marked excess of low-frequency scattering by high-density amorphous (hda) ice
(relative to hexagonal crystalline ice Ih) corresponding to excess low-frequency modes
in the phonon density of states, g(v) (PR-PHY-5: 3.5.2.2; AECL-10775). Here we
report some additional details of the properties of the excess modes obtained from
the results of these studies.

In Fig. 2.3.1.2 we show the difference (hda minus Ih) between g(v) for hda ice and
g(v) for ice Ih obtained from our measurements at 11 K and 80 K The 11 K results
show a large difference over the frequency range 0.4 to 0.8 THz. The 80 K results,
although of somewhat poorer statistical accuracy than the 11 K results, show little, if
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any, difference. The excess modes in hda ice seem to have simply disappeared by 80
K Note also that the distribution of excess modes observed at 11 K does not appear
to have a simple lineshape (e.g., Gaussian or Lorentzian). It appears to be double
peaked, or at least to have a pronounced shoulder on the low-frequency side.

It has been suggested (see, e.g., U. Buchenau, Physica B 174 (1991), 131 and H.R.
Schober and B.B. Laird, Phys. Rev. B 44 (1991), 6746) that the excess low-frequency
modes in glasses are quasi-localized soft harmonic vibrations associated with clusters
of perhaps 10-100 particles that are viewed as "structural defects" in the glass. Within
this "picture", the results in Fig. 2.3.1.2 indicate that these "structural defects" change
markedly in number and/or character between 11 and 80 K, probably "melting"
almost totally away. The apparent two-component distribution for the excess modes
at 11 K indicates the presence of predominentiy two types of "structural defects" at

this temperature. These
new insights from our ice
study should help to
guide us toward a
fundamental
understanding of the
precise physical nature
and structural origin of
the excess low-frequency
modes in amorphous
materials, something that
is almost totally lacking at
present. To provide
additional clues, we also
plan to make new
measurements on hda ice

0.2

LJLJ
O

III
cc
LJJ
LL
U.

Û

0.1

0.0

-0.1
0.0 0.2 0.4 0.6 0.8

FREQUENCY (THz)
1.0

at intermediate and lower
temperatures, and also
measurements on low-
density amorphous ice.
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2.3.1.3 Effects of an Anisotropic Debye-Waller Factor in Neutron Scattering
Measurements of Superlattice Reflections in Q

E.G. Svensson with R.B. Rogge and B.D. Gaulin (McMaster University)

In the last progress report (PR-PHY-5:2.5.1.5; AECL-10775), we noted that the
intensities of some of the super-lattice reflections in Cu3Au first increased as the
temperature was raised from room temperature to approximately 25 K below the
order-disorder transition temperature, Tc. There was then a gradual turn-over to a
slow decrease, followed by a precipitous drop to zero at Tc. In our experiment, the
intensities of superlattice reflections at (003), (221), (001) and (110) were measured. In
the case of the (003) and (221) reflections, both Ç (along the [110] direction) and T\
(along the [001] direction) scans were performed, while for the (110) and (001)
reflections only Ç scans were performed. It was observed that the integrated
intensities of the higher index reflections, (003) arA (221), initially increased as the
temperature was raised, while the intensities of th«s lower index reflections, (001) and
(110), decreased. The intensities of the fundamental reflections at (220) and (002)
decreased slowly with increasing temperature, as expected from a "normal" Debye-
Waller factor.

We have now determined that the unusual initial temperature dependence of the
intensities of the higher index superlattice reflections and the different behaviour for
high index and low index reflections (i.e., the dependence on wave vector Q) can be
explained by anisotropic Debye-Waller factors. Other effects, such as extinction,
antiphase domain boundaries (X-ray Diffraction, B.W. Warren, Dover Publications,
New York, 1990, pp. 216-222), or a real but unusual behavior of the order parameter,
can explain either the temperature dependence or the Q dependence, but not both.

The structure factors of Cu3Au can be divided into two groups: those for the
fundamental reflections, for which the Miller indices are all even or all odd,

and those for the superlattice reflections, for which the indices are mixed,

Here bAu and bCu are the neutron scattering lengths of Au and Cu, respectively, and
the W's are the Debye-Waller (DW) factors of the atoms of the unit cell in the ordered
phase. If the DW factors are anisotropic, the superlattice intensities can be markedly
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enhanced, since Fs is given by a difference in the DW factors. The neutron scattering
intensity is determined by the component of the displacement of the atoms parallel to
Q, so the measurements are sensitive to any anisotropy of the atomic vibrations.
Symmetry arguments indicate that the vibrations of the Au atoms should be nearly
spherically symmetric, while those of the Cu atoms should not be, since the motions
of the Cu atoms are more tightly restricted in the plane they occupy than in the
direction perpendicular to that plane. That is, the Cu atom in the (001) plane should
have a larger amplitude of vibration in the [001] direction. This is the origin of the
anisotropy in Cu3Au and leads to a football-shaped volume in real space. Therefore,
in reciprocal space, one has disk-shaped superlattice reflections.

We have carried out numerical calculations to model this effect and find that we can
generate qualitatively the observed wave vector and temperature dependence of the
superlattice intensities if we choose an anisotropy factor (the ratio between the two
vibrational amplitudes) of approximately 65%. Results are shown in Fig. 2.3.1.3. We
see that the (003) and (221) intensities increase markedly with increasing temperature
while the (110) and (001) intensities show little variation. Our analysis cannot explain
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Fig. 2.3.1.3 Results of numerical calculations of the superlattice intensities for Cu3Au
assuming an anisotropic Debye-Waller factor.
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the drop in intensity as one approaches TC, as this arises from the fact that the order
parameter must go to zero at the phase transition. Measurements of the probability
distribution function (PDF) have been performed for Cu3Au (G.H. Lander, P.J. Brown
and J. Faber Jr., J. Phys. G 15 (1982), 6699) and give results similar to ours, namely,
the PDF of the Au atoms is roughly spherically symmetric, while the PDF of the Cu
atoms is anisotropic. Their results indicate an anisotropy of approximately 63%, in
good agreement with the result we have obtained through our analysis.

2.3.1.4 Magnetic Structure of UPd^ in a Field

W.J.L. Buyers with M.F. Collins, B. Shemirani, GV. Stager and
J.D. Garrett (McMaster University), and H. Lin (University of Rhode
Island)

In an earlier experiment (B. Shemirani, H. Lin, M.F. Collins, C.V. Stager, J.D. Garrett
and W.J.L. Buyers, Phys. Rev. B, to be published) we measured the magnetic structure
of UPdoSio in zero magnetic field. The UPd2Si2 crystal has the same body-centred
tetragonal structure as the heavy fermion compound URu2Si2 and the antiferromagnet
UNioSi;;, both of which have been studied extensively at Chalk River. In zero field
UPdoSi, has a simple body-centred tetragonal antiferromagnetic structure for T < 108
K with a moment of 2.4 ± 0.3np along the c direction. For 108 < T < 136 K there is an
incommensurate spin density wave structure with wave vector q = (0,0,0.732) at 120
K. The low temperature phase contains a small amount of a (0,0, 2/3) phase; the
maximum intensity is about 0.8% of that of the simple antiferromagnetic phase at
90 K.

We made measurements in a field along the c axis using the M2 cryostat on the C5
(DUALSPEC) triple axis spectrometer. The intensity of the Bragg peaks corresponding
to the (0,0,2/3) phase increases rapidly in the field and the temperature where its
intensity is a maximum also increases. With fields greater than 1.95 T the (0,0,2/3)
structure becomes dominant at 108 K

The integrated intensity of the (100), (1 0 1/3) and (1 0 1-q) magnetic Bragg peaks
were measured as a function of temperature in the presence of a magnetic field of 2.95
T along c. There are transitions between magnetic phases at 105 K and 115 K The
phase transitions show hysteresis both as the field and as the temperature is varied,
keeping the other parameter constant. The incommensurate to commensurate
transition shows hysteresis as the field is varied at 108 K. The presence of such
hysteresis is a clear sign that the phase transition i.» first order. For the phase
transition between the (1 0 1/3) and the incommensurate phase, as the temperature is
raised from 110 K to 116 K at 2.6 T, the weight of the incommensurate peak increases
from close to zero to close to 100%.
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The magnetic phase diagram of UPd2Si2 was found to have a reentrant triple point at
T = 108 K and H = 1.95 T of a similar nature to that observed .in UNi2Si2 (H. Lin, L.
Rebelsky, M.F. Collins, J.D. Garrett and W.J.L. Buyers, Phys. Rev. B. 43 (1991), 13232;
L. Rebelsky, H. Lin, M.W. McElfresh, M.F. Collins, J.D. Garrett, W.J.L. Buyers and M.S.
Torikachvili, Physica B 180 and 181 (1992), 43). Well-defined peaks were observed in
the magnetic excitation spectra in the two phases.

2.3.1.5 Observation of a New Magnon Mode in CsMnI3 by a Polarized Neutron
Experiment

Z. Tun with J-G. Lussier (McMaster University)

One outstanding problem in the study of magnetic excitations in antiferromagnetic
(AFM) materials is the apparent failure of linear spin wave (LSW) theory (Anderson,
Phys. Rev. 86 (1952), 694) when applied to certain classes of materials. It is well
known that strong quantum mechanical fluctuations of the ground state, which differs
significantly from the classical Néel state, can lead to a failure of the theory, and this
effect is expected to be most pronounced for small spin systems (S = 1/2, for
example). For a system with large S, however, it was believed that LSW theory
should provide an approximate description of spin wave. It was therefore surprising
when the experiments on CsMnI3 (Harrison et al, Phys. Rev. B 43 (1991), 679; PR-
PHY-3:2.5.1.3; AECL-10535) showed magnon frequencies that were in disagreement
with the theory.

