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PREFACE
Physics Division continues to have a variety of basic and applied activities in
accelerator physics, condensed matter science, neutrino physics and theoretical
physics.
The name of the Neutron and Solid State Physics (NSSP) Branch was changed to
Neutron and Condensed Matter Science (NCMS) Branch (1992 October 29) to better
reflect the growing impact of neutron scattering in the fields of materials science,
chemistry and biology as well as physics. As if to highlight this change a very
successful workshop was organized by Peter Martel in October on Neutron Diffraction
in the Life Sciences. DUALSPEC moved into full operation during this period, with
the first experiment completed on the polarized triple axis spectrometer. The neutron
scattering facilities continue to attract many external researchers: of the 21 projects
reviewed in this report, 17 were in collaboration with 30 external scientists from 16
different institutions.
Accelerator Physics hosted the 16th International Linear Accelerator Conference in
Ottawa, 1992 August, and a notable record was then scored with Clarence Hoffmann
producing the two volume proceedings by November. On the science side, first
acceleration of electrons (equivalent to 1.2 GeV/m) was achieved by Nizar Ebrahim
with the laser plasma beat-wave experiment. The 25-year-old triode based rf system
was permanently taken out of service in September, in preparation for the installation
of the new klystrode amplifier for the RFQ1 experiment.
Our theoretical physicists continue to take an active leadership role within AECL and
the Canadian science community. Ian Towner helped organize the NSERC/ CAP
Summer Institute on Theoretical Physics at Queen's University and Frank Marsiglio
has been coordinating the popular lunchtime seminar series to keep staff up to date
with current developments in science. We are pleased to note that Paul Lee was
elected as the first director of the newly formed Centre for Mathematical Sciences.
This centre has been created to help preserve the intellectual capital in applied
mathematics within AECL Research.

M. Harvey
Director, Physics Division
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1.2

OVERVIEW/ACCOMPLISHMENTS
J. Ungrin

LINAC92, the 16th International Linear Accelerator Conference, was held in Ottawa at the
Westin Hotel, August 23-28. This conference, organized by Accelerator Physics Branch,
severely taxed the capabilities of the branch, particularly in light of the major downsizing and
reorganization that resulted from the program funding cuts announced earlier in the year.
Nevertheless, the conference was an outstanding success. It attracted approximately 330
participants from Europe, Asia, and South and North America, including 18 from Canada. In
total, 34 plenary talks and 240 poster papers were presented at the conference, including 11 from
Accelerator Physics Branch. On Friday afternoon, August 28, after the official close of the
conference, more than 100 of the conference attendees made the trip to Chalk River from Ottawa
and toured the branch laboratories and TASCC. Clarence Hoffmann, the proceedings editor,
then faced the challenge of integrating the approximately 270 papers into a set of proceedings
that could reach the accelerator community as early as possible. This challenge was met: the
proceedings were assembled and printed in record time, three months after the end of the
conference. Since the conference was also a financial success, the speedy delivery of the twovolume proceedings by courier to most of the international attendees was possible. Most of the
attendees received their copies before the end of the year. Feedback from the attendees
indicates that AECL has set a new standard for the conference and proceedings that will be a
challenge to match for future organizers of thi^ important international conference.
Experiments on RFQ1 with the 25-year old triode-based rf system were terminated at the end
of September and the rf system was taken permanently out of service. Delivery of the new
klystrode amplifier was delayed to the end of the year; arrival at CRL occurred on
1992 December 31. Present plans still call for completion of the RFQ1 program by
1993 March 31. Negotiations continue for the transfer of the entire facility to the Los Alamos
National Laboratory at that time.
On the Laser Plasma Beat Wave Accelerator, the first observations of the acceleration of
electrons in laser-driven electron plasma waves have been made. Electrons injected with a beam
energy of 12 MeV have been accelerated to energies up to 24 MeV in a plasma length of
approximately 10 mm. This corresponds to an accelerating field gradient of approximately
1.2GeV/m.
A branch team was set up in 1992 March to define the scope of future branch programs. The
work of this team continues during a trying funding period for AECL Research. In addition to
increasing the amount of commercial work, including work for AECL Accelerators (a business
unit of AECL that maikets industrial accelerators), the branch has been investigating applications
of accelerator beams and technology to the nuclear power industry, which is the main business
of AECL.
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TOPICAL REVIEW
F.P. Adams and M.S. de Jong

A New Computer Code for Cavity RF Mode Analysis
Computer codes for 3-dimensional rf cavity mode analysis have usually solved the partial
differential Maxwell equations for the electromagnetic fields usingfinite-differenceor finiteelement techniques. Alternatively, the Maxwell equations for the fields can also be expressed
in integral form. When the rf mode problem consists of a closed conducting surface surrounding
a homogeneous medium, the integral equation form becomes especially simple. For example,
the magnetic field distribution Hs(r) on the inner conducting surface satisfies the homogeneous
magnetic field integral equation (MFIE):
l
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where k is the propagation constant for the medium at frequency co. Frequencies at which the
homogeneous MFIE has non-zero solutions for ffs are mode frequencies of the cavity. Other
integral relations use these solutions to give the electric and magnetic field everywhere within
the cavity volume.
A 3-dimensional boundary-integral-method code has been developed for rf cavity mode analysis.
The rf envelope of a cavity is input as a set of directed surface patches, and the magnetic field
is taken to be piece-wise constant on the surface patches. A frequency-dependent, linear matrix
equation is generated from the MFIE, where the domain of integration is the rf envelope
described by the surface patches. A variant of forward iteration is used to find the complex
eigenvalue with the largest magnitude at a specific frequency. This eigenvalue is 1 when the
frequency coincides with a cavity mode (or resonance), and has positive or negative complex
phase when slightly above or below resonance, respectively. The corresponding eigenvector
describes the magnetic field distribution of the rf resonant mode. The method can handle
cavities with complex symmetries, and can be easily integrated withfinite-elementheat-transfer
and stress-analysis codes.
This approach to rf cavity mode analysis is much more efficient computationally, since the field
distribution solution consists of only two components of the magnetic field transverse to the
2-dimensional cavity surface, instead of three components of the magnetic field distributed over
the 3-dimensional cavity volume. Thus, typically, the solution contains 10 to 100 times fewer
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values for the same accuracy. This makes full 3-dimensional rf cavity analysis possible on small
personal computers, whereas the usual approach requires large workstations or supercomputers.
1.4

SUMMARIES

Ion Source Development
The refinement of the prototype high-current low-emittance electron cyclotron resonance (ECR)
ion source continued. Ongoing experiments led to several design simplifications. The
microwave power efficiency was increased significantly by minor modifications to the magnetic
field configuration. A 100 mA hydrogen ion beam with a proton fraction of 90% can be
extracted routinely from a single 5 mm diameter extraction aperture at a microwave power of
only 500 W.
Ion Linear Accelerator Development
The RFQ1 experimental program is still scheduled to end 1993 March 31. Following this, the
equipment will be disassembled and transferred to the Los Alamos National Laboratory, for use
in their program of cw linac development.
The direct-injection experiments with RFQ1 were concluded after a current of 55 mA had been
accelerated.
The introduction of a circulator between the rf amplifier and RFQ tank may actually cause more
spark damage in the RFQ by keeping the rf power at a high enough level to sustain an arc.
The 267 MHz high-power cw triode/tetrode amplifier system, a fixture in Building 610 for
nearly 20 years, operated for the last time on 1992 September 24. The intermediate-power
tetrode section has been retained; scrapping of the triode system has begun.
Data acquisition, control, and beam analysis hardware and software have been modified to
prepare for the new rf amplifier system and the final experiments on RFQ1.
The new klystrode amplifier system passed its factory acceptance tests and has been received at
CRL.
Vacuum-tight braze joints of GlidCop AL-15 were obtained using a 50% gold-50% copper braze
alloy but these displayed low adhesion strength (only 9 MPa). Attempts are underway at CRL
to use the brazing technique, developed for the Centre canadien de fusion magnétique (CCFM),
which permits much stronger adhesion. Attempts to achieve vacuum-tight braze joints with
silver-based braze alloys to nickel-plated AL-15 have been abandonned.
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Electron Linear Accelerator Development
The BEDROCS and PHELA accelerators are being maintained as branch facilities. The PHELA
accelerator was used to produce beam for commercial irradiations between 1992 July 01 and
1992 December 31. An upgrade of the PHELA control system to enable unsupervised overnight
operation of the accelerator is being investigated.
Laser Acceleration of Particles
The first observations of acceleration of electrons in laser-driven electron plasma waves have
been made in this experiment. Electrons injected with a beam energy of 12 MeV have been
accelerated to energies of 24 MeV in a plasma length of approximately 10 mm. This
corresponds to an accelerating field gradient of approximately 1.2 GeV/m.
Superconducting Cyclotron
Uncertainty of the coil temperature when the magnet warmed up appreciably after a recent
power failure has led to examination of a permanent temperature diagnostic for the
superconducting cyclotron main magnet coils.
A cause of "sticky" motion of the foil changer transport chain was identified as a design flaw
in a vacuum rotary feedthrough.
A computer subroutine to model vertical electric fields is being developed for SUPERGOBLIN.
Synchrotron Radiation Source for Canada
The Canadian Institute for Synchrotron Radiation (CISR) proposal to NSERC for study funds
has been reviewed and written comments from referees have been received. No funding has
been allocated as yet.
Application of Radiofrequency Waves to Materials
The dielectric properties measurement apparatus is being automated to save operator time and
improve reliability and reproducibility. A new multimode permeability measuring system is
being built.
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INDIVIDUAL REPORTS

1.5.1

Ion Source Development

1.5.1.1

Demonstration Electron Cyclotron Resonance Ion Source
T. Taylor and J.F. Mouris with J,S,C. Wills (TASCC Accelerators and
Development Branch)

The emittance of the hydrogen ion beam from the demonstration electron cyclotron resonance
(ECR) ion source was measured as a function of the perveance for a 5.0 mm diameter extraction
aperture with a 5.6 mm extraction gap by varying the extraction voltage. The plasma generator
parameters were held fixed. The minimum normalized rms emittance was 0.11 x mm mrad at
a perveance of 0.29 mA/kV3'2. The data completed a comprehensive study of the dependence
of the minimum emittance, and the corresponding perveance, on extraction geometry for an ECR
plasma generator. As hypothesised, at a microwave frequency of 2.45 GHz, the contribution
of the required magnetic field to the emittance is insignificant.
1.5.1.2

Prototype Electron Cyclotron Resonance Ion Source
T. Taylor and J.F. Mouris with J.S.C. Wills (TASCC Accelerators and
Development Branch)