The discrepancy in CsMnI3 involves magnon branches at a special wave vector (001),
where the theory predicts two frequencies with a ratio of V2 while the observed
excitations are almost degenerate in frequency. Recently, based on a Holstein -
Primakoff calculation with terms up to 6th order, Ohyama and Shiba (private
communication) propose that one of the degenerate modes is actually because of two-
magnon excitations while the one-magnon excitation occurs at a lower frequency.

A polarized neutron scattering experiment on CsMnl^ carried out with the C5 triple
axis spectrometer, yielded results that were consistent with the above prediction.
Results from constant-Q scans at Q = (001) and the equivalent wave vector (111) are
shown in Figs. 2.3.1.4 and 2.3.1.5. The curve labelled NSF shows the non-spin-flip
scattering cross section of polarized neutrons, while the SF stands for spin-flip
scattering. The scan at (001) shows two excitations known from previous experiments:
one in the NSF channel and the other in the SF channel, both at « 0.4 THz. However,
the scan at (111) reveals a hitherto unknown peak at a frequency « 0.2 THz. This
peak is consistent with the one-magnon excitation predicted by Ohyama and Shiba,
both in frequency and intensity. The experiment thus supports Ohyama and Shiba's
theory and shows that, for certain materials, two-magnon peaks can indeed be as
strong as one-magnon excitations.
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2.3.1.6 Co-Re Multilayers

Fig. 2.3.1.5

IP. Swainson and W.J.L. Buyers with M. Sutton (McGill University)

As an exploratory test of possible future experiments, a sample of Re5o[Co24Re6]5oRe10

multilayer thin film was examined using polarized neutron reflectometry on the C5
DUALSPEC spectrometer. Transverse and radial scans of the reflectometry curves
were performed out to - 4 A'1. The experiment was performed at three different field
strengths, and the effect on the magnetic intensity was monitored. The analysis is
very encouraging, and we observed an (0, 0, 1/2) antiferromagnetic peak, which
would not be possible in X-ray reflectometry.

Molecular Physics

2.3.1.7 Ferroelastic Phase Transition in Rb4LiH3(SO4)4 by Neutron Powder
Diffraction

S.M. Kim and B.M. Powell with H. Kiefte (Memorial University of
Newfoundland), B. Mroz (A. Mickiewcz University, Poland) and
R.L. Donaberger (McMaster University)

The compound Rb4LiH3(SO4)4 undergoes a ferroelastic phase transition from the high-
temperature tetragonal phase (space group P4J to a monoclinic phase (space group
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Attempts have been made
to determine the structure
of the low-temperature
monoclinic phase. It was
found that slight
displacements of the
second and fourth layer
molecules from the
tetragonal positions give a
marginally better fit than
the tetragonal structure.
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P2î) near 132 K. In order to determine the temperature dependence of the lattice
constants and the monoclinic distortion (directly related to the ferroelastic order
parameter), neutron diffraction measurements have been made on Rb4LiH3(SO4)4
powders at various temperatures between 5 K and 160 K using the DUALSPEC C2
powder diffractometer. The low angle data (5° < 29 < 85°) were analyzed with GSAS
(a computer code for Rietveld analysis developed at Los Alamos).

Reasonable fits (Rw = 6.2 - 6.4%) to the 140 K data and the 160 K data were obtained
with the tetragonal space group P^. The fit with monoclinic space group P2j did not
improve the fit (Rw.= 6.2 - 6.3%). Good fits to the data at 125 K and below were
obtained with the
monoclinic space group P2j
(Rlv = 6.0 - 6.9%). The fits
with tetragonal space
group P4j were appreciably
worse (Rvv = 8%). The
observed temperature
dependence of the lattice
parameter and the 29.5
monoclinic angle (3 are ,< 29.4
shown in Fig. 2.3.1.6. The s 29.3
full curves are guides to 29.2
the eye. The tetragonal to .
monoclinic phase transition
is clearly seen near 135 K
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Fig. 2.3.1.6 The temperature dependence of the
lattice parameter and the monoclinic
distortion angle P in Rb4 LiH3(SO4)4.
The full curves are guides to the eye.
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2.3.1.8 Structure of KtlJE^SO*^ by Neutron Powder Diffraction

S.M. Kim and B.M. Powell with H. Kiefte (Memorial University of
Newfoundland), B. Mroz (A. Mickiewcz University, Poland) and R.
Donaberger (McMaster University)

The neutron powder diffraction measurements on IQLil̂ SO^ at 4.2 K, 60 K, 105 K,
125 K, 185 K and 250 K, reported previously (PR-PHY-6:2.5.1.9; AECL-10878), have
now been analysed with GSAS.

Both the tetragonal (space group P4a) and monoclinic (space group P2j) fits were
attempted. In the monoclinic fit, the second and fourth layer molecules shown in
Fig. 1 of Zuniga et al. (Acta Cryst. C46 (1990), 1199) were rotated -1.7° around the z
axis. This monoclinic fit gave a considerably better reliability factor (P^ = 5.25 -
6.64%) than the tetragonal fit (R,v = 5.90 - 7.29%) for all temperatures, indicating that
the structure of this compound is monoclinic between 4.2 K and 250 K with no phase
transition at any in-between temperature.

A weak indication of a possible ferroelastic phase transition was reported previously
in this compound near 115 K in the Brillouin scattering measurements (B. Mroz,
H. Koefte, M.J. Clouter and J.A. Tuszynski, J Phys. Condens. Matter 3 (1991), 5673).
The present neutron powder diffraction measurements do not show any indication of
such a phase transition near 115 K.

2.3.1.9 Disorder in Ammonium Tetrafluoroaluminate

IP. Swainson and B.M. Powell with R.J.C. Brown (Queen's University)
and M.A. White (Dalhousie University)

Following extensive studies of ammonium tetrafluoroaluminate using DSC
(Differential Scanning Calorimetry) and NMR techniques, a preliminary study of a
deuterated sample was made using neutron diffraction on the C2 DUALSPEC powder
diffractometer. The background was appreciably higher than that expected from a
deuterated sample. The sample shows a rather weak effect in both NMR and DSC at
about 150 K, attributed to an orientational order-disorder transition involving the
ammonium ions. Early results suggest that there is only a very small structural effect
associated with the anomaly at 150 K. There has been only partial success at refining
the structure using Rietveld methods. A small effect may be discerned in the region
150-180 K, and the c-axis shows anomalous behaviour below 60 K Attempts to refine
the D-position have been unsuccessful so far, which may be due to the sample being
only partially deuterated. A previously unreported phase of ammonium
tetrafluoroaluminate has been discovered at 5 K.
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2.3.1.10 Neutron Powder Diffraction Studies of the Orientational Order-Disorder
Phase Transition in Calcite

IP. Swainson, B.M. Powell and D.C Tennant with M.T. Dove
(Cambridge University)

Calcite, CaCOj, undergoes an orientational order-disorder phase transition at 1260 K,
which we have previously studied at Chalk River. We performed an extensive
powder diffraction study with the C2 DUALSPEC powder diffractometer in order to
determine the way the structure disorders as we heat towards the transition
temperature. This was the first use of the hostile environment furnace F2, which was
designed specially for this type of measurement. The furnace contained an
environment of CO2 gas at a pressure of 2 atmospheres, which was required to
prevent chemical decomposition of calcite (CaCO3 —» CaO + CO2) at temperatures
above 900 K Diffraction data were collected up to 1200 K, at which point the calcite
decomposed. The fact that we were unable to collect data at temperatures up to and
above the transition temperature indicates that we need to operate at higher CO2

pressures, and accordingly the furnace F2 is being modified to allow operation under
these new conditions.

The results of the diffraction studies have unambiguously shown that the onset of the
orientational disorder of the carbonate groups (CO3

2") occurs through large amplitude
librational motions about their 3-fold axes, with no significant site disorder being
induced at higher temperatures. Thus we envisage that the orientational order-
disorder phase transition occurs when the librational amplitude exceeds a critical
value, so that the carbonate groups are then able to rotate easily through 60° into the
disordered orientations. We have been able to correlate this librational amplitude at
lower temperatures with the order parameter, and have shown that the temperature
dependence of this librational amplitude is consistent with our previous determination
of the temperature dependence of the order parameter obtained by measurements of
the intensities of superlattice reflections. There are also significant librational motions
about axes normal to the carbonate 3-fold axis, and we have shown that these give
rise to the anomalous large thermal expansion of the c axis.

2.3.1.11 Neutron Powder Diffraction Studies on Orientational Disordering of
Carbonate Groups in Dolomite

IP. Swainson, B.M. Powell and D.C. Tennant with M.T. Dove
(Cambridge University)

Dolomite, CaMg(CO3)2, has a structure that is similar to that of calcite, except that
there are two distinct cation sites to accommodate the Ca and Mg ions. We were
interested in investigating whether dolomite undergoes an orientational order-disorder
phase transition similar to that observed in calcite. The experiments were performed
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on the C2 DUALSPEC powder diffractometer using the F2 hostile environment
furnace filled with CO2 gas at a pressure of 2 atmospheres. The sample decomposed
to calcite + MgO + CO2 gradually over the temperature range 800 — 900 K.

The behaviour we found suggests that the orientations of the carbonate groups
become progressively disordered on heating, but the behaviour is different in some
respects from that of calcite. We observed the same anomalous large thermal
expansion of the c axis as found in calcite, but we also found a similar (although
smaller) behaviour for the a axis. In calcite, on the other hand, the a axis actually
shrinks slightly on heating. We also found that the librational amplitude for rotations
about the carbonate 3-fold axis increased significantly on heating, as with calcite, but
unlike the case of calcite we observed the onset of site disorder on heating.

The chemical decomposition prevented us from being able to determine a transition
temperature. We plan to attempt to heat to higher temperatures using the modified
F2 furnace operating at higher CO, pressures.

2.3.1.12 Neutron Powder Diffraction Studies of the Ferroelastic Phase Transition
in Sodium Carbonate

IP. Swainson with M.J. Harris (Oxford University) and M.T. Dove
(Cambridge University)

Sodium carbonate, Na2CO3/ undergoes a ferroelastic phase transition at ~755 K. The
symmetry change (hexagonal P63/mmc — monoclinic C2/m) suggests that the
transition is driven by a soft acoustic Cy shear mode, which softens in a whole plane
of wave vectors. Theory shows that this softening will give rise to a logarithmic
divergence of the mean-squared atomic displacements, which for a second-order phase
transition will lead to an effective melting of the lattice (loss of long range order but
preservation of short range order), which we call lattice melting. Materials with
softening of acoustic modes in a plane are quite rare. KCN is the common example,
but in this case the transition is discontinuous and so no divergence of the mean-
squared atomic displacements occurs. The only example of a ferroelastic material in
which the onset of lattice melting has been observed is the complicated case of the
mixed cyanides such as (KCN)x(KBr)a_x. But here the random defect fields tend to
prevent complete lattice melting.

We have performed extensive measurements of the powder diffraction patterns of
Na2CO3 between 300 and 1000 K on the C2 DUALSPEC powder diffractometer. The
transition was found to be continuous, so this is a prime candidate for the first
observation of complete lattice melting. Rietveld structure analysis showed that the s4

strain is the significant distortion associated with the phase transition, together with a
coupled rotation of the carbonate groups. The lattice melting was studied by a
detailed analysis of the peak profiles of the Bragg peaks. On cooling towards the
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transition the intensities of the sharp Bragg peaks are reduced, and a broad peak of
diffuse scattering centred on the Bragg angles grows instead. The reduction in the
intensity of the Bragg peaks is due to the divergence of the temperature factors, and
the diffuse peaks are associated with scattering from the soft acoustic modes. The
combined intensity of the Bragg and diffuse peaks remains constant at all
temperatures. We found that close to the transition temperature the intensities of the
Bragg peaks vanished completely, consistent with the observation of complete lattice
melting. On cooling below the transition temperature, the long-range order returns.

2.3.1.13 Inelastic Neutron Scattering from Calcite and Related Materiak

IP. Swainson and B.M. Powell with M.J. Harris (Oxford University),
M.E. Hagen (Keele University) and M.T. Dove (Cambridge University)

We have previously observed an unusual effect in the inelastic scattering spectra from
calcite, CaCO3. There is an incipient soft mode at scattering vectors that correspond to
the F point of the Brillouin zones of the high-temperature phase, and associated with
this soft mode is an anomalous column of inelastic scattering that is narrow in wave
vector and that extends in energy from 0 THz up to the energy of the soft mode (1.2
THz at 300 K). Our previous measurements were confined to below 770 K, and
moderate resolution, so we have performed new measurements at higher
temperatures and improved resolution. Using the F2 hostile environment furnace
containing an environment of CO2 gas at a pressure of 2 atmospheres, we were able to
heat a single crystal sample up to 1300 K, at which temperature the sample
decomposed to CaO and CO2.

By performing measurements at several F points we were able to demonstrate that the
column of inelastic scattering is closely related to the incipient soft mode — the
intensity of the column at any temperature was proportional to the intensity of the
soft phonon when comparing data for different F points. We were able to provide an
upper limit on the width of the column in wave vector, and show that it does not
broaden on heating. The intensity of the column increases dramatically on heating,
but does not diverge at the transition temperature (1260 K). Instead it appears to
reach a constant value at a temperature about 200 K below this. The soft phonon
further softens on heating, and broadens in energy, until at about 1000 K it is
sufficiently damped that it becomes impossible to distinguish between the phonon and
the column. We have obtained additional measurements of the phonon branch from F
to F, to show the extent of the softening at F.

We have performed room temperature measurements of the related materials NaNO3

and MnCO3. In neither case did we observe a column of inelastic scattering analogous
to that observed in calcite.
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2.3.1.14 Phorton Dispersion Curves in Aragonite

IP. Swainson with M.T. Dove (Cambridge University)

We have performed inelastic scattering measurements of a sample of aragonite, which
is a different polymorph of CaCO3. Our aim was to determine dispersion curves to
help improve our interatomic potential model for CaCO3 that we use in our analysis
of our results from the calcite phase. Our sample was small, so we were only able to
observe scattering from acoustic modes. Nevertheless, these measurements will be
useful for the purpose of providing data for model fitting.

2.3.1.15 Phonons in Silicate Minerals

I.P. Swainson with M.T. Dove (Cambridge University)

We have attempted to measure phonon dispersion curves in a number of silicate
minerals. We have found that this is a particularly difficult problem owing to the
large number of phonons in these systems (one example has 240 phonon branches),
which means that the intensity for scattering from any one phonon branch is greatly
reduced. Our best results were from a sample of leucite, KAlSioOg, in which we found
a strong optic mode with a frequency that was only weakly dependent on wave
vector and from diopside, MgCa(SiO3)2, where we were able to measure a number of
low-frequency modes.

2.3.1.16 Theory of the Transition Temperature of Quartz

M.T. Dove (Cambridge University)

Silicates present an area for a new analysis of phase transition behaviour using the
concept of the rigid unit mode. The structure of many silicates is based on a
framework of SiO4 tetrahedra that are connected by corner-sharing oxygens. Detailed
analysis shows that a small set of normal modes are able to propagate with no
distortion of these tetrahedra but with just a buckling of the framework. These rigid
unit modes are the likely candidates to provide the soft modes for lattice instabilities,
as is found in the case of quartz. The rigid-unit-mode model provides some useful
constraints for the development of phase transition theory.

We have performed a calculation of the transition temperature for the a — J3 phase
transition in quartz using renormalized phonon theory and a model interatomic
potential. The agreement between the calculated value (585 K) and the experimental
value (858 K) was considered reasonable, taking account of deficiencies in the
potential and in view of the approximations used in the calculation. It is clear that a
small change in some of the parameters would lead to better agreement. However,
the important point that the calculations showed was that for one parameter, the
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mean anharmonic coupling coefficient, which enters into the denominator in the final
equation for the transition temperature, there was a dramatic cancellation of many
terms, leading to a small final result. We have shown, however, that in the rigid unit
mode model an exact cancellation does not occur, and this leads to an infinite value
for the transition temperature. The final result is that the transition temperature
depends on the dispersion of the phonon branch that contains the critical rigid unit
mode. This in turn depends directly on the stiffness of the SiO4 tetrahedra.

Materials Science

2.3.1.17 Distribution of Carbon during the Austenite to Ferrite Transformation in
Pure Fe-C Alloys

J.H. Root with M. Onink, C.M. Brakman, F.D. Tichelaar, E.J. Mittemeijer
and S. van der Zwaag (Delft University of Technology)

Neutron diffraction measurements with the DUALSPEC powder diffractometer,
together with optical microscopy and dilatometry, have provided experimental
evidence of the carbon redistribution in Fe-C alloys at the austenitic/ferrite interface
during isothermal transformation in the temperature region 1000-1040 K They
showed that in the pure Fe-C alloys investigated, carbon pile-up at the
austeru'te/ferrite interface could lead to the precipitation of non-equilibrium carbides.
This formation of carbides reduces the carbon concentration in the remaining
austenite.

2.3.1.18 Microstructure and Texture Evolution during Hot Deformation of
AA5182 Aluminum Alloys

J.H. Root with M.A. Wells, IV. Samarasekera and E.B. Hawbolt
(University of British Columbia), and D.J. Lloyd (Alcan International
Limited)

The effect of hot working variables - strain, strain rate and temperature - on the
microstructural evolution and texture development for an A5182 aluminum alloy has
been studied. Texture measurements were made by neutron diffraction.
Microstructure and texture evolution were followed from the as-deformed condition to
full recrystallization by heat treating each sample in a salt bath for various lengths of
time. From these investigations, relationships describing the microstructural and
texture evolution have been derived.
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2.3.1.19 Temperature Dependence of Neutron Diffraction in Ni

S.M. Kim and D.C Tennant with M. Kogachi and Y. Takeda (University
of Osaka Prefecture) and R.L. Donaberger (McMaster University)

Near-stoichiometric NiAl is one of the promising alloys being developed for high-
temperature applications, due to its increased strength and ductility at higher
temperatures. The metallurgical properties of *hese alloys depend, among other
things, on the long-range order and on vacancy concentrations.

Neutron diffraction profiles in Ni 499 Al^ powders have been measured at 70°C, 300°C,
500°C, 700°C, 900°C, 1000°C, 1100°C, 1200°C, 1300°C and 1400°C, in order to study the
temperature dependence of vacancy concentrations and the long-range order
parameter. The measurements were made on the C2 DUALSPEC powder
diffractometer at the NRU reactor. Neutron diffraction background profiles of the
empty furnace have also been measured at various temperatures and subtracted from
the data.