A duplicate prototype ECR ion source was assembled on the ion source test stand. The proton
fraction from this source was initially low. The effect on proton fraction obtained by
introducing additional BN liners was insignificant. In addition, a substantial contaminant peak
was identified in the momentum spectra. It was then realized that the source had been
inadvertently left under vacuum, with only a small diffusion pump valved in throughout a threeday weekend. During subsequent operation the proton fraction increased slowly with time. The
cleanliness of the BN liners appears to be crucial. Emittance measurements made at a beam
current density of 300 mA/cm2 for various extraction voltages were consistent with earlier data.
The length of the prototype plasma chamber was doubled to about 100 mm without any
deleterious effects on the beam properties. The longer chamber accommodates a more elegant
mechanical design and facilitates the introduction of a quartz window proposed by a commercial
customer for optical diagnostics. Initially, the achievable current densities were relatively low.
Small magnetic effects from the chamber were suspected and the permeability of the stainless
steel chamber was therefore reduced by annealing. No improvements in current density were
observed. The length of the microwave line was then increased by one quarter wavelength to
improve the match. After this change, a current density of more than 500 mA/cm2 was
generated with a proton fraction in excess of 90%. An identical, unannealed chamber
subsequently produced indistinguishable good results. The permeability of the stainless steel
would appear to be sufficiently low even without annealing.
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The O-ring sealed aluminum nitride microwave window cracked when the plasma generator was
operated at a current density of over 500 mA/cm2. A full-scale brazing test of an aluminum
nitride plate to a copper frame using a TiCuSil alloy in vacuum was successful. The design of
the microwave window of the prototype ECR ion source was modified to incorporate a suitable
brazed assembly, and a unit was fabricated. Vacuum leaks appeared, however, in the brazed
aluminum nitride microwave window assembly. Slight deviations from the design of the joint
used in the brazing test are believed to have introduced additional mechanical stresses. The
concept will be pursued when resources become available.
A "high-perveance" plasma electrode, based on a design procedure developed by J.D. Schneider
et al. at Los Alamos National Laboratory (LANL), was fabricated for the prototype ECR ion
source. The electrode was tested on the ECR source at CRL in a collaboration with
J.D. Sherman of LANL. A series of emittance measurements was made to compare the
performance of a standard plasma electrode and the "high-perveance" plasma electrode. The
LANL design generated a matched perveance approximately 10% lower than the standard
design, although the minimum emittance was roughly 20% better.
BN liners have been successively eliminated
from the prototype ECR ion source, so that
only the flat area adjacent to the plasma
aperture and the frame of the microwave
window are still covered. Nonetheless, a
hydrogen ion beam with a total current of
85 m A and a proton fraction of 92% was
extracted from a single 5.0 mm diameter
aperture.
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the modified magnetic field serves to concentrate the plasma closer to the axis at the extraction
aperture. Measurements are now being made to determine the influence of these changes on the
beam quality. First indications are that the emittance may be increased somewhat.
1.5.1.3

Electron Cyclotron Resonance Ion Sources for TASCC
T, Taylor with W.T. Diamond and J.S.C. Wills (TASCC Accelerators and
Development Branch)

ECR ion sources to generate negative ions are being considered by the TASCC facility for use
in the MP tandem Van de Graaff injector. Initial activity is being concentrated on proof-ofprinciple experiments on ISTS. The plasma parameters of the prototype ECR ion source differ
little from those of conventional negative ion sources, so that direct extraction of negative ions
should be possible in principle (although there is virtually nothing in the literature on the
subject). In any case, the preliminary work will involve the extraction of positive ions into an
alkali-metal charge-exchange canal.
An existing charge-exchange canal is being modified for the higher beam current density of the
prototype ECR ion source; a chamber to accommodate the canal has been designed and is being
fabricated. TASCC Accelerators and Development Branch is buying a number of microwave
line components that will facilitate the tests.
1.5.1.4

Ion Source Test Stand (ISTS^
T. Taylor and J.F. Mouris with J.S.C. Wills (TASCC Accelerators and
Development Branch)

The high stored energy of the high-voltage power supply on the ion source test stand continues
to cause equipment failures during the conditioning of extraction systems:
a)

The control logic on one of the dc solenoid power supplies failed and was repaired.

b)

The controller for the solenoid power supplies and the mass flow controllers failed. All
of the DC-to-DC converters on the power supply side of the digital optical link were
destroyed; an isolation amplifier on the power supply side of the analog optical link for
the programming voltage was damaged, and the ± 15 V DC power supply was
destroyed. The destroyed and the damaged components were replaced.

c)

The IBM XT computer that controls the emittance measurement unit failed. The XT
was discarded and replaced with an AT. The AT seems to be much less sensitive to
high-voltage transients than the XT.

d)

The relays in the controller for the high-voltage power supply failed and were replaced.
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1.5.1.5

Extraction Simulation Computer Code
T. Taylor

The extraction simulation code, SNOW, was installed on an 80486 personal computer. Several
test cases were run successfully. A new version of the code was subsequently acquired. It
includes the influence of the "skew" velocity in 2-D simulations, so that the emittance plots are
more realistic and the unphysical buildup of space charge on the axis, calculated in the earlier
version, is relieved.
1.5.2

Ion Linear Accelerator Development
G.E. McMichael

This is a program to expand a technology base for designing and fabricating high duty factor
linear accelerators for protons and other light ions. It has been decided to end this program at
the end of the current fiscal year (1993 March 31). Emphasis during this final year will be on
characterizing the beam operation of the RFQ 1-1250 and demonstrating cw operation with the
new klystrode-based rf amplifier system. No new development work on components and
subsystems for cw accelerators is planned, but some "work-in-progress" is continuing.
1.5.2.1

RFOl Injector

1.5.2.1.1

Dipole Magnet LEBT
G.E. McMichael and R.T.F. Bird

Following removal of this LEBT to install the direct-injection experimental apparatus, the large
diffusion-pumped stainless steel vacuum chamber was moved to Building 467 for replacement
of the oil-diffusion pumps with cryopumps. All beam stops, splatter shields, etc., were
removed, bead-blasted and acid-cleaned, and the chamber itself was bead-blasted and scrubbed
to remove buildup, over several years, of diffusion pump oils and residues. The cleanup was
completed, two cryopumps were installed and a good vacuum was obtained in the empty
chamber. The beam stops and splatter shields are ready for reinstallation.
1.5.2.1.2

Direct Injection Experiment
G.E. McMichael, G.M. Arbique and J.F. Mouris

The direct-injection LEBT is being retained for the remaining planned experiments. Plans to
reinstall the dipole-magnet LEBT have been cancelled to concentrate available manpower on the
installation and commissioning of the new rf amplifier system. However, the ECR ion source
was removed from the direct-injection LEBT and was installed on the Ion Source Test Stand in
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Building 145. The source solenoid magnets and power supplies were used to complete a highpriority commercial requirement. New magnets and source components were fabricated, and
all parts needed to reassemble the source/injector are now available.
1.5.2.2

RFO1-1250 Accelerating Structure

1.5.2.2.1

Operation
J.Y. Sheikh, G.M. Arbique, A.D. Davidson, W.L. Michel, B.H. Smith and
L.W. Shankland

The direct-injection experiments were completed early in this reporting period, and the results
were reported at the LINAC92 conference in Ottawa (1992 August 24-28). There were further
problems with the slit of the emittance measuring unit, and it was not possible to increase the
accelerated-beam current beyond the 55 mA reached previously. Following the direct-injection
experiments, an attempt was made to operate the accelerator with a circulator in the rf line
between the triode and RFQ. The circulator provides greater than 20 dB isolation between the
amplifier and RFQ, preventing appreciable reflected power (arising from sparking/arcing in the
RFQ) from reaching the amplifier.
With the circulator installed, the amplifier operated into a resistive load without problems.
Operation into the RFQ1 tank was uneventful until a cw power level of about 175 kW was
reached, when a few sparks occurred in the tank. Subsequent efforts to reach this power level
resulted in further sparking. After each system trip (caused by this sparking), the sustainable
power level kept decreasing. Finally, the tank would no longer accept any appreciable rf power
and the area around the loop would glow as the rf drive level was increased. This phenomenon
had been observed about two years ago (prior to the drive loop redesign). As was the case then,
upon disassembly it was found that the ceramic cylinder in the loop was coated with copper that
had been sputtered from the outer surface of the loop inner conductor.
The drive loop was refurbished, a clean ceramic installed, and the circulator removed. The tank
was then easily reconditioned to accept 200 kW cw. When the circulator was reinstalled the
deconditioning problem returned. It now appears that the good spark recovery that has been
observed for several years with both RFQ 1-600 and RFQ1-1250 results (at least in part) from
a particular characteristic of the triode amplifier system. Without the circulator, the electrical
line length of the transmission line is such that reflections from the RFQ because of arcs or
sparks (in the drive loop or between the vane tips) provide an immediate (few microsecond)
lowering of the triode output power, allowing the arc to extinguish. With the circulator isolating
the RFQ from the amplifier, the triode keeps delivering full rf power, sustaining the arc and
causing a lot of sputtering for tens of milliseconds, until a trip occurs. The rf blanking box
•protected the RFQ vanes, but did not prevent damage to the loop. Although equipment
protection could be provided by a faster trip, such trips after each spark would cause
interruptions of the beam that would be too length, if the RFQ was being used to inject beam
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into a high-energy linac. However, interruptions of a few microseconds (as occur without the
circulator) may be acceptable. Because the new klystrode system will have a more constant
output and may require a circulator for protection, some experiments were tried with the triode
system, to search for a way to use it with the circulator.
A controller that incorporated a digital storage scope, an analog scope and a pulse generator was
used. Initially, an rf switch (existing in the rf blanking box) was used to interrupt the low-power
rf drive for a preset time when triggered externally by the digital scope. On sensing an increase
in the reflected power, the digital scope would provide a trigger pulse to the pulse generator.
The pulse generator produced a single complementary pulse that shut off the rf switch. With
the pulse time width set to 15 /*s, the system would handle tank sparks at lower power levels.
However, as the power level was increased towards « 100 kW, the system would handle the
first spark but not successive sparks, owing mainly to the long delay in resetting of the storage
scope (the storage scope was used in the sweep mode and the trigger mechanism to the pulse
generator was not available during this time). Adding a fast analog scope (whose time base
could be adjusted to a few nanoseconds) circumvented this problem. With this arrangement, it
was possible to demonstrate acceptable operation of the RFQ with the circulator in the line. In
preparation of the anticipated transfer of the experiment to LANL, G. Bolme of LANL visited
CRL to collaborate on this problem. He has completed the design for a dedicated circuit to
provide this control function for the new klystrode-based amplifier during commissioning.
Following these experiments, the RFQ tank was left under vacuum, so that it can be quickly
recommissioned when the new rf amplifier system becomes available.
1.5.2.2.2

Instrumentation, Control and Data Acquisition
J.Y. Sheikh, W.L. Michel, L.W. Shankland and B.H. Smith

The old rf system consoles were removed from the control room to make room for the new
system.
Two chassis, to provide circulator calorimetry for the new rf system, have been built and tested.
These units will be used, with RTDs and flow meters, to monitor the flow rate and inlet and
outlet temperatures of the cooling water for the circulator and the 200 kW and 300 kW loads.
Each chassis contains a microprocessor-based indicator/controller with multiple programming
features, and provides local indication of temperature and flow, isolated analog outputs
(currently set for 0-10 V) for remote monitoring, and alarm outputs for external fault indication
and control. Programming of the units has been completed, except for calibration of the
temperature meters to their individual RTDs.
An OPTO-22 system is being used as the I/O interface for the new rf system. Although the
OPTO-22 communication-loop speed is comparable to the Taurus, the time taken to write or
interpret the information string before it is sent to or received back from the host computer is
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very slow. The several hundred milliseconds required to format the transmit block is a problem,
and the possibility of controlling the OPTO-22 I/O directly from the 386 PC system is being
investigated.
A bead-pull apparatus for measuring electrical and magnetic field distributions in resonant
structures has been assembled and associated software has been developed. The apparatus, and
measurements made with it on several structures, were the subject of a paper presented at
LINAC92. Following requests from two U.S. laboratories, the Argonne National Laboratory
and the Superconducting Super Collider Laboratory, an informal report describing the computer
software and the bead-pull apparatus was written and distributed.
1.5.2.2.3

Emittance Measuring and Analysis System
T. Tran-Ngoc, G.M. Arbique and W.L. Michel with D.R. Proulx (Process and
Mechanical Design Branch)

Most of the single linear-ball-bearing units on the EMU were replaced with double-bearing units.
The gimbal coupling-unit on the main vertical-drive shaft was also modified, to improve the
reliability of the unit.
1.5.2.3

RF System

1.5.2.3.1

400 kW CW Triode System
J.Y. Sheikh, A.D. Davidson and L.W. Shankland

The rf system was operated as required to complete the direct-injection beam experiments and
was then used to investigate the effect of using a circulator between the triode amplifier and the
RFQ.
A new automatic frequency controller for the new rf system was designed and tested on the
present rf system. The controller operated and controlled the frequency as expected.
The triode-based rf system was operated for the last time on 1992 September 24, to measure the
radiation field levels in the vicinity of the RFQ. After a two-hour run, the triode rf system was
shut down permanently and has been dismantled to free space for the new klystrode amplifier.
The triode/tetrode rf system has been in service for experiments in the Accelerator Physics
Branch for approximately 25 years. It operated more reliably over the last few years than at any
previous time. However, with spare parts no longer available, it has been on "borrowed-time"
since the loss of the only spare tube about three years ago. Some spares continue to be available
for the intermediate-power tetrode system, which is being mothballed pending further assessment
of Accelerator Physics Branch needs.

1-13
1.5.2.3.2

High-Power-Klystrode RF System (HPKRFS)
J.Y. Sheikh and L.W. Shankland

Acceptance tests for the second and third 250 kW klystrode tubes were completed at Varian, San
Carlos in 1992 July and September, respectively. A concern for the accuracy of the 1.5:1
VSWR test (raised at thefirst-tubetests) was resolved by the system manufacturer, Continental
Electronics Corporation (CEC). All tubes passed the corrected 1.5 VSWR tests without
problem.
Optional cavity-gap sensors were installed in all the tubes. Used with a control loop, these
sensors were installed to prevent damage from high VSWR situations. It had been planned to
use the voltage signal from the gap sensor as the trigger to limit the rf drive, in case of
unfavourable mismatch conditions. However, during tube acceptance tests, it was found that the
signal from the cavity-gap sense; was not simply correlated to the output-cavity voltage. CEC,
after discussion with Eimac and CRL, decided to abandon the cavity-gap sensors and use the
signal from the probe at the tube output window instead.
During commissioning of the first amplifier, CEC experienced some initial problems with
sparking and electrical noise. Putting the electrical leads inside steel conduit cured most of the
problems. Formal acceptance tests were performed on the two rf systems over the period
November 30 to December 12. The first system passed all tests at that time and was
subsequently delivered to CRL on 1992 December 31. The second system failed its eight-hour
test at the first attempt (because the rf load failed), but easily passed it the following week. It
was accepted as "shipped-in-place" at CEC, and is expected to be shipped to the Los Alamos
National Laboratory early in 1993. The third (spare) tube was also accepted as "shipped-inplace" at Eimac, where it will be stored until needed.
1.5.2.4

Study of GlidCop AL-15 Materials
T. Tran-Ngoc, R.J. Kelly and R.J. Bakewell

The search for reliable techniques to braze GlidCop AL-15 high-strength copper continues. As
reported earlier, attempts to make vacuum leak-tight joints using silver-based alloys, with nickel
plating as a diffusion barrier for the brazing alloy, were unsuccessful. Subsequent nickel plating
of samples of the material and firing them through a high-temperature brazing cycle confirmed
that the leaks are at the interface between the nickel plating layer and the base material. It is
suspected that the interface becomes porous after firing, owing to the Kirkendal effect. This also
happened when the samples were heated to the lower temperature (760 °C) required for brazing
with InCusil-10. It appears that, using existing CRL equipment, nickel plating cannot be reliably
used as a diffusion barrier for the silver-based brazing alloys, and this approach has been
abandoned.
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As reported earlier, vacuum leak-tight joints were obtained using a 50% gold, 50% copper braze
alloy, but the adhesion strength was quite low (9 MPa). For comparison, this alloy was tried
with OFHC copper samples and, as shown in the following table, adhesion was comparable to
that achieved with Cusil. Both the 0,2% yield values and the ultimate tensile strength (UTS)
are shown.
Specimen Condition

0.2% yield, MPa

UTS, MPa

64
67
62
64

115
104
107
109

65
73
62
67

123
155
139
139

OFHC copper samples butt brazed
with 50% gold 50% copper alloy
specimen #1
specimen #2
specimen #3
average
OFHC copper samples butt brazed
with Cusil alloy
specimen #1
specimen #2
specimen #3
average

Recent developments at the Centre canadien de fusion magnétique (CCFM), in collaboration with
Canatom, CP Tech Inc. and Vac Aero, show that GlidCop can be brazed successfully using a
80% gold 20% copper alloy. Ultimate adhesion strengths ranging from 275 to 410 MPa (for
joining AL-15 to itself) and 175 to 424 MPa (for joining AL-15 to SS-316) were obtained. The
best pre-braze surface treatment of GlidCop was obtained with a 3-micron-thick copper plating
followed by an anti-tarnish coating to prevent oxidation of the surface before brazing. Attempts
are underway to achieve this result at CRL using our brazing equipment.
Copper spraying techniques were also investigated as a means of obtaining the diffusion barrier
required for the brazing of GlidCop using silver-based alloys. GlidCop samples were plasma
sprayed by Aerospace Welding in Montreal, using the High-Velocity Oxy-Fuel (HVOF)
technique. The coating thicknesses varied from 0.4 mm to 2.4 mm and the samples looked very
good. However, the coating was too porous; all the samples leaked when we tried to make a
vacuum seal with an 'O' ring or a rubber gasket on a plated surface that has been machined
smooth. Several Cusil-brazed samples also leaked and 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 thickness of the plating also indicates a reaction between the trapped air in the void
with hydrogen in the furnace during brazing.
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1.5.2.5

Intersected-Channel Cooling for High-Power Beam Stops
T. Tran-Ngrc and R.J. Kelly

Widening of the cross channel on the intersected-channel test jig increased the flow turbulence
anv' produced an increase in the measured pressure drop. Test results indicate that 4.8 mm
(3/16") is an optimum width (producing the highest measured pressure drop) for the cross
channel in the present configuration, where the angle between the main and cross channels is 45
degrees. A different configuration, with a 30-degree angle between the two flow directions, is
under investigation. Preliminary results show a higher pressure drop than that of the previous
case for the same size of cooling channels.
1.5.3

Electron Linear Accelerator Development
F.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. A second experiment, BEDROCS, has been set up in the same tunnel to investigate
the effect of coupling slot geometry on the beam optics of the linac.
1.5.3.1

BEDROCS
F.P. Adams

The BEDROCS accelerator is still installed in the PHELA tunnel, and is being maintained as
a branch facility. The accelerator is capable of producing electron beams at an energy of up to
6 MeV and a power level of up to 350 W, but has not been operated since 1992 July 01.
1.5.3.2

PHELA
F.P. Adams

The PHELA accelerator is being maintained as a branch facility, and was used to produce an
electron beam at an energy of 13 MeV and a power level of 4 kW for commercial irradiation.
In view of anticipated irradiation requirements, the possibility of upgrading the PHELA control
system to enable unsupervised overnight operation of the accelerator is being investigated.
A spare klystron (SN 24036) for the PHELA rf system has been kept in storage since 1987.
Although the klystron that has been in use over the last six years (SN 24110) has shown no signs
of deterioration in its performance, it was decided to interchange the two units so that the
conditioning of the spare, under power, could be determined. No deterioration in the

1-16
performance of the spare tube (SN 24036) is seen. This klystron will remain in the rf system
for continuing operations; SN 24110 will be placed in the storage position.
1.5.4

Laser Acceleration of Particles
N.A. Ebrahim

The high-power C02 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.
1.5.4.1

Supersonic Gas Jet Plasma Source
N.A. Ebrahim and R.W. Davis with N.H. Burnett (National Research Council of
Canada)

To study the hydrodynamic flow patterns from the supersonic gas jet, observations of the flow
profiles were made with a Laser Jamin interferometer. The observations suggest that a laminar
flow profile is obtained, provided the contoured nozzle section is carefully fabricated and the
adjustable exit blades are carefully polished to eliminate any irregularities on the nozzle surfaces.
There was no evidence of shock-wave formation or rarefaction waves on the laser
interferograms.
1.5.4.2

High-Power CO, Laser System
N.A. Ebrahim and R.W. Davis

The C0 2 laser system continues to perform well, with only minor problems. To improve the
reproducibility of single-mode operation of the hybrid-oscillator system, the two low-pressure
laser tubes were operated in a cw-mode by redesigning the discharge electrodes and watercooling the plasma discharge tube and the electrodes. The discharges operate in a fairly stable
manner at approximately 6 kV and a discharge current of 10-15 mA. The Marx generator for
the Lumonics oscillator was completely overhauled and this improved the shot-to-shot
reproducibility very significantly.
1.5.4.3