Preliminary Rietveld analyses have been made on the 70°C data and 1400°C data
using GSAS. From this fit the vacancy concentration on the Ni sublattice was
deduced to be 0.4 ± 0.2% at 70°C and 1.6 ± 0.2% at 1400°C The vacancy
concentration at 1400°C is a factor of two higher than the value estimated previously
from some quenching experiments.

2.3.1.20 Aberrations in Near-Surface Stress Measurements with Neutrons

T.M. Holden and J.H. Fox with P.J. Webster and G. Wills (University of
Salford)

Experiments were carried out to determine the causes of systematic aberrations
previously noted in neutron stress measurements when the gauge volume is only
partially within a sample surface. The experiments were carried out at the 13
spectrometer with neutrons of wavelength 1.55Â. A relatively wide beam, 2 mm x
2 mm in cross-section, was used to exaggerate the effects, and experiments were
carried out on a strain-free Ni powder in a flat cassette in both reflection and
transmission geometries. In reflection, major discrepancies become evident when the
gauge volume only protrudes by 0.3 mm from the sample surface. In transmission,
major effects appear when the gauge volume protrudes by 1 mm from the wall. The
intensity as a function of position as the gauge volume moves through the wall is well
described by an S-function, which gives a very accurate estimate of the wall position.

Measurements were also made of the (220) diffraction peak of a 0.3 mm stainless steel
wire as a function of position within the gauge volume, and the results clearly showed
the origin of the aberrations. The first is that the effective scattering angle changes as
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the wire sample is displaced from the centre of the sample table along the line of the
incident beam. The second is that the effective wavelength changes as we traverse
across the incident beam. Both these will be relatively unimportant for a 0.5 mm slit
used for real experiments. The biggest effects come from the truncation of the
gaussian lineshape by the presence of the defining slit, when the wire is at the edges
of the gauge volume nearest and furthest from the reactor. These aberrations can be
drastically improved by placing the slit defining the scattered beam very close (~ 1
mm) to the sample surface. All three effects can be modelled readily, including
simulation of the multiwire detector.

2.3.1.21 LEU Fuel Analysis

I.P. Swainson and J.H. Root

A phase analysis of a short length of a low-enriched uranium (LEU) fuel core was
performed using neutron powder diffraction. The L3 spectrometer was used for this
preliminary measurement. This first experiment demonstrates a new method of
quality assurance (QA) for the Fuel Fabrication Branch. The volume fractions of U3Si
ceramic, Al matrix and U3Si2 were determined. The results have led to a contract with
Fuel Fabrication to perform routine QA analysis of fuel rods. Future measurements
will be made on the C2 DUALSPEC powder diffractometer with the sample rotating
in order to eliminate texture effects from the measured intensities.

Theory

2.3.1.22 Neutron Reflection in the Distorted-Wave Born Approximation

V.F. Sears

In the previous report (PR-PHY-5: 3.5.2.3; AECL-10775) we described a new distorted-
wave Born approximation (DWBA) that we have developed, in which the reflection
from a sharp surface is taken as the zero-th approximation and the difference between
the exact potential and that for the sharp surface is treated as a perturbation. In the
ordinary, or plane wave, Born approximation (PWBA), the entire potential is taken as
the perturbation.

We have since written a Mathematica program to calculate the reflectivity in the
DWBA for model surface potentials with a step-function, ramp-function, and error-
function shape. The results demonstrate clearly the well-known fact that it is only
when the transverse momentum transfer qz is well above the critical wave vector qc

that the reflectivity R is sensitive to the detailed shape and thickness of the surface



2-26

potential. In particular, one requires experiments with qz/qc values ranging from 3 to
about 30, where R decreases from about 10"3 to 10~7, to obtain useful information on
the shape and thickness of the surface potential.

reflectivity for the step-function potential (which describes, for example, a thin
film on a substrate) is given exactly by Airy's formula (1833). We have used this
result to determine the accuracy of the PWBA, the DWBA, and an ad hoc model (P.S.
Pershan and J. Als-Nielsen, Phys. Rev. Lett. 52 (1984), 759) that is often used by
experimenters to interpret x-ray and neutron reflectivity data. The results are shown

in Fig. 2.3.1.7 which shows the
relative errors as a function of qz/qc.
It is seen that in the important
region qz/qc > 3 the ad hoc model
of Pershan and Als-Nielsen has an
accuracy of about 1 %, which is
about the same as for the PWBA.
In this same region the error in the
DWBA is generally less than 0.01%.
(The sharp peaks in the relative
error occur where the exact
reflectivity goes to zero; the
absolute error is not anomalously
large in these regions.) This work is
now being written for publication.

Fig. 2.3.1.7

o
K
e
UJ

m

I
UJ
E

2.3.1.23 Exact Diagonalizations of Electron-Phonon Models in One Dimension

F. Marsiglio

Studies were carried out for a single electron interacting with ions modelled by
Einstein oscillators using exact diagonalizations of the many-body Hamiltonian. The
spectral function was determined, and compared with that resulting from the Migdal
and small polaron approximations. These latter two theoretical frameworks are the
starting point for two opposing theories of high Tc superconductivity, so this work is
of value in that it establishes the validity of either approximation for specific regimes
in coupling strength and oscillator frequency space.
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2.3.1J24 Superconductivity from Electron-Hole Asymmetric Electron-Phonon
Interactions

F. Marsiglio with J.E. Hirsch (University of California, San Diego)

Programs to solve Eliashberg theory equations for the electron self-energy and pairing
function have been written, for an interaction which takes into account both
retardation and momentum structure of the kernel. For infinite phonon frequency
(co0 —» oo), we recover the corresponding BCS results. Preliminary findings are that
retardation effects (CDO < oo) are NOT as important in this model as in the Holstein-
Hubbard model, where no momentum structure is present Nonetheless,
superconducting Tc is still enhanced due to retardation, because of pseudopotential
effects.

2.3.1.25 Theoretical Studies of the Order-Disorder Transition in CaCO3

F. Marsiglio, T.C. Hsu and IP. Swainson with M.T. Dove (Cambridge
University)

Calcite, CaCO3 exhibits an order-disorder phase transition at Tc « 1300 K In order to
understand some of the anomalous critical exponents, we modelled the CO3 molecular
ions with Ising-like variables which, however, interact with one another through
direction-dependent interactions. We used exact numerical summation over states to
calculate the partition function and other observables for small lattices. This
potentially interesting model was found to be equivalent to an Ising model. Future
studies include relaxing the Ising condition to allow continuous rotations of the CO3

ions (i.e., a rotor model) and extension from two to three dimensions. The method of
investigation will be the Monto Carlo method.

2.3.1.26 Investigation of Multiple-Scattering in Thick Steel Plates with Residual
Strain Using Neutron Diffraction

F. Marsiglio with T.C. Hsu, J.H. Root, T.M. Holden with E. Guerin
(University of Reims)

This experiment was motivated by a TP lunchtime seminar (by J.H.R.), where the
point was made mat neutron measurements reveal two different strains within the
same sampling volume, depending on whether the neutron beam has traversed a large
section of steel plate or not. The proposed hypothesis was that multiple scattering in
regions outside the gauge volume (with different strain) was responsible for the two
different measurements. Measurements were carried out on the L3 spectrometer on a
thick steel plate for which the gauge volume was outside the plate. The data show an
aberration due to the effect discussed above, but analysis so far has not determined
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the cause as multiple scattering rather than, for example, wavelength variation in the
neutron beam. The data are currently being further analyzed.

2.3.1.27 Three-Body Correlations in Low-Dimensional Hubbard Models

T.C. Hsu with B. Doucot (CRTBT-CNRS, Grenoble)

An important feature of one-dimensional and probably two-dimensional interacting
electron systems is that the ordinary electron is not a good elementary excitation. We
have thus investigated the effect of three-body resonances on the electron Green's
function and compared it to exact solutions in one dimension. The importance of this
three-body approach is that it is generalizable to two or greater dimensions. We are
currently exploring the possibility of four particle resonances, since exact solutions in
one dimension have ground states resembling a Bose condensate of four particle
states.

2.3.1.28 Level Repulsion in Spin Systems

T.C. Hsu with J.C. Angles d'Auriac (CRTBT, Grenoble)

Quantum spin systems share the interacting many-body characteristics of strongly
correlated fermion systems, of which high-temperature superconductors are a
manifestation. Random matrix theory was developed to describe the high energy
spectrum of nuclei: another strongly interacting fermion system. We have shown,
empirically, that this description is applicable to quantum spin systems, and have
studied the transition from integrable to non-integrable systems in terms of the
energy-level-spacing distribution. We have recently published our results and are
searching for possible extensions of our work.

2.3.1.29 Calculation of Spin Structure Factors in ABX3 Compounds

T.C. Hsu, Z. Tun and W.J.L. Buyers

An outstanding problem in the ABX3 stacked antiferromagnetic chain systems has
been the misplaced frequency of a certain spin wave mode, the "xz polarized" mode.
Recently, spin wave theory has indicated a solution of this problem. We have
performed numerical calculations of the spin structure factor S(q, e>) for all
polarizations. There now seems to be improved agreement between theory and
experiments performed at CRL.



2-29

2.3.1.30 Small Moments in Heavy Fermion Materials

T.C. Hsu

Two specific questions concerning the physics of heavy fermion systems have been
studied. The first question arises from the fact that neutron scattering on URu2Si2 is
interpreted by experimentalists in terms of crystal field singlets separated by a rather
large energy. However, the lack of degeneracy is not consistent with the observed
heavy fermion properties within any known theory. The second problem is the
existence of very small antiferromagnetic moments in some heavy fermion materials

URu,Si2).

2.3.2. Neutrino Physics

2.3.2.1 Quality Control on Polycast Acrylic Sheets

E.D. Earle, RJ.E. Deal, E. Gaudette with C.J. Everall, N.L. Elliot, R.
Collins (General Chemistry) and S.J. Kramer-Tremblay (Env. Research)

SNO has ordered up to 165 sheets of acrylic from Polycast Ltd. The sheets are cast in
batches of up to 15 sheets per batch and coupons from each sheet are sent to CRL for
optical transmission and radioisotopic analysis. Polycast measures the optical
transmission and, in addition, the thicknesses, the mechanical properties and the voids
and inclusions of each sheet.

Polycast has produced seven batches of 2.17" thick sheets and one batch of 4.33" thick
sheets.

Optical:- The first batch failed to meet the specifications, the second was better and
the next three were good. Sheets from the second batch and a few from the first will
be used in the préfabrication testing by Reynolds Polymer Technology. Sheets from
the other batches will be used in the vessel. An example of the optical absorption
coefficients measured to date is shown in Fig. 2.3.2.1.

Radioisotopic analysis:- Samples from the first five batches have been examined for
^vfh and 238U content by neutron activation, mass spectrometry and alpha
spectrometry. All samples have met the specifications and most are an order of
magnitude better than the specifications. The Th/U concentrations so far measured
by neutron activation are shown in Fig. 2.3.2.2.

Thicknesses:- Six sheets in the second batch and three sheets in other batches were
outside the thickness specification by up to 1.4%. The disposition of these sheets
either for the qualification program or for the vessel has to be decided.
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Mechanical properties:- Measurements of the tensile, compressive and residual
monomer properties of each batch have been made by Polycast and all batches exceed
the specifications.

Voids and inclusions:- The material does not meet the specification for voids and
inclusions. These specifications were as suggested by Polycast and were accepted by
SNO primarily to minimize the Th/U content. Polycast has since realized that they
cannot meet the specification and the Th/U content is excellent, so SNO has relaxed
the specifications to a point that does not compromise the mechanical strength of the
material but that can be met by Polycast.

Th/U cone, by NA in Polycast acrylic.

Fig. 2.3.2.2
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2.3.2.2. Silicon Diode Cryodetector for Radon

B. Sur with E. Bonvin and A. Hamer (Queen's University)

The purpose of the detector is to trap and detect very small quantities (a single atom
at a time) of -°Rn and 222Rn. This is the last step in the process of assaying the trace
contamination of the heavy water used in the Sudbury Neutrino Observatory (SNO)
by elements in the naturally occurring Uranium and Thorium decay chains. Photo-
disintegration of deuterium by high-energy gamma-rays produced by such elements is
the major source of background in the SNO detector, and such an assay is essential in
order to subtract this background from the SNO signal. The decay chains will be
assayed at these very low levels (less than 1 x 10~14 g/g eq. of U and Th) by flowing
large quantities of the heavy water (~50 tonnes) over manganese dioxide coated acrylic
beads, which extract radium from the water. Radon, being the radioactive, inert gas
daughter of radium, is emanated from these beads, then trapped and cc-counted in the
Silicon Cryodetector to assay the radium content of the heavy water.

To date, the project has concentrated on building and optimizing the Si diode
cryotrap. This is a small (1 cc) vacuum sealed cell whose walls are bare Si PIN
photodiodes, which make excellent alpha particle detectors. The physics development
work has culminated in a mechanical design (commissioned from Mechanical Design
Branch) for the cell, which is now being fabricated in the NCMS machine shop. This
design has miniature low-temperature seals made with 0.015" indium wire, 60% wall
coverage by two active silicon detector surfaces and relatively large (equivalent of
0.25" diameter) inlet and outlet tubes for large pumping conductance. Operated at
about 80 K, this cell is expected to be about 95% efficient in detecting any radon atom
that enters it. The intrinsic background counts in such cells have been verified to be
less than the equivalent of 1 radon atom per day.

The project is now concentrating on developing the rest of the components in the
assay loop to the same level of sensitivity. One of these components is an optimized
source for the radon following the filtration of its parent element, radium from the
heavy water by manganese dioxide-coated acrylic beads. The other component is a
water cryotrap operating at about 170 K, which would precede the Si diode cryotrap
and allow it to operate for longer periods of time without water build-up (and the
consequent loss of resolution).
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2.3.2.3 Gas-Capillary Transport System for SNO Calibration Sources

B. Sur, E.D. Earle, E. Gaudette and R. Deal with V. Koslowsky (TASCC),
T. Waker and A. Arneja (Health Physics)

High-energy (1-20 MeV) sources of gamma and beta radiation are required for
calibrating the response of the SNO detector. By their very nature, radioactive sources
of such radiation are short-lived. Some sources can be produced in-situ with neutrons
obtained from long-lived radioactivities or compact D-D and D-T generators.
However, neutrons in the SNO heavy water are a problem because the gamma-rays
following capture produce a huge background.

We have proposed making several such sources in a remote (about 40 m distance) D-T
generator and transporting the radioactivities to the SNO detector in sub-second times
by a gas-capillary transport system. We have successfully tested the concepts behind
these proposals, and the system has been accepted by the SNO collaboration as a
major part of the calibration scheme for SNO. The sources are briefly discussed
below.

16N:- Half-life = 7.13 s; 6 MeV gamma-ray produced with 68% branch. Produced via
(n,p) reaction on 16O. Produced and transported by flowing a stream of pure oxygen
through a target chamber surrounding the neutron source. Production and transport
rates and efficiencies have been successfully tested in the neutron generator facility in
the Health Physics Branch. This will be an "everyday" calibration source for SNO.

8Li:- Half-life = 0.840 s; pure beta-decay with 13 MeV end-point energy. This is an
important calibration source for SNO because the solar neutrino energy spectrum
(from 8B decay) is expected to have a virtually identical shape. Thus this source
provides direct comparison for searches of energy-dependent neutrino flux
suppression. Produced via (n,a) reaction on a UB target. The reaction product, 8Li,
produced near the target surface, recoils out of the solid target. It is picked up by
aerosol particles and transported by a support gas stream in a capillary tube. This
concept was very successfully confirmed in an experiment at the TASCC facility.
14 MeV neutrons were produced by 28 MeV deuteron break-up on a Be target. The
neutron target was a boron-nitride disc. The aerosol used was NaCl with helium as
the support gas. The ISOL group's millisecond tape transport equipment and 4n gas
detector were also used. As expected, a "contaminant", "Be was also produced via the
(n,p) reaction on the same target.

The evaluation of the 16N source proposal for SNO is complete. The next step is to
design and procure this calibration facility for SNO.
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Additional accelerator time will be required to complete the evaluation of the 8Li
source proposal. This evaluation should be completed by the end of the present
TASCC beam assignment period this fall.

2.3.2.4 Measurements of Th / U in Materials

E.D. Earle, R.J.E. Deal, E. Gaudette with R. Collins (General Chemistry
Branch)

In addition to measuring ̂ Th and ^U concentrations in acrylic, we are also
measuring them in other materials, primarily by gamma counting after neutron
activation. All material being considered for the SNO components that are close to
the D2O must be checked. We are also measuring materials being considered for the
Borexino neutrino experiment These materials have been supplied by Princeton
University and the measurements are funded by a commercial contract. We have
measured vectran and kevlar rope and rope fibre, nylon and dyes.

The concentrations in the rope material vary by an order of magnitude, with the best
materials being suitable for SNO. We have not yet found a reliable way to get good
material for SNO. The nylon is low in Th but too high in U, and we shall investigate
the raw materials to determine the source of the U.

2.3.2.5 Overview of the Overall SNO Project

J.D. Hepburn (SNO Site Manager)

A major transition occurred in this period in the SNO project, with design virtually
complete and the construction phase started. Project-wide highlights include:

Establishment of the site construction office on February 15.

Completion of all the necessary excavations, with a "completion of excavation"
ceremony being held on May 18, at which the Federal Science Minister and
other federal, provincial, local and funding agency officials participated. AECL
was represented by Dr. M. Harvey.

Virtually all procurement and construction contracts for the laboratory, its
services, the acrylic vessel, and the photomultiplier tube support structure have
been awarded.

Civil construction in the laboratory is well under way, and work has begun on
the cavity itself.
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2.3.2.6 SNO Project Management

J.D. Hepburn (SNO Site Manager)

A combined site and construction management office was opened, in the Operations
Control Building and adjacent trailers, in February. It has been decided to integrate
the two functions so that both use common staff and facilities. The Monenco
purchasing group concentrates on project-related items, whereas the site manager
coordinates all the local purchasing required for the operation of both offices. The
local staff and purchasing are being arranged through the services of Laurentian
University.

Historical perspective on the original project budget, comments on current capital
costs and budgets, and a detailed development of the site operations budget were
prepared for the project director and the various review committees and funding
agencies. Site visits for some committee members were hosted.

SNO site staff now include the part-time services of two senior engineers and two
full-time staff.

The site manager is now responsible for project management of the Sudbury-based
component of the work that is the responsibility of SNO collaboration groups and
members. In addition to overall coordination and planning, this included
participation in a successful, three-phase underground transportation test of the
photomultipliers and their support panels. The current major thrust is to establish
and manage a facility for the preassembly of photomultipliers, reflectors, and support
panels in preparation for shipment underground. A building has been rented, and
modification to improve services and to establish a clean room is under way.

Participation in design reviews, design coordination, construction coordination and
project progress reviews continue.