Laser Plasma Acceleration Experiments
N.A. Ebrahim and R.W. Davis

The first observation of acceleration of electrons in laser-driven electron plasma waves have
been made in this experiment. Electrons injected with a beam energy of 12 MeV have been
accelerated to energies of 24 MeV in a plasma length of approximately 10 mm. This
corresponds to an accelerating field gradient of approximately 1.2 GeV/m. For laser
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wavelengths of 10.3/*m and 10.6 pm, the beat frequency equals the plasma frequency at a
plasma density of 10 cm*3, which corresponds to a static gas fill pressure of 280 mTorr of
argon, assuming singly ionized species from tunneling ionization. Variation of static gas fill
pressures between 160 and 360 mTorr (and hence variations in plasma densities) shows that
electron acceleration is observed only for filling pressures close to the resonant pressure of
280 mTorr, where the frequency matching condition is satisfied.
1.5.4.4

Linear Electron Accelerator System
R.W. Davis and N.A. Ebrahim

The accelerator system continues 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.
1.5.5

Heavy Ion Superconducting Cyclotron
C.R.J. Hoffmann

TASCC Accelerators and Development Branch operates the Chalk River superconducting
cyclotron. Accelerator Physics Branch provides assistance in maintenance and operation, and
in the design and commissioning of improved components to enhance performance and
reliability.
1.5.5.1

Main Magnet Diagnostics
C.R.J. Hoffmann with D.L. Schroeder (TASCC Accelerators and Development
Branch)

A power failure, coupled with poor vacuum in the cryostat, resulted in complete loss of liquid
helium and in appreciable warmup of the magnet coils. A gas bulb thermometer, probably in
contact with the helium can, gave a temperature of approximately 100°K. The temperature of
the coils was uncertain. Subsequent cyclotron operation demonstrated no deleterious effects in
the magnet.
It was realized that a temperature monitoring scheme previously used during cooldown from
room temperature could be set up as a permanent diagnostic, which would provide directly the
average temperature of each of the 32 pancakes in the coil. This method takes advantage of the
voltage taps installed on the pancakes. The procedure is to drive a constant current of about 1 A
through the coils, measure the voltage drop across each pancake and thereby determine pancake
resistance, and then deduce the temperature from the known variation of copper resistance with
temperature. Work is in progress to implement this diagnostic.
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1.5.5.2

Foil Changer
J.F. Mouris with J.S.C. Wills (TASCC Accelerators and Development Branch)

Difficulty was experienced moving foils into position to intercept beam. The crux of the
problem turned out to be a design flaw in the vacuum rotary feedthrough used to drive the
transport chain. A bearing located on the vacuum side of a wobbly bellows had its inner race
rubbing on the bellows end fitting, which was also in contact with the outer race of the bearing.
This contact resulted in galling and generation of metal debris that further impeded rotation of
the feedthrough. The end fitting of one feedthrough was removed from the bellows, the bearings
were replaced, and the endfitting was remachined and electron-beam-welded back into place.
A mechanical test jig will be assembled to verify that this modification eliminates the problem
in a realistic operating situation.
Other maintenance work included lubrication of the transport chain and replacement of the
Macor channel in the rf-shielded foil guide with a boron-nitride channel. The Macor channel
had been damaged again (see PR-PHY-4). The replacement channel functioned satisfactorily.
1.5.5.3

Computation
C.R.J. Hoffmann

Modifications have been made to SUPERGOBLIN to provide more convenient probe data for
centering calculations.
Code is being developed to model the effects on the beam of vertical electric fields in the
vicinity of the foil changer rf shield in a dee. Later, the code may be extended to include the
vertical electric fields measured at the dee gaps.
1.5.6

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).
The CISR proposal to NSERC for study funds has been reviewed by an NSERC committee.
Although almost all the referees' comments were positive and supportive of this request, no
funds have as yet been allocated. NSERC has requested additional information on the scope of
the study and the composition of the user base for this facility.
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1.5.8

Application of Radiofrequency Waves to Materials

1.5.8.1

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

Work continues to develop cavity-based systems for the measurement of high-temperature rf
dielectric and magnetic properties of selected industrially relevant materials.
The high-speed sample transfer system for the multifrequency dielectric apparatus was installed,
but the manpower has not yet become available to write the computer software to drive the
system for fully automated measurements.
A multimode cavity is being developed for permeability measurements on biased-ferrite
materials, such as those used in the HERA and PETRA cavity frequency tuners. Cold modeling
of a ridged-waveguide structure has demonstrated a range of clearly separated suitable modes
from 910 MHz to at least 3500 MHz. The prototype cavity is ready for brazing.
The dielectric properties of high-purity zirconia were measured up to 1400°C, including the
difference in properties between the low-temperature monoclinic and higher temperature
tetragonal phase across the phase transition, which occurs at 1170°C.
Professor V. Krstic and his group in the Metallurgical Engineering Department at Queen's
University in Kingston are developing new composite materials based on silicon carbides and
graphite layered systems. Under a collaborative arrangement, the dielectric properties of his
new materials will be measured at CRL and possible new applications will be investigated.
1.5.8.2

Joint Studies with University of Florida Materials Engineering Department: The
Application of Microwave Processing to Selected Ceramics
R.M. Hutcheon and G.F. Morin

Studies continued of the microwave dielectric properties of SRL-165 nuclear waste disposal glass
with simulated wastes, concentrating on the region around the melting point at ~ 700°C.
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1.5.10

Mechanical Laboratory
R.J. Kelly, R.J. Bakewell and J.F. Weaver

The Mechanical Laboratory operates the machine shop, plating laboratory and the furnaces in
Bldg. 145, and carries out mechanical construction, assembly, repairs and vacuum testing for
Accelerator Physics Branch, Reactor Physics Branch and Waste Management Branch.
Laboratory time breakdown in the period 1992 July 1 to December 31 was
Accelerator Physics Branch
Reactor Physics Branch
Waste Management Branch
1.5.10.1

90.3%
5.62 %
4.08%

Ion Source Development

The fabrication of the extraction system for the duplicate prototype electron cyclotron resonance
(ECR) ion source was completed.
The development of a brazed microwave window assembly for the prototype ECR ion source
continued. A full-scale test with TiCusil bonding aluminum nitride to copper in vacuum was
successful. Nonetheless, a complete assembly, brazed using the same procedure, leaked. It was
suspected that small changes in the mechanical design of the joint introduced additional stresses.
A prototype ECR ion source plasma electrode, conforming to the revised geometry advocated
by Los Alamos National Laboratory staff, was brazed and finish machined.
1.5.10.2

Ion Linear Accelerator Development

Components were fabricated for use with the new high-power rf circulator and to facilitate the
installation of the new klystrode-based rf amplifier. Four lengths of 23 cm rf transmission line
were fabricated and two out-of-tolerance elbows were corrected. Cooling was added to the inner
conductors of the rf line and the RFQ drive loop was disassembled and refurbished. Desksupport brackets for the control room cabinets were fabricated and a key interlock was
manufactured and installed. A piping system was assembled for rf circulator calorimetry
measurements.
Another slit assembly was fabricated for the emittance measuring unit, and extensive
modifications were made to strengthen the traversing mechanisms and reduce friction.
Additional test pieces were manufactured for plating, plasma spraying and brazing tests with
GlidCop and OFHC copper samples.
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1.5.10.3

Electron Linear Accelerator Development

Various pieces of equipment were fabricated for PHELA, including a drain tray, a new
aluminum window and an interlock for PHELA and the Cober HV power supply.
1.5.10.4

Laser Acceleration of Particles

Modifications were made to the charging resistor for the laser-triggered spark gap. The resistor
is now mounted in a tank of Voltesso-35 insulating oil. The adjustable blades to the exit of the
supersonic gas jet were polished and a suitable gasket was fabricated to seal the exit region. The
gas jet was mounted on a centre mounting post. A copper heater body was fabricated for
introducing ferrocene vapour into the laser oscillator discharge.
The two low-pressure laser tubes were modified by adding cooling jackets around the discharge,
so that the tubes could be operated in a cw mode. Two ballast resistors were fabricated for the
low-pressure tubes, to stabilize the plasma discharges. A set of brush adapters was fabricated
to connect the Faraday cups to the exit of the electron spectrometer vacuum chamber. A set of
lead shielding blocks was also fabricated, to minimize the background levels on the scintillatorphotomultiplier tube detector assemblies.
1.5.10.5

Heavy-Ion Superconducting Cyclotron

A tool was made to take apart the foil transport chain links, so that the chain can be removed
from the cyclotron for servicing and maintenance. Also, repairs were made to a rotary vacuum
feedthrough for the foil changer.
An rf-shielded guide channel was made from baron nitride for the foil changer to replace a
damaged Macor channel.
A beam stop was made for the ECRIS charge exchange canal experiment scheduled to begin in
the first quarter of 1993.
An air-cooled housing was fabricated for a tetrode test strand.
A jig was machined for making magnetic field profile measurements on various permanent
magnet configurations.
Fabrication of a new electrostatic deflector with a movable septum was started, and is
progressing well.
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1.5.10.6

Accelerator Physics - Miscellaneous

The Mechanical Laboratory rebuilt a Veco leak detector that we are now using full time.
A ridge waveguide section was fabricated for magnetic field measurement of materials.
Modifications were made to an rf materials cavity.
1.5.10.7

Reactor Physics

The Mechanical Laboratory performed a total of 110 hours for Reactor Physics Branch. These
hours were spent fabricating 8 reservoirs and 8 humidifiers. This effort was a COG-funded
proposal on partial void reactivity.
1.5.10.8

Waste Management

A total of 80 man-hours was allocated to Waste Management Branch. This effort went into
fabricating a filter cleaning test unit, and a powder feeder for this unit. This experiment was
designed to demonstrate the potential of using ultrasound in the cleaning of filters.
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Paper presented at the 9"1 Canadian Accelerator Conference, McGill University, Montreal,
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OVERVIEW/ACCOMPLISHMENTS
B.M. Powell