The incumbent SNO Engineering representative left the project in January; the site
manager now has the responsibility to approve all project change notices and
purchase requisitions on site.
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2.3.3 Nuclear Data and Modelling

2.3.3.1 Neutron Yields from Proton-Induced Spallation Reactions in Thick
Targets of Lead

M.A. Lone with P.Y. Wong (Mathematics and Computation Branch)

The integral neutron yield from spallation reactions in lead targets of various
dimensions was investigated at proton energies between 0.4 and 2 GeV. The
contribution from the (n,xn) interactions of neutrons of energy < 100 MeV was
evaluated. The computations were made with the LAHET/MCNP code package (R.E.
Prael and H. Lichtenstein, Las Alamos National Laboratory Report LA-UR-89) using
the intranuclear-cascade-evaporation model of Bertini.

The computational geometry considered a cylindrical Pb target with an on-axis pencil
beam of incident protons or neutrons. The LAHET code followed all interactions of
protons, pions, and muons. Neutrons were followed in LAHET down to a cutoff
energy of 20 MeV and were passed on to the MCNP code as source particles for
transport in the target.

The total number of neutrons of all energies escaping from all surfaces of the bare
target following a combined LAHET/MCNP treatment were tallied and defined as the
integrated neutron yield available from the spallation target as a neutron source. This
tally does not include the neutrons that were captured in the Pb target. The spectral
energy distributions of the neutrons and protons escaping from the target were also
tallied.

Fig. 2.3.3.1 shows the calculated integrated yield of neutrons escaping from a
cylindrical Pb target of 100 cm diameter and 100 cm length after bombardment with
neutrons and protons. The solid curve represents a neutron and the dashed curve a
proton projectile. These computations were made using the RAL fission-evaporation
model and the default level density option in the LAHET code. The data points show
the measured yield from proton-induced reactions reported in the references cited in
the figure caption.

For neutrons of energy below 20 MeV, the yield is computed with the MCNP code
using the evaluated cross sections. In this energy range, the neutron multiplication is
produced by the (n,2n) reaction that dominates (86% at 15 MeV) the total nonelastic
cross section, including all of the (n,n'y) and the (n,y) channels. For energies above 20
MeV, the calculations are made with the INCE model, and the rise in the solid curve
just above 20 MeV reflects the onset of (n,xn) reactions with x>2.
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For protons, the data shown by the dashed curve in Fig. 2.3.3.1 is calculated by the
INCH model. In this case, the lower yield is because of the loss of kinetic energy of
protons by the ionizing atomic collisions that reduces their range in the target. The
data point at 32 MeV shows the measured total yield of 0.16n/p reported by Tai et al.
(Phys. Rev. 109 (1958), 2086) and at 100 MeV the yield of 0.34 n/p measured by Lone
et al. (Nucl. Instr. and Method in Physics Research A 256 (1987), 135). The degree of
agreement clearly indicates that the model is reasonably successful in predicting the
total neutron yield.

In Fig. 2.3.3.1 the data points (cross symbols) between 0.54 and 1.5 GeV show the
measured yield reported by Fraser et al. (Phys. in Canada 21 (1965), 17) from a Pb
target of 20 cm diameter and 60 cm length. Fig. 2.3.3.2 shows a comparison between
experimental data and the calculated yield. The calculated yield is sensitive to the
level density parameter B0 used in the INGE model. Various reviews of the data on
level densities indicate B0 to be in the range of 8 to 20. For a lead target the
agreement with the empirical data shown in Fig. 2.3.3.2 suggests a value of B0 = 20.
This value is consistent with the known level density data. At 1.6 GeV proton energy
the total neutron yield from a 100 cm diameter, 100 cm long Pb target is calculated to
be 46 n/p for B0 = 20 and 57 n/p for B0 = 8. The (n,xn) processes at energy below 100
MeV contribute a yield of 15.3 neutrons to the total of yield of 57 n/p.
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Fig. 2.3.3.1 Total neutron yields calculated for proton and neutron projectiles on Pb
targets. The data points are: solid circle at 32 MeV from Tai et al., open
circle at 100 MeV from Lone et al., and stars between 0.5 to 1.5 GeV from
Fraser et al. The latter are for a 20 cm diameter, 60 cm long target.
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Fig. 2.3.3.2 Comparison of theoretical and experimental data on total yields from 60
cm long Pb targets of 20 cm diameter. The experimental data are from
Fraser et al.

2.3.3.2 The Quantum Inverse Scattering Method and Braid Statistics

M. Couture

The quantum inverse scattering method (QISM) was developed in the late seventies
and early eighties to solve some models in one and two-dimensional field theories
and statistical mechanics. This method has intimate connections with the Bethe
ansatz and Baxter's method of solution for hvo-dimensional lattice models of classical
statistical physics. QISM is the quantized version of the inverse scattering method
for solving nonlinear differential equations. Quantum groups are a by-product of
QISM. The method incorporates all the achievements of one-dimensional
mathematical physics, namely the theory of magnetism, statistical mechanics on the
plane and the exactly solvable models in soliton theory. The fundamental
characteristic of QISM consists of using a new class of algebras to describe the
dynamical symmetry of quantum integrable systems. These algebras are known as
Yang-Baxter algebras. Presently we are studying the one-dimensional spin 1/2
Heisenberg chain in the framework of the QISM. The objective is to generalize the
QISM to braid statistics using the Heisenberg chain as a testing ground.. We have
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succeeded in defining a set of commuting transfer operators in the framework of
braid statistics. The next step is to formulate the algebraic Bethe ansatz in the context
of braid statistics.

2.3.3.3 Braided SLq(2, Q and Uq(sl(2, Q)

M. Couture

New algebraic structures have been defined. The quantum special linear group SLq(2,
C) and its enveloping algebra Uq(sl(2/C)) have been defined in the framework of a
braided tensor category. In the limit of q=l we obtain the braided version of sl(2, C).
Results are being written up for publication. A generalization of this work to SLq(n,
C) and Uq(sl(n, C)) is in progress.

2.3.3.4 Majid's Transmutation Theory and Braid Statistics

M. Couture

This theory is a method by which one transforms a quantum group into one living in
a different category. Majid has applied this technique to the quantum general linear
supergroup GLq(l/l) and its enveloping algebra. Work is in progress on generalizing
these results to the braid statistics that we introduced in an earlier work
(PR-PHY-2.5.3.1; AECL-10775).

2.3.3.5 The Iterated Prisoner's Dilemma Problem

T.C. Hsu with S. Schroeder (Deep River Science Academy)

The iterated prisoner's dilemma problem is an interacting many-body problem in
which competing strategies repeatedly play a 2x2 "game" with two choices,
'Cooperate' or 'Defect'. From the point of view of one competitor it is always more
favourable to choose Defect, but if the game is repeated then it may pay to develop a
cooperation between two competitors. This system is an example of an interacting
many-body system in which collective behaviour arises out of interactions. In this
way, it is related to high-temperature superconductors, whose essential component is
strongly interacting electrons in two dimensions. The study of this problem and the
running of computer simulations was a Deep River Science Academy research
project, with S. Schroeder as the tutor.
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2.3.4 Instrumentation

2.3.4.1 Adaptation of Stress Machine to L-3 Spectrometer

J.H. Fox

A Universal Test Machine manufactured by Applied Test Systems was acquired to
apply static and dynamic tensile or compressive stresses to a sample on which
neutron diffraction measurements are being made.

The machine has a capacity of 50 kilonewtons (10,000 Ib) and can be mounted such
that the sample axis is horizontal or vertical in the beam. An adapter plate mounting
on the top surface of the sample table was designed, incorporating a fine adjustment
feature for centering the equipment in the beam. The geometry of the fixed-sample
grip interfered with the free passage of the incident and scattered neutron beam
when the sample was mounted horizontally. The grip was modified by machining to
clear the beam while maintaining the structural integrity of the grip.

2.3.4.2 EWI Fixtures and Balance Beam at N-5 Spectrometer

J.H. Fox

The residual stress studies of the Edison Welding Institute's (EWI) sleeve-welded
pipeline joint required mounting a 500 mm diameter x 1500 mm long section of pipe
weighing 400 kg onto the XYZ translation table of the N-5 spectrometer.

The pipe section had to be manipulated in the neutron beam with its longitudinal
axis both horizontal and vertical. Special fixtures were designed to attach the section
to the translators. A one-ton capacity balance beam was required to reduce the
applied weight load on the translators to 50 kg or less, and a tested and certified
beam was acquired. The experiment was completed on schedule.

2.3.4.3 Exit Beam Slty Tunnel and Plumb-bob Redesign at L-3 Spectrometer

J.H. Fox

The L-3 neutron spectrometer has a micrometer adjustable incident beam slit/tunnel
assembly, which has proven successful in obtaining and maintaining alignment of the
incident slit over the center of the sample table. A complimentary arrangement for
adjusting the exit slit/tunnel over the sample table was desired.
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The exit slit is normally positioned very close to the sample and is subject to
misalignment or damage by collision with the sample, due to programming error or
instrument malfunction. To alleviate this, a break-away feature was designed into
the new assembly employing spring-loaded ball plungers nesting into hardened steel
bushings.

The plumb-bob assembly used to locate the center of the sample table was redesigned
for easier adjustment by employing a miniature micrometer adjustable X-Y stage
between the support arm and the plumb-bob mount

2.3.4.4 Replacement of THT Axis at L-3 Spectrometer

J.H. Fox

The L-3 spectrometer 'PHP axis bearing assembly developed an error between the
encoded angle readout and the vernier scale reading. The error was of the order of
0.06°, but became greatest as 'PHI1 approached 0°.