A Workshop on the application of Neutron Diffraction in the Life Sciences was held
on October 16-17. Its objective was to explore how neutron scattering methods can
complement other, more conventional techniques, for investigations in the life sciences.
Eight invited speakers discussed experimental techniques, including x-ray diffraction
and molecular dynamics, Raman and infrared spectroscopy, fluorescence and light
scattering techniques, NMR and neutron diffraction methods. There were 30
attendees at the workshop.
DUALSPEC began full-scale operation in a user mode. Improvements in the
spectrometers continued as the experimental program proceeded. The "home" position
for the monochromator wedges is sensed by optical switches. These were found to
be highly susceptible to radiation damage, resulting in repeated failure. The optical
switches have been successfully replaced by mechanical micro-switches on the C5
spectrometer. The C2 spectrometer will be modified similarly in the near future.
The polarized beam triple-axis spectrometer began experiments in a fully-polarized
mode. In a configuration with Heusler alloy crystals as monochromator and analyzer
and a beryllium filtered beam, a flipping ratio of 30:1 was achieved with a
wavelength of 4 Â. A new, stiffer link was installed between the monochromator
drum and the sample table of the powder diffractometer. It will permit improved
reproducibility in setting the scattering angle. The sample table of the powder
diffractometer can now be oscillated continuously during a count. This integrates over
the texture (about the rotation axis) of polycrystalline samples. The angular range
over which the table oscillates can be adjusted by mechanical switches. The
lineshapes expected for the diffractometer have been computed by Monte Carlo
calculations. The dependence on scattering angle of their width is in good agreement
with measurements from a standard calibration sample. The lineshape is in good
qualitative agreement with a gaussian shape, but quantitatively discrepancies .-re
evident. An illustrated user manual has been written for the powder diffract jmeter.
It is intended for users who are unfamiliar with the instrument, and provides a
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detailed description of the components and the operation of the diffractometer. A
research associate has been hired (jointly with the University of Guelph) to be the
scientist primarily responsible for the powder diffractometer.
Shielding has been improved around the exit beam channel of the E3 spectrometer
and at the yoke of the L3 spectrometer. Both modifications resulted in improved
background in the respective detectors. The dance floor of the T3 small angle
scattering spectrometer is being extended. This will allow measurements to be made
at larger scattering angles with the detector in the forward position.
A new Information Package for Visitors is being drawn up. It contains general
information about the laboratory, information about safety procedures at CRL and
information specific to neutron scattering instrumentation. When the package is
finalized it will be sent to all visitors expected at the NCMS neutron scattering
facilities.
A new high-temperature furnace was commissioned. It is designed to operate with
samples requiring special gaseous environments. The first experiments with the
furnace were with a sample surrounded by a very reactive high-temperature carbon
dioxide atmosphere.
Eric Svensson was elected to the position of Vice-Chairman of the Division of
Condensed Matter Physics of the CAP and also became a member of the Editorial
Advisory Board, Canadian Journal of Physics.
Following resolution of difficulties with variability of the optical quality of samples of
acrylic, the order was placed for supply of the acrylic for the SNO detector vessel.
The contract was also awarded for fabrication of the vessel from this acrylic. A
temporary office for SNO Project Management has been established at Laurentian
University. Project design is now -95% complete. The Chalk River SNO group was
strengthened by hiring a new Research Associate for the project.
23

TOPICAL REVIEW - CHARACTERIZATION OF COMPOSITE
MATERIALS BY NEUTRON DIFFRACTION
J.H. Root

Composites are materials made by mixing two or more constituents in an effort to
enhance particular properties. An example of a macroscopic composite is the
proposed CANDU pressure tube, which, at mid-thickness of its wall, contains coextruded yttrium filaments. The property to be enhanced by inclusion of the
filaments is the ability to draw hydrogen away from the surrounding Zr-2.5Nb matrix.
Aluminum that is reinforced with silicon-carbide whiskers is an example of a metalmatrix composite that is light yet stiff and wear-resistant, suitable for structural
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applications in the aerospace industry. Composites may also be made as mixtures of
two ceramic constituents, such as alumina and mullite. A spatial variation of the
concentration of the mullite phase produces a residual stress pattern that increases the
fracture toughness of a sintered part.
Because neutrons penetrate easily through most materials, new information on the
volume-averaged and spatially-varying properties of composites can be obtained by
neutron diffraction. Information can be obtained independently for each phase of a
composite material, because diffraction-based probes utilize measurement of the
angular positions, intensities and widths of Bragg peaks, which can be assigned
uniquely to one phase. Neutron diffraction is the only technique able to determine
the properties of the minority constituents that are buried within the matrix of the
composite. Other testing methods, which are based on probes that cannot penetrate
far into the matrix, can reveal information only on the minor constituents that are
close to surfaces, but cannot reveal information about the "bulk" environment of the
composite material.
The crystallographic orientations (texture) of minor constituents within a matrix need
not be random. The silicon carbide whiskers in the Al-SiC metal-matrix composite
are single crystals between 5 and 40 nm long and 0.5 and 2 urn diameter. The [111]
direction of the cubic lattice is parallel to the long axis of a whisker. When whiskers
are co-extruded with an aluminum matrix, the flow of the metal aligns the whiskers
parallel to the extrusion direction. The resulting strong texture is easily observed as a
variation of (111) diffraction-peak intensity with direction in a specimen of the
extruded metal-matrix composite. The neutron beam samples the volume fraction of
whiskers having particular orientations within a cylindrical specimen of material. As
the concentration of whiskers is increased, there is a reduction of the degree of
preferred orientation, because the flow of the metal is increasingly perturbed by the
silicon carbide inclusions. This reduction in texture can be seen in Fig. 2.3.1, where
contours indicate a region of high diffraction-peak intensity close to the extrusion
direction (E) of the material. The intensity is reduced by about a factor of two as
the concentration of the whiskers is doubled from 5 volume percent to 10 volume
percent.
A mismatch in the coefficients of thermal expansion (CTEs) of the constituents of a
composite creates residual stresses as the material is cooled from an elevated
temperature. How the stresses are distributed amongst the various phases depends on
the degree of mismatch in the CTEs, the temperature change from an initial "stressfree" state, and the volume-fractions of the phases. An interesting example is the
alumina-mullite system, where a continuous reduction in the concentration of the
mullite phase with distance from the surface is caused by the method of fabrication
of the composite - infiltration of a partially sintered alumina matrix with hydrolyzed
ethyl silicate prior to full sintering and reaction to form mullite. On cooling from the
sintering temperature, the mullite-rich regions near the surface of the composite
contract less than the mullite-poor core regions. Compressive residual stresses develop
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close to the surface and act to enhance the fracture-toughness and wear-resistance of
the material. A map of the residual stress profile along the axis of a cylindrical
specimen of alumina-mullites, determined by neutron diffraction, is shown in
Fig. 2.3.2(a). The specimen was 10 mm long and had a diameter of 24 mm.
Stresses in the alumina phase in two principal directions are shown: crosses denoting
stress parallel to the cylinder axis and filled circles indicating stress perpendicular to
the cylinder axis. The concentration of the alumina phase is proportional to the
intensity of the neutron diffraction peak. A map of the intensity of the (210)
alumina peak is shown in Fig. 2.3.2(b). The results shown in both figures were
obtained nondestructively, so the actual stresses in the intact specimen were preserved
during the measurements.
Composite materials are the subject of much exciting research and development
worldwide. Neutron diffraction contributes in a unique and practical way to the
advancement of this branch of materials science.
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The variation of neutron diffraction-peak intensity from the (111)
planes of silicon carbide whiskers versus direction in an extruded
metal-matrix composite with (a) 5 vol% and (b) 10 vol% of whiskers.
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(a) The variation of residual stress along the axis of a cylindrical
pellet of alumina infiltrated with mullite. (b) The variation of the
concentration of the alumina phase with position along the axis of the
cylindrical pellet (From Root et al. J. Am. Ceram. Soc. 74 (1991),
579-583).
SUMMARIES

Condensed Matter Science
A workshop was held on the applications of neutron diffraction in the life sciences
(2.5.1.1). Thirty attendees heard eight invited speakers discuss the complementarity of
neutron scattering and other techniques for biological studies.
Very high resolution measurements were made of multiexcitation scattering from liquid
4
He (2.5.1.2) at the ISIS facility. The measurements (at S.V.P) spanned the
Q, u range of the single-excitation dispersion relation and displayed multiple ridges in
(Q, u) space.
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Measurements (2.5.1.3) of the roton excitations in liquid 4 He have been made very
close to Tx (ten times closer than previously achieved). A major change from
propagating to non-propagating behaviour is observed on passing through T^.
Preliminary analysis indicates that the roton excitation exhibits soft-mode behaviour,
characteristic of broken symmetry. If confirmed, this would require a reinterpretation
of the appearance of single particle modes in the superfluid phase.
High-resolution measurements on binary gas mixtures of He and Ne directly observed
a fast-sound mode, in which only the light particles of the mixture participate
(2.5.1.4). No evidence was found for an ultrafast mode or for an interdiffusion
mode.
New measurements (2.5.1.5) to investigate the effects of spinodal ordering in CU3AU
seem to provide evidence for a lower spinodal temperature, about 25 K below Tc.
Although difficult to establish with certainty, the thermal evolution of the order
parameter, the lattice constant and the zone-centre phonons all suggest the existence
of such a temperature.
Polarized beam measurements of the spin-dependent elastic cross-sections of URu2Si2
(2.5.1.6) found intensity only in the spin-flip channel at (100). It can then be
deduced that the order parameter for the phase transition at 17.5 K must contain the
spin dipole along the c-axis. Only two order parameters are thus possible.
The nature of the phase transition in erbium at 87 K was investigated by neutron
diffraction (2.5.1.7). The transition is from a paramagnetic to an incommensurate
longitudinally ordered phase. The temperature dependence of the correlation lengths
was found to follow mean-field behaviour.
High-resolution polarized beam measurements on CsNiCl3 (2.5.1.8) have provided the
most direct evidence to date for a new class of longitudinal spin excitations in
ordered quasi-one-dimensional spin systems. The excitations are not predicted by
linear spin-wave theory.
The phase transition in the ferroelastic material IQLiAstSO^ was investigated by
powder diffraction measurements (2.5.1.9). The positions of the hydrogen atoms were
determined for the high-temperature phase and the low-temperature structure was
found to be monoclinic, space group P2iNeutron diffraction data from bilayer membranes of DPPC containing deuterium
labelled THC has been reanalysed in terms of a quasimolecular model (2.5.1.11). The
guest molecule is found to be located in the glycerol region of DPPC, but the width
of the distribution suggests that the THC molecule may exist in several conformations.
Small angle scattering measurements were made on solutions of four different forms
of human hemoglobin (2.5.1.12). The data show that the shape of the hemoglobin
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molecules are either prolate ellipsoid or oblate ellipsoids of revolution. The shape
and dimensions are believed to be related to the specific function of the molecule.
Inelastic scattering measurements were made of phonons in 1-methyluracil (2.5.1.13).
Both hydrogenous and deuterated samples were used. The objective is to determine
effective interatomic forces in biological systems.
Inelastic scattering measurements on deuterated insulin at 77 K showed a peak at
~0.7 THz (2.5.1.14). On raising the temperature to 300 K the frequency of the peak
decreased to -0.5 THz. This differs from the temperature dependence found
previously for proteins with secondary structure in a-helices.
Residual and loading strains were measured surrounding a blind hole section (2.5.1.15).
The stress distribution around this defect was modelled prior to the experiment with a
2-D approximation. The results showed the model to be incorrect implying the
importance of 3-D modelling.
Measurements were made of the residual stress in 19 mm and 13 mm diameter rods
cold-drawn through a die (2.5.1.16). The dominant stress was found to be in the
axial direction, compressive near the axis and tensile at the surface. This is not the
preferred residual stress distribution for most applications.
Residual stress measurements were made on a single-pass weld laid in a machined
groove in a stainless steel plate (2.5.1.17). Two-dimensional displays of residual strain,
stress, peak width and intensity contours were produced, to show the detailed
distributions about the weld.
The longitudinal, transverse and normal strains were measured in coupons cut from a
multipass ferritic weld (2.5.1.18). The experiments were designed to correlate the
residual stresses with the fracture mechanics of the coupons. It was found that
although stress relieving reduces the stress levels compared to the as-welded condition,
it does not remove them.
Test measurements showed that neutron diffraction could be used to give a
quantitative description of the internal stresses in a two-phase binary Mg-Al alloy
(2.5.1.19).
Test measurements were made on the powder diffractometer to determine whether a
time delay due to Nb stabilization in the y-*a transition in TRIP steel can be
observed (2.5.1.10). The tests indicated this to be feasible.
Powder measurements showed that, contrary to expectations, the structure of SiC
whiskers in an Al-SiC composite were predominantly in the cubic (p) phase rather
than a hep phase (2.5.1.21).