On examination of the metal encoding belt and pulley grooves, it was apparent that
the belt was dragging on the groove flanges of the main bearing. Further inspection
revealed mechanical damage of the groove flange caused by a foreign object not
located.

A spare unit was located in building 541 and tested to be accurate using the T-3
spectrometer control. The spare 'PHI' unit was completely overhauled and retested
at T-3. The spare 'PHI' unit was installed on L-3 within two days.

2.3.4.5 DUALSPEC

M.M. Potter with W. Mellors (Mechanical Equipment Development
Branch)

The optical switches used to sense the position of the C2/C5 gates are susceptible to
radiation damage. The switches were replaced, and shielding, to reduce the radiation
damage and extend the life of the switches, was designed and installed using remote
tooling. Jigs to align the optical switches and the vanes that trigger the switches
were also designed and fabricated.
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2.3.4.6 Spectrometer Control System

M.M. Potter and M.W. Montaigne with R.L. Donaberger (McMaster
University)

A procedure has been implemented that displays the NRU shutdown schedule and
the current power level in megawatts as part of the login message on all spectrometer
control system computers. The NRU Branch secretary E-mails the shutdown
schedule to a phantom user on one of the computers as soon as the information is
available. The NRU power level is read from the power level indicators in Building
150. A command procedure that runs automatically, every 10 minutes, writes the
latest schedule and power level into the login message file. This system makes it
easier for both local and remote users to schedule and monitor the progress of
experiments.

A new scan mode designated A4 has been added to the C2 and C5 control programs.
This mode will scan four independent angles starting from specified initial positions
and incrementing the angles by specified steps.

The WAIT command has been added to the C2 and C5 control programs. The user
can specify a time to wait after the specimen temperature has reached its set point.
This allows the specimen to reach equilibrium before data is collected.

System subroutines that batch changes before updating the screen displays have been
incorporated into the C2 and C5 control programs and the DSCANS program. The
changes speed-up the responses to keyboard commands and make the programs
much more user friendly.

Hardware and code have been added to the C2 and C5 control systems to drive and
control the motorized jaws. The jaws are used to define the beam size before and
after the specimen.

A new control system has been installed at T3 and is currently being commissioned.
The system is similar to the DUALSPEC control systems, since it uses a VAX
computer and a variation of the DUALSPEC control program; however, the interface
hardware is the type used on the PDP-11 based control systems at E3, L3 and N5.
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2.3.5. Support Services

2.3.5.1 Multiwire ̂ e Neutron Detectors

G.A. Sims, JJ-P. Bolduc, D.C. Tennant, H.C. Spenceley and B.M. Powell

1. 13-Wire Detectors

a) MAC-1-9-13

This unit is still being used for bench testing of components as it awaits final
acceptance tests at T3 at the NRU Reactor.

b) MS-1-8-13 (DC Grounded Anode)

Tests are currently ongoing on various cathode materials and/or detector
geometries to arrive at a sound, reliable design that can be applied to future
detector fabrication. Outgassing of materials is a difficult problem when
attempting to develop a high pressure, non-flowing gas counter. These
contaminants place significant limits on their material acceptability. A second
attempt employing Rogers Duroid Laminate Board as cathodes proved to be
more encouraging than the first, but still not totally acceptable. Further
measurements on these materials are being investigated to confirm their
suitability for the final cathode assembly design. Several configurations have
evolved and are under study.

c) MA-2-9-13 (ANDI)

This detector needed electronic repairs during this report period. The
problems were minor, but lengthy to locate. The causes of the failures (ground
loops, etc.) have been corrected and the system is back in operation.

d) MA-3-9-13

This detector has been put into service involving an experiment conducted at
N5 at the NRU Reactor. It was also employed as a back-up for the ANDI
detector (MA-2-9-13) at L3 whenever the latter was removed for maintenance.
During this time, the detector performed according to specifications.
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MA1220 T3
POSITIONAL RESOLUTION, BEAM .3 X10 mm

8QT

2. 20-Wire Detectors (2 mm Anode Spacing)

a) MA-1-2-20

Tests following the design change (PR-PHY-2:5.5.1.2(a); AECL-10775) were
very promising and encouraging. They show that adequate spatial resolution
is obtainable under these conditions (see Fig. 2.3.5.1). However, as the

distance between anode
wires is reduced, it
becomes increasingly
difficult to reach maximum
gain. Therefore, the anode
voltage had to be increased
to 2800 volts to obtain
acceptable spectra and gas
multiplication. This is
approaching the point of
voltage breakdown and
may place significant limits
on the wire spacing
available, due to electronic
noise. Development work
continues.

15 30
MILLIMETERS

60-1

2mm ANODE TO ANODE
8 mm ANODE TO CATHODE
2800 VOLTS

Fig. 2.3.5.1 A plot of the response from each anode
wire (8 channel to 16) as a narrow beam
is translated across the window of the
detector.

b) MA-2-2-20

All components have been manufactured. The detector has been assembled
and is awaiting testing.

3. 32-Wire Detector (2 mm Anode Spacing)

a) MA-3-2-32

Tliis detector has been assembled and is undergoing vacuum/pressure tests.
The evaluation of the unit will commence after these tests and extensive
vacuum/pressure bakes have been completed.
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b) MA-4-2-32 (DC Grounded Anode)

To date, several components are awaiting mechanical completion. The cathode
material selection depends strongly on further studies and on the final
assessment of the prototype tests (MS-1-8-13). Examination of all reasonable
combinations are under study in order to reach our goal to develop a relatively
simple detector design.

2.3.5.2 New AM5 Counter

G.A. Sims and H.C. Spenceley with H.R. Andrews (Nuclear Physics
Branch)

The results of the initial tests indicated that mechanical changes to the design were
necessary in order to provide more flexibility in determining the optimum operating
parameters. Therefore, modifications have been made so that both the Frisch grid and
the anode assembly are independently movable. This change allows the selective
placement of the assemblies to be done without the complete disassembly of the
electrode (voltage divider) column. Further improvements are also well underway to
the avalanche counter and A£ assemblies to improve their operating characteristics.
Additional tests and development are in progress.

2.3.5.3 Mechanical Laboratory (Building 459)

L. McEwan

All the parts for the high-pressure cell have been manufactured, aged and are now
being assembled and tested.

The ANDI "Snout Slit System" is now complete and in use, as is a new, adjustable
plumb-bob centering device.

The second curved crystal monochromator is now complete and ready for alignment
and installation. Parts for a third and fourth version have been made and are ready
for assembly.

Drawings have been received for the SNO Cell Test Rig Mark II and will soon be
started.

All the parts for the main body of the miniature "Light Bulb Furnace" are complete
and waiting to be tested.

Parts for a 1500°C furnace have been manufactured and assembled. The furnace has
been tested and requires some minor improvements.
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A new C5 Beam Stop has been made and installed. It requires a new return spring,
which has been ordered.

Other work completed during this period includes 20 vanadium cans (8 for cryostat
samples and 12 for furnace use), 9 crystal mounts and 10 sample preparations for
ANDI experiments.

2.3.5.4 Glassblowing Laboratory

D.A. Doering

Major jobs completed during the period are listed by branches as follows:

Chemical Operations

Forty-nine product recovery headers and one hundred and thirty-two alumina
columns were made for the "Mo isotope production.

Accelerator Physics

Thirty-nine 6 mm quartz sample holders were fabricated to measure high-temperature
dielectric properties of various samples.

Chemical Engineering

Six quartz plasma tubes were repaired with tangential entrances to allow experiments
to continue on the decomposition of H2S into H2 and S. Three spouted bed plasma
reactors and twenty-four bubbler tops were made for this branch.

Radiation Biology

Twenty-five various pieces of glassware were fabricated to allow the aerosol
experimental studies of uranium ore dust to continue.

Manufacturing

Nine #5 ceramic welding cups were butt sealed to pyrex glass to extend their length.

System Chemistry and Corrosion

Two hundred and eighty-three thin-walled NMR ampoules were built for studying
irradiated water solutions.
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Fuel Channel Components

Fifty-one glass hooks were fabricated, to enable experimental data to be collected from
fixed-end burst tests on calandria tubes removed from Pickering 4.

Reactor Material Research

Two two-foot-long lengths of ceramic mullite MV-30 were butt sealed to uranium
glass (Corning #3320). This proved to be a very slow procedure.

Thermalhydraulics

Three prototype reactor vault moderator cooling safety valves were constructed, to
demonstrate their passive cooling abilities.

Nuclear Physics

Four water-cooled quartz aerosol generators were repaired, and two new ones
fabricated, to fit a temperature-controlled vacuum oven that forms an integral
component of a gas transport system at the isotope separator on-line facility of
TASCC.

Physical Chemistry

Fourteen thin-walled NMR tubes were made, to allow continued NMR studies.

Environmental Research

Experimented with aluminosilicate glass (numbers 1720 and 1724) in order to make
twelve break seals from 1720 glass and fifteen sample flasks from 1724 glass, for long-
term experiments in the studies of plant absorption of 3H gas.

Neutron and Condensed Matter Science

Since the glassblowing seminars given at the annual Science for Educators have
become so popular, a second seminar was added this year. The two glassblowing
seminars held during April 15-17, for the Science for Educators seminar, were an
attempt to accommodate all those who wished to try their hand (and lips) at
glassblowing.

Glassblower D.A. Doering attended the tlurty-eighth Annual Symposium of the
Canadian, American Scientific Glassblower's Society, where he completed two full-day
courses: one entitled "Semiconductor Industry Demands on the Fused Quartz" and
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"Why Glass Breaks (and How To Stop It)", and a second one entitled "Quartz Glass
Technology for the Scientific Glassblower".