2-10
The kinetics of the y+a phase transition in steel were investigated by powder
diffraction measurements (2.5.1.22). The temperature dependence of the lattice
parameters of samples of iron with differing carbon contents was measured. The
results showed a linear dependence of lattice parameter with carbon content for the
austenite phase. In the bi-phasic region the austenite lattice parameter increases as
the temperature is lowered.
Neutrino Physics
The design of the SNO detector vessel was finalized and contracts for the supply of
150 acrylic panels were issued (2.5.2.2). The contract to prepare the panels and
fabricate the vessel was also issued.
Trace analysis for Th/U in acrylic samples continued (2.5.2.3) in an effort to
determine whether enhanced levels of Th and U observed in particular samples are
added during handling at CRL, or present in the "as-cast" sheet.
The Th/U concentration is being measured in samples of the rope that will support
the acrylic vessel (2.5.2.4). Results to date suggest that "cleaner" rope is desirable. It
has been suggested to the supplier that producing the filament in a more dust-free
environment is desirable.
The problem of variability in the optical quality of acrylic from one supplier was
found to be due to the monomer supply (2.5.2.5). Improvement in the quality control
of the raw material led to resolution of the problem with optical quality, and allowed
the order to be placed for a supply of the acrylic.
A temporary office for SNO Project Management was established at Laurentian
University (2.5.2.6). Many contracts for establishing the laboratory and its services are
out for bid. Project Management continued for detector components being produced
by SNO collaboration groups. Project design is now ~95% complete.
Nuclear Data and Technology
A computer code to calculate transport of high-energy nucléons, pions and muons has
been installed (2.5.3.1). It will be utilized in a benchmark exercise to compute
neutron yields from spallation reactions. Neutron multiplication as a function of
target dimension has been calculated for (n, xn) reactions.
Instrumentation
Monte Carlo calculations have been made of the lineshape expected with the
DUALSPEC powder diffractometer (2.5.4.1). The calculation uses as input the spatial
dimensions of all resolution elements in the diffractometer. The computed lineshapes
are in good agreement with those observed from a standard calibration sample.
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Two user-friendly programs have been written to assist users begin their experiments
on the powder diffractometer (2.5.4.2). One analyzes the calibration data while the
second allows a calculation of the powder profile expected from a known crystal
structure. An illustrated user manual has been written for the powder diffractometer
(2.5.4.3). It will assist users unfamiliar with the instrument to carry out their
measurements.
Several improvements have been made to the spectrometer control program (2.5.4.4).
Support has been added for on-line fitting and plotting of data, the results being
displayed on the X-window control terminal. Support has also been added for control
of the bend of a vertically focusing monochromator and for control of the current in
the neutron flipper coils.
A new, stiffer linkage has been installed between the monochromator drum and the
sample table of the powder diffractometer (2.5.4.5). The sample table can now be
oscillated continuously during a count. The problem of radiation damage of the
optical switches on the monochromator wedges has been resolved by replacing them
with mechanical microswitches.
A new furnace (F2) was commissioned. It is capable of prolonged operation at
1400 K with a hostile gaseous environment surrounding the sample (2.5.4.6). It is
designed to allow easy and rapid changes of specimen, particularly for use on the
powder diffractometer. The existing furnace (Fl) has been rebuilt to allow the same
ease of specimen change.
Support Services
Development of multiwire detectors focused on design and fabrication of detectors
with 2 mm wire spacing (2.5.5.1). Two versions of this detector, with 20 wires, are
under test and design for a 32-wire version is in progress. A grounded anode
detector has been redesigned and preliminary results from the new model are
promising. The 80-wire curved detector was completed. Tests have indicated an
excessive level of background noise.
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2.5

INDIVIDUAL REPORTS

2.5.1

Condensed Matter Science

2.5.1.1

Life Sciences Workshop on Neutrons in Biology
P. Martel

A Workshop on the applications of neutron diffraction to biological studies was held
at the Days Inn, Pembroke, 1992 October 16-17. The meeting was hosted by AECL
Research; other sponsors were the Pharmaceutical Manufacturers Association of
Canada, the Canadian Institute for Neutron Scattering and the Biophysical Society of
Canada. The objective of the meeting was to explore how neutron scattering
methods can complement other techniques for studies in the life sciences. There
were 30 attendees at the conference, some from as far away as California and British
Columbia.
The conferees were welcomed by Malcolm Harvey of AECL Research. Dr. Harvey
described the neutron scattering facilities available at Chalk River for these studies
and discussed plans for future expansion and for a possible new reactor. He
mentioned explicitly the current proposal to AECL and NSERC for a conceptual
design study for a new neutron scattering spectrometer (SWANS), which would be
used to address problems in biophysics.
There were eight invited talks, ranging from x-ray diffraction measurements and
molecular dynamics calculations on proteins by Michael James of the Biochemistry
Department, University of Alberta, to neutron diffraction studies of proteins in
membranes by Stephen White of the Physiology Department, University of California
(Irvine). The potential for Raman spectroscopy in drug design was discussed by
Paul Carey of the Division of Biological Sciences, NRC, Ottawa. He outlined recent
improvements in Raman spectroscopy that permit details of protein-drug interactions
to be monitored on nanosecond time scales without having to resort to resonance
techniques. This makes accessible a much wider range of drugs than can be
examined by "normal" Raman spectroscopy. In the allied field of drug-membrane
interactions, Ken Jeffrey of the University of Guelph showed how deuterium-labelled
drugs could be precisely located in membranes by means of neutron diffraction. Ross
Hallett, also of the University of Guelph, indicated new techniques for studying the
swelling and lysis of lipid vesicles by light scattering and fluorescence. These
techniques hold promise for showing how elastic deformations of membranes can
activate membrane-based protein receptors involved in drug delivery to cells.
Professor Hallett showed how small angle neutron diffraction could aid in explaining
certain details of his new method.
Three other interesting talks were given by members of the National Research
Council. Art Szabo showed how slow dynamical motions in proteins could be
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mapped by biosynthetic incorporation of fluorescent amino acids throughout various
regions of a given protein. Possible parallels in assessing large-scale protein motions
by inelastic neutron scattering were pointed out; these involve selective deuteration of
various regions of proteins. Henry Mantsch, of the Institute of Biodiagnostics (NRC,
Winnipeg), indicated how Fourier Transform Infrared Spectroscopy could be used in
the diagnosis of various aspects of cancer and Alzheimer's disease. Ian Smith, of the
same institute, showed how NMR spectroscopy could be used to diagnose very early
signs of cervical cancer, much earlier than present methods that employ optical
microscopy. It was suggested that it might be possible to assess high-energy neutron
damage effects by these techniques. An unscheduled evening talk by David Boal of
Simon Fraser University dealt with a new dual network model for red blood cell
membranes, which could be verified by neutron diffraction measurements on
erythrocyte "ghosts" (the membrane walls detached from red blood cells).
Physics
2.5.1.2

Multiexcitation Scattering by Superfluid fae
W. Montfrooij and E.C. Svensson with R. Crevecoeur (Delft University of
Technology) and C.J. Carlile (Rutherford Appleton Laboratory)

As emphasized in a recent review, "S(Q, u) For Liquid He: What More Do We
Need to Know?" (E.C. Svensson in "Excitations in Two-Dimensional and ThreeDimensional Quantum Fluids", ed. by A.F.G. Wyatt and H.J. Lauter, Plenum Press,
New York (1991), p. 59), one of the most urgent needs is to better determine and
understand the multiexcitation component, SM(Q, CJ), of S(Q, u) for low temperatures
in the superfluid phase. This component occurs primarily at frequencies higher than
those of the strong single-excitation peak in S(Q, u). To date, only a very limited
amount of high-quality data for SM(Q, w) has been available, but what there is shows
(see Fig. 2.5.1.1, taken from the above reference) that SM(Q, W) consists of a mixture
of sharp and broad features, and is a rapidly varying function of the momentum
transfer Q. Although the theoretical understanding of the detailed shape of SM(Q, <O)
is inadequate, the sharp features undoubtedly correspond to two-roton, two-maxon and
roton-plus-maxon processes, some possibly involving bound states. A broad zero-sound
contribution in the multiexcitation energy region is also expected on the basis of a
recent interpretation (H.R. Glyde and A. Griffin, Phys. Rev. Lett. 65 (1990), 1454) of
S(Q, «) in terms of zero-sound and single-particle excitations, though such a
component has yet to be identified.
To address the need for more extensive high-quality data for SM(Q, u), we have
carried out a new study at the ISIS spallation-neutron facility of the Rutherford
Appleton Laboratory, U.K. The IRIS spectrometer, an inverted-geometry time-of-flight
instrument, was used with pyrolytic graphite (002) analysers in backscattering geometry,
giving very high energy resolution (FWHM = 15 nëV = 0.004 THz). To ensure that the
features in SM(Q, to) were as intrinsically sharp as possible, the measurements were
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earned out at very low temperature (-0.5 K, effectively T = 0) using a 3 He absorption
refrigerator. The measurements covered the range of frequency transfers, v = w/2n,
from about -0.2 to 1.7 THz. The Q range was roughly 0.4 to 2.1 Â"1 at the position
of the single-excitation dispersion relation (i/ in the range 0.2 to 0.3 THz), with
gradual displacement to increasing Q values as v increased (e.g., 0.9 to 2.7 Â"1 at
y = 1.0 THz). Measurements were carried out both with the cell empty and full of
liquid He at saturated vapour pressure (S.V.P.). Although the results have not yet
been corrected for effects such as multiple scattering, it is evident from 3-dimensional
plots of the raw data that SM(Q, w) shows a rich topography with multiple ridges in
(Q, w) space and rapid variations as a function of Q. Detailed analysis is in
progress.
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Resolution broadened S(Q, w) for liquid 4 He. The very sharp singleexcitation peaks observed at T = 1.0 K in the superfluid phase (shown
reduced by a factor of 10 or 15) have the experimental resolution
width. Solid curves are simply a guide to the eye.
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2.5.1.3

Evidence for Soft-Mode Behaviour of the Roton Excitation
in Superfluid
W. Montfrooij and B.C. Svensson

The temperature dependence of the parameters, especially the frequency,
characterizing the roton excitation in liquid 4He has been of long-standing interest and
has generated a great deal of controversy. The study of Woods and Svensson (Phys.
Rev. Lett. 41 (1978), 974) was the first to show a qualitative difference in the
dynamic structure factor S(q, v) on passing through the superfluid transition
temperature, T^. In particular, it showed that sharp excitations in the maxon-roton
region were unique to the superfluid phase. Above T^ one observed only the broad
peaks characteristic of the normal phase. In this study, which probed to within
0.023 K of T^ (the closest approach prior to the work reported here), only a very
modest softening (= 13%) of the roton excitation frequency was observed. As
discussed in detail in a later review (E.C. Svensson in "Elementary Excitations in
Quantum Fluids", ed. by K. Ohbayashi and M. Watabe, Springer-Verlag, Heidelberg
(1989), p. 59), this behaviour suggested that the roton excitation was well-defined
throughout the superfluid phase and simply "disappeared" from S(q, v) at T^, possibly
even continuing to "exist" above T^, but then having no weight in S(q, v)\ i.e., no
longer being a density fluctuation. This supposition was reinforced by the theoretical
interpretation of Glyde and Griffin (Phys. Rev. Lett. 65 (1990), 1454) in which the
excitations in the maxon-roton region are viewed as single-particle excitations visible in
the density response, S(q, u), only when there is a finite Bose condensate; i.e., only
below Tx.
To try to further clarify the behaviour in the transition region, we have carried out a
new study of roton excitations in which we have probed ten times closer to T^. To
ensure the necessary temperature stability and accuracy, we chose to do the
measurements at a pressure of 20 atm so that T^ for the sample would be well
below T^ for the 4 He bath to which the sample cell was thermally anchored. The
temperature was established and controlled by pumping on the bath, which was always
below its saturated vapor pressure A-temperature, 2.173 K, during the measurements.
Tx f° r t n e sample was determined by slowly drifting (in both directions) through the
transition with the pressure constant, and was found to be 1.9202 ± 0.0002 K on the
scale of a calibrated Ge resistor immersed in the sample. The measurements were
carried out using the N5 triple-axis spectrometer under conditions identical to those
reported (PR-PHY-4:2.5.1.3; AECL-10673) for a recent study on ice. The energy
resolution was 0.06THz (FWHM) at u = 0.157 THz, the roton frequency at 1.08 K,
the lowest temperature of the study. Measurements were carried out at 8
temperatures below Tx and 2 above for q values of 1.9 and 2.0 Â"1. The scattering
by the empty cell was also determined.
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Values of the quantity
SSym(q, v) - 1 - e X j ; ^ h y > S(q, „>
for q = 1.0 Â and all 10 temperatures are shown in Fig. 2.5.1.2. Our recent work
(W. Montfrooij, E.C, Svensson and I.M. de Schepper, J. Low Temp. Phys. 89 (1992),
437) has shown that this quantity best reveals the intrinsic behaviour of the system,
especially at the very low temperatures characteristic of measurements on liquid He.
Ssym(q, v) shows a gradual continuous change from a very sharp (resolution width)
propagating mode at the lowest temperature to a non-propagating central mode above
T^. There is a major qualitative change, from propagating to non-propagating
behaviour, on passing through T*. Preliminary line-shape analysis indicates that the
roton frequency at 1.918 K is about 40% lower than at 1.08, a quite dramatic
softening. While the analysis needs to be refined, and measurements even closer to
Tx would be desirable, the present results give a strong indication that the roton
excitation at P = 20 atm is exhibiting typical soft-mode behaviour, as one would
normally expect to observe on approaching a phase transition characterized by a
broken symmetry. There is no indication of a well-defined mode suddenly appearing
as one goes below T^, as seemed to be suggested by the earlier measurements and as
expected from the Glyde-Griffin picture. Pushing the measurements 10 times closer
to T^ than achieved previously has changed the picture sufficiently that we need to
carefully reconsider how the single-particle modes appear as one enters the superfluid
phase, if they indeed do.
2.5.1.4

Excitations in a Dense Helium-Neon Gas Mixture
W. Montfrooij and E.C. Svensson with P. Westerhuijs (Delft University of
Technology)

Earlier neutron scattering measurements on a mixture of 65 at. % He and 35 at. %
Ne at T = 39.3 K and P = 114 bar carried out at the Interfaculty Reactor Institute,
Delft (W. Montfrooij et al., Phys. Rev. Lett. 63 (1989), 544 and P. Westerhuijs et al.,
Phys. Rev. A 45 (1992), 3749), gave evidence for the existence of a fast-sound mode.
A fast-sound mode, which is unique to a mixture, is a sound-wave-like excitation in
which only the light particles participate. Its propagation velocity is the same as that
for a pure system of the light particles under the same thermodynamic conditions. In
the Delft study, carried out using a time-of-flight spectrometer with relatively poor
energy resolution (FWHM-0.4 THz), the fast-sound mode did not appear directly as a
peak in the observed scattering and its "extraction" relied rather heavily on a detailed
knowledge of the spectrometer resolution function.
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Fig. 2.5.1.2

Ssym(q, v) for q = 2.0 A"1 in liquid 4 He at P = 20 atm
T x = 1.9202 ± 0.0002 K. The curves are simply guides to the eye.

To more firmly establish the existence of the fast-sound mode and determine its
lineshape, as well as to search for other modes predicted to occur for binary gas
mixtures, we have carried out measurements on a mixture of 65 at. % He and
35 at. % Ne under conditions of much higher energy resolution (FWHM = 0.06THz
at the elastic position, »/ = 0) using the N5 triple-axis spectrometer. The dynamic
structure factor, S(Q, v\ was determined at 44.8 K and P = 136 bar (4He partial
pressure of 98 bar) for momentum transfers, Q, of 0.5 and 0.8 A"1. The fast-sound
mode is observed directly as a distinct shoulder on the side of the central peak. Its
position is as expected from the fast-sound velocity. The earlier Delft analysis
indicated that, at low Q values (Q <. 0.5 A"1), the fast-sound mode gave rise to a
peak completely separated from the central peak in S(Q, «/). This conclusion, which
is not consistent with our new observations, probably resulted from insufficient
knowledge of the broad experimental resolution in the earlier study. Our new work
thus indicates that the intrinsic width of the fast-sound mode is considerably larger
than originally inferred.
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We find no evidence for a propagating mode at frequencies higher than those of the
fast-sound mode. Such an "ultrafast" mode, the equivalent of an optical branch of
excitations in a crystal, is expected from theoretical considerations. We also find no
evidence for a sharp line centered at v = 0 corresponding to an "interdiffusion" mode
(a process in which a light and a heavy atom change places). Such a mode is also
expected from theoretical considerations, but for our particular system it will be weak
because of the values of the scattering lengths of 4He and Ne.
2.5.1.5

Effects of Spinodal Ordering in Cu^Au
E.C. Svensson with R.B. Rogge and B.D. Gaulin (McMaster University)

We have completed an extensive series of experiments designed to elucidate the
effects of spinodal or continuous ordering near the discontinuous order-disorder phase
transition (at temperature Tc) in Q13AU. Most of this work (see PR-PHY-4:2.5.1.1;
AECL-10673, PR-PHS-P-9:6.5; AECL-10196 and B.D. Gaulin, E.D. Hallman and
E.C. Svensson, Phys. Rev. Lett. 64 (1990), 289) has focused on determining the
thermal evolution of phonon modes for several strategically chosen wave vectors. The
results give strong evidence for the existence of a lower spinodal temperature, Ts, at
about Tc-25 K, but also clearly show a marked dependence on wave vector not
predicted by simple spinodal theory.
In our last report (PR-PHY-4:2.5.1.1; AECL-10673) we also noted that the order
parameter (determined from the elastic scattering at super-lattice positions) appeared
to indicate weak structure in the vicinity of the lower spinodal temperature. Further
investigation has since been carried out using the E3 spectrometer. In particular, we
measured the elastic scattering at the super-lattice positions (003) and (221) for
19 temperatures below T c and.2 temperatures above. For a subset of these
temperatures we also determined the scattering at- the super-lattice positions (001) and
(110). The lattice parameter was also accurately determined for the same 21
temperatures, as well as for some additional temperatures both below and above Tc.
As noted previously, the order-parameter measurements at (003) indicate possible, but
not rigorously established, structure in the vicinity of Ts. What we do see clearly is
that the (003) intensity increases gradually with temperature until approximately Tc30 K, where there commences a gradual turn-over to a slow decrease followed by a
precipitous drop to zero at Tc. This same general behaviour is also observed for the
(221) reflection, but with somewhat more statistical uncertainty because of much
weaker intensity and worse background. The weak reflections at (001) and (110) do
not clearly show this same general behaviour, except for the precipitous drop to zero
at Tc. Some old x-ray measurements (D.T. Keating and B.E. Warren, J. Appl.
Phys. 22 (1951), 286) show similar weak structure at Tc-25 K (which seems to have
been completely overlooked), but do not exhibit the same gradual increase and
turnover we observe. Our measurements of the lattice parameter show that it
increases linearly with temperature until approximately Tc-25 K, where it begins a
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marked turn upward until Tc, at which point there is an abrupt change in slope,
followed by another linear dependence on temperature to the limit of the
measurements, T c +130 K.
Although some of the features are very weak and difficult to establish with certainty
(largely because of the poor neutron scattering properties of Q13AU), the coincidence
of features in the thermal evolution of the order parameter, the lattice constant and
the zone-centre phonon modes at a common temperature about 25 K below T c
strongly supports the concept and importance of a lower spinodal temperature, and
serves to establish its value reasonably well. Further refinement of the analysis of all
of our data is currently underway.
2.5.1.6

Dipolar/Quadrupolar Ordering in URu2SJ2 with Polarized Neutrons
W.J.L. Buyers and Z. Tun with M.B. Walker (University of Toronto and
ILL, Grenoble)

The 17.5 K phase transition in the heavy-fermion superconductor URu2Si2 has been
interpreted (Broholm et al., Phys. Rev. Lett. B58 (1987), 1467) as an
antiferromagnetic (AFM) order of c-axis magnetic moments on the uranium ions.
However, the magnitude of the ordered magnetic moment, as determined from the
Bragg scattering intensity, is about two orders of magnitude smaller than one would
expect from an analysis of the intensity of the magnetic excitation spectrum.
Furthermore, a recent measurement of the non-linear magnetic susceptibility of
URu2Si2 by Ramirez et al. (Phys. Rev. 68 (1992), 2680) has been interpreted as
suggesting that "an itinerant quadrupolar order parameter drives this mysterious
transition". A polarized neutron scattering experiment on URu2Si2 was carried out on
the C5 polarized beam triple-axis spectrometer of DUALSPEC, to distinguish between
an AFM order and other forms of more exotic order, involving all possible
quadrupole and octupole order parameters allowed by the symmetry of the bodycentered tetragonal crystal structure.
A beam of 1.2 THz (x = 4.0 Â) polarized neutrons was produced by a Heusler
alloy (Cu2MnAl) monochromator with a cooled Be filter installed in the reactor beam.
The spin-state of scattered neutrons from the sample was determined by another
Heusler crystal functioning as the analyzer. A further reduction of A/2-contamination
was achieved by installing two pyrolytic graphite (PG) plates, one in the incident
beam and the other in the scattered beam, with a pitch angle of 17.6° to the beams.
Since this angle corresponds to the e angle of x/2 neutrons, these higher-order
neutrons are reflected out of the beam, resulting in a factor of 15 reduction in the
x/2 intensity, while the x neutron intensity was reduced only by a half. Such a
"clean" beam was necessary for the experiment, since the AFM Bragg peaks in
URU2SÎ2 appeared at the x/2 positions of the nuclear Bragg peaks, which were
typically four orders of magnitude stronger than the magnetic reflections.
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The sample mounted with the (hOa) plane of the tetragonal crystallographic cell as
the scattering plane was cooled to -13 K in a two-stage, closed-cycle helium
refrigerator. The cold-head of the refrigerator did not contain a built-in magnet, but
the stray-field from the magnetic guides of the incident and scattered beams was
sufficient to preserve neutron beam polarization. For the particular arrangement used,
the vertical field (i.e., in the b* direction of the sample) was estimated to be -30
gauss.
The figure below (Fig. 2.5.1.3) shows the spin-dependent elastic cross-section,
S(Q, w = 0), measured at Q = (r, 0, 0) with ç scanned from 0.99 to 1.01. The
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intensity of the Bragg reflection is found mostly in the spin-flip channel, while the
weak peak in the non-spin-flip channel is consistent with the residual x/2
contamination of the beam. We conclude from this observation that: (a) the order
parameter for the 17.5 K phase transition must contain Mz, the spin dipole along the
tetragonal c-direction, and (b) only two order parameters are possible: Mz itself and
MZQX _y where the x^-y2 quadrupole develops with the magnetic dipole.
2.5.1.7

Critical Scattering from Erbium
T.M. Holden with H. Lin (University of Rhode Island) and M.F. Collins
(McMaster University)

Neutron scattering techniques have been used to measure the nature of the phase
transition in erbium at T^ = 87 K from para-magnetism to an incommensurate
longitudinally ordered phase with q = 0.283 along c at T^. A high-purity crystal
showed normal critical scattering in the paramagnetic state with a different correlation
length in the basal plane and along c. It is found that y = 0.96 ± 0.06 and both
correlation lengths diverge with the same critical exponent v = 0.49 ± 0.02 for a
range of reduced temperature from 0.0015 to 0.07. In the ordered state, power-law
behavior was observed with p = 0.48 ± 0.02 for reduced temperatures between
0.005 and 0.04. Below TJSJ the intensity of the third harmonic varied as the cube of
the reduced temperature. All these observations correspond to mean-field behaviour.
2.5.1.8

Fingerprints of the Haldane State in the 3D-Ordered Phase of CsNiCh
Z. Tun and W.J.L. Buyers with M. Enderle and M. Steiner (JohannesGutenberg Universitât)

An isolated integer-spin chain with isotropic Heisenberg antiferromagnetic interactions,
2J, has a singlet ground state connected by spin fluctuations to a triplet of states at
the Haldane gap energy, A-0.8J. If the interchain interaction exceeds a critical value,
as it does for spin-one CsNiCl3, the system will show long-range order. According to
Affleck (I. Affleck and G.F. Wellman, Phys. Rev. B46 (1992), 8934), additional spin
waves of longitudinal character, related to one of the triplet states, should exist in the
3D-ordered phase; they can have a stronger dependence on magnetic field than
ordinary spin waves. We have found new branches of spin excitations, not included
in linear spin-wave theory, with the predicted spin-flip polarization. They were
observed in CsNiCl3 by means of high-resolution measurements of the DUALSPEC
polarized neutron triple-axis spectrometer at Chalk River. Their dependence on
magnetic field is stronger than that of ordinary spin-wave theory. This is the most
direct evidence to date that a new class of longitudinal spin excitations exists in
ordered quasi-one-dimensional integer-spin systems.
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Chemical Physics
2.5.1.9

Structure of K^LiHgfSO^^ by Neutron Powder Diffraction
S.M. Kim and B.M. Powell with H. Kiefte (Memorial University of
Newfoundland) and R.L, Donaberger (McMaster University)

The chemical compound I Q L u ^ S O ^ undergoes a ferroelastic phase transition at
115 K. The low-temperature structure of this compound has not yet been
determined. To determine this structure, neutron diffraction profiles have been
measured in K^Lffl^SO^ powder at 4.2 K, 60 K, 105 K, 125 K, 185 K and 250 K
using the C2 powder diffractometer. The low angle data (5 4 $ $85°) at 250 K and
105 K were analysed with GSAS (a computer code for Rietveld analysis developed at
Los Alamos). Preliminary results are as follows.
A reasonable fit (Rw = 5.97%) to the 250 K data was obtained with the tetragonal
space group P4 t (a = 7.4157(3) Â, c = 28.7420(23) Â). Since the single-crystal X-ray
data on Rb4LiH3(S04)4 by Zuniga et al. (Acta Crys. C46 (1990), 1199) suggested a
small mixture of P43, the data were also fitted with P43 space group. The P43 space
group worsened the fit, indicating that the structure is totally P4j. The H atoms
were assumed initially to be located at the mid-point of the O-H-O bonds. However,
a significant improvement in the fit (Rw = 5.76%) was obtained when the three
H atom positions were allowed to vary. The fitted and the original (beneath, in
parenthesis) H positions are:

0.312(10)
(0.2915)
0.7800(91)
(0.8575)
0.095(10)
(0.079)

0.3365(96)
(0.3515)
0.3129(93)
(0.230)
0.789(10)
(0.795)

0.1872(24)
(0.1658)
0.1274(22)
(0.1244)
0.1570(20)
(0.1466)

The 105 K data were fitted first assuming the same tetragonal space group as at
250 K. The fit (Rw = 7.05%) seemed not unreasonable (with a = 7.3891(6) Â and
c = 28.603(3) Â). A significantly better fit (Rw = 6.29%) was obtained when the 2nd
and 4th layer atoms shown in Fig. 1 of Zuniga et al. (Acta Cryst. C46 (1990), 1199)
were rotated counter-clockwise around the z-axis by 1.7° as a rigid body. Because of
this rotation the space group symmetry is lowered to become monoclinic, P2i, with
a = 7.3914(9) A, b = 28.601(2) A, c = 7.3861(10) Â and 0 = 89.973(17)°.
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2.5.1.10

Phonon Density of States in Amorphous and Crystalline Ice
E.C. Svensson and W. Montfrooij with V.F. Sears (Theoretical Physics
Branch) and D.D. Klug (National Research Council)
See PR-PHY-5.-3.5.2.2; AECL-10775.

Biophysics
2.5.1.11

Analysis of Neutron Diffraction Data from Model Membranes containing
Deuterium-Labelled Species
P. Martel

A previous analysis of diffraction data (PR-PHY-4:2.5.1.8; AECL-10673) to find the
location of tetrahydrocannabinol (THC) in membrane bilayers employed a strip-model
formulation. It has recently been pointed out (M.C. Wiener and S.H. White, Biophys.
J. 61 (1992), 434, and references therein) that there are no sharp boundaries in a
biological membrane at high temperatures and humidities. These authors claim that
Gaussian distributions are the only physically meaningful real-space representations of
different regions lying along the direction normal to the bilayer planes. We have
therefore written a suite of computer programs employing Gaussian representations of
the five principal regions of the bilayer structure found in multilayer specimens
employed in neutron diffraction studies. The five regions involve methyl, methylene,
glycerol, phosphate plus choline, and water layers. The resulting model is known in
the literature as the "quasirnolecular" model.
In one of our programs, the neutron scattering density Bi of each region is evaluated
from its chemical composition and a variational approach is employed to evaluate the
half-widths and centers of each region. The location of deuterium labels is found by
inserting the intercalating species (with the labels) in one region after another,
evaluating changes to Bj, and obtaining a best-fit to the measured structure values
F0(n), with calculated structure factors Fc(n) given by:

F c (n) = (2/S) 2 B,- exp [-(*A,n/d)2] cos (2*X,n/d)

(1)

where n is the order of a given reflection, S the area per lipid, Aj and Xj the halfwidth and center, respectively, of the i-th region, d the Bragg repeat, and N the
highest order observed (typically 5 or 6 at high temperatures). Using this method the
deuterium labels at the 10a site and CH3 location of THC were found to lie in the
glycerol layer of dipalmitoylphosphatidylcholine (DPPC) at 53°C when the relative
humidity of the sample environment was 96%.
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Another method of locating a label involves utilization of the differences between
structure factors AFi(n) obtained with and without the i-th label present. This method
is commonly employed to locate heavy atoms in x-ray diffraction (M.M. Woolfson, An
Introduction to X-ray Crystallography, 1970, p. 380, Cambridge University Press). In
our program a least squares fit is made using the calculated difference structure
factors AFcj(n) given by:
AFci(n) = 2mibi exp [-(n Ap/d) 2 ] cos (27rXin/d)

(2)

where mi is the number of deuterium labels per lipid and bj is the excess scattering
length resulting from the deuterium substitution, the other symbols having the same
meaning as in (1). In this case one need not take explicit account of the
quasimolecular structure. Employing a scale