He also attended a very informative workshop on working aluminosilicate glass
(#1720, #1723 and #1724) given by M. Souza, Princeton University. This workshop
was educational: for the first time in CRL's history, a glassblower has been required
to work aluminosilicate glass.

Sixty-six quartz sample vials were fabricated to contain ashed acrylic, to do quality
control checks on the acrylic sheets being produced for the underground tank
installation at the Sudbury SNO site.

2.4 PUBLICATIONS AND LECTURES

Publications

OBSERVATION OF THE STABILIZATION OF A SECOND LOCK-IN PHASE IN
HOLMIUM AT 42 K WITH A WAVE VECTOR OF 0.2 RECIPROCAL LATTICE
UNITS
D.A. Tindall, M.O. Steinitz and T.M. Holden
Phys. Rev. B 47 (1993), 5463

CRITICAL SCATTERING FROM ERBIUM
H. Lin, M.F. Collins and T.M. Holden
J. Appl. Phys. 73 (1993), 5341

STUDIES OF THE MAGNETIC PHASE DIAGRAM OF HOLMIUM USING
NEUTRON DIFFRACTION
D.A. Tindall, M.O. Steintz and T.M. Holden
J. Appl. Phys. 73 (1993), 6543

THERMAL EFFECTS IN THE STRUCTURE OF POTASSIUM PERRHENATE
R.J.C. Brown, B.M. Powell and S.N. Stuart
Acta Cryst. C 49 (1993), 214

SPIN FREEZING IN THE GEOMETRICALLY FRUSTRATED PYROCHLORE
ANTIFERROMAGNET Tb,Mo2O7

B.D. Gaulin, J.N. Reimers, T.E. Mason, J.E. Greedan and Z. Tun
Phys. Rev. Lett. (1992), 3244
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A NEUTRON SCATTERING STUDY OF THE QUASI-ONE-DIMENSIONAL DILUTE
ISING-LIKE ANTIFERROMAGNET CsCo0.83Mgo.i7Br3

R.B. Rogge, Y.S. Yang, Z. Tun, B.D. Gaulin, J.A. Fernandez-Baca, R.M. Nicklow and
A. Harrison
J. Appl. Phys. 73 (1993), 6451

INFLUENCE OF NESTING ON THE SUPERCONDUCTIVITY-INDUCED PHONON
SELF-ENERGY IN LATTICE EFFECTS IN HIGH-TC SUPERCONDUCTORS
F. Marsiglio, edited by Y. Bar-Yam, T. Egard, J. Mustre-de Leon and A.R. Bishop
World Scientific, Singapore (1992), pp.157-162

ENHANCEMENT OF SELF-ENERGY EFFECTS OF PHONONS WITH FINITE WAVE
VECTORS DUE TO FERMI-SURFACE NESTING
F. Marsiglio
Phys. Rev. B47 (1993), 5419

INFLUENCE OF SUPERCONDUCTIVITY ON THE MAGNETIC DYNAMICS OF
HIGH-TC SUPERCONDUCTORS
F. Marsiglio
Phys. Rev. B47 (1993), 11555

LEVEL REPULSION IN INTEGRABLE AND ALMOST INTEGRABLE QUANTUM
SPIN MODELS
T.C. Hsu and J.C. Angles dAuriac
Phys. Rev. B 47 (1993), 14291

P+ DECAY AND COSMIC-RAY HALF-LIFE OF 91Nb
M.M. Hindi, B. Sur, K.L. Wedding, D.W. Bardayan, K.R. Czerwinski, M.T.F. da Cruz,
D.C Hoffman, R-M. Larimer, K.T. Lesko and E.B. Norman
Phys. Rev. C 47 (1993), 2598

Reports

MEASUREMENTS OF Th AND U IN ACRYLIC FOR THE SUDBURY NEUTRINO
OBSERVATORY
E.D. Earle and E. Bonvin
AECL-10749 and SNO-STR-92-061

NEUTRON DIFFRACTION MEASUREMENT OF TEMPERATURE IN A ROTATING
DISC OF WASPALOY
J.H. Root, T.M. Holden and D.C. Tennant
ANDI-49,1992 June
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RESIDUAL STRAINS IN THE VICINITY OP NOTCHES MACHINED IN HY-80
PLATE
T.M. Holden and J.H. Root
ANDI-55, 1992 August

THE MEASUREMENT OF ELASTIC STRAIN FIELDS AND LINE-BROADENING
NEAR CRACKS IN LOADED BARS OF HY-80 STEEL
T.M. Holden, J.H. Root and J.F. Mecke
ANDI-61, 1993 April

EXPERIMENTAL FACILITIES FOR NEUTRON BEAM RESEARCH
W.J.L. Buyers, M.F. Collins, R. Dutton, P.A. Egelstaff, T.M. Holden, R.D. Weir and
M.A. White
RC-901-5, 1993 January

COMPARISON OF THE CALCULATED RESOLUTION FUNCTION OF THE
DUALSPEC POWDER DIFFRACTOMETER WITH EXPERIMENTAL
MEASUREMENTS
N.B. Konyer and J.H. Root
RC-939, 1993 February

Th & U LEVELS IN POLYCAST STAGE II ACRYLIC, BATCHES 47, 48 & 49
E.D. Earle, R.J.E. Deal, E. Gaudette, R. Collins, N. Elliot, S. Kramer-Tremblay and
E. Bonvin
SNO-STR-93-019

ULTRA TRACE ANALYSIS OF ACRYLIC FOR ̂ -TH AND ^U DAUGHTERS
G.M. Milton, S.J. Kramer, R.J.E. Deal and E.D. Earle
SNO-STR-93-21 and submitted to Applied Radiation and Isotopes

OPTICAL QUALITY OF POLYCAST 2.17" ACRYLIC, BATCHES 47, 48 & 49
E.D. Earle, R.J.E. Deal, E. Gaudette, C.J. Everall and E. Bonvin
SNO-STR-93-20, in draft form

REPORT ON VISIT TO POLYCAST
E.D. Earle
SNO-STR-93-028, 1993 February 4
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Lectures

TEMPERATURE DEPENDENCE OF PHONONS IN Cu3Au NEAR THE ORDER-
DISORDER TRANSITION
R.B. Rogge, B.D. Gaulin and B.C. Svensson
Meeting of American Physical Society, Seattle, Washington
1993 March 22-26

A SPEEDY INTRODUCTION TO TEXTURE
J.H. Root
AECL Research, 1993 May

NEUTRON SCATTERING
J.H. Root
Workshop on the Analysis of Hydrogen and other impurities in Zirconium
1993 January 18-19

MEASUREMENT OF RESIDUAL STRESS AND TEXTURE IN COMPOSITE
MATERIALS BY NEUTRON DIFFRACTION
J.H. Root
Presented at "Metal Matrix Composites - State of the Art"
1993 June 14-16, Montreal, Canada

NEUTRINO ASTRONOMY
B. Sur
Notre Dame University
1993 February

NEUTRON REFLECTOMETRY
V.F. Sears
Theoretical Physics Lunch Seminar, CRL
1993 May 31

STATUS OF SNO
E.D. Earle
CAP Western Regional Nuclear Physics Meeting, Lake Louise,
1993 February 20

SUPERCONDUCTIVITY: A CASE STUDY
F. Marsiglio
TP Lunch Seminar, CRL
1993 February 15
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MONTE CARLO METHODS: AN INTRODUCTION
F. Marsiglio
TP Lunch Seminar, CRL
1993 June 14

HIGH FREQUENCY CONDUCTIVITY OF VORTEX CORES IN TYPE ÏÏ
SUPERCONDUCTORS
T.C. Hsu
Canadian Institute for Advanced Research Conference on High Temperature
Superconductivity, Sherbrooke, Quebec, 1993 January 29-31
American Physical Society Meeting, Seattle, Washington, 1993 March 22-26
IBM Almaden Research Laboratory, San Jose, Ca., 1993 March 17
University of California at Berkeley, Berkeley, Ca., 1993 March 17
Brown University, Providence RI, 1993 May 6

INTEGRABlLnX LEVEL REPULSION STATISTICS AND SPIN CHAINS
T.C. Hsu
Queen's University, Kingston, Ontario, 1993 March 5
American Physical Society Meeting, Seattle, Washington, 1993 March 22-26
AT&T Bell Laboratories, Murray Hill, New Jersey, 1993 May 3
Rutgers University, Piscataway, New Jersey 1993 May 4
Massachusetts Institute of Technology, Cambridge, MA, 1993 May 6

STRUCTURE AND DYNAMICS OF AMORPHOUS AND CRYSTALLINE ICE
B.C. Svensson
1993 CAP Congress, Simon Fraser University, Burnaby, British Columbia
1993 June 13-16

MAXONS, ROTONS AND THE BOSE CONDENSATE - WHAT'S THE
CONNECTION?
E.C. Svensson and W. Montfrooij
International Workshop on Bose-Einstein Condensation (BEC93), Levico Terme
(Trente), Italy
1993 May 31 - June 4

LOW-FREQUENCY MODES IN HIGH-DENSITY AMORPHOUS ICE
E.C. Svensson, W. Montfrooij, V.F. Sears and D.D. Klug
XIV International Conference on High Pressure Science and Technology and the
1993 Technical Meeting of the APS Topical Group on Shock Compression of
Condensed Matter, Colorado Springs, Colorado, USA
1993 June 28 - July 2
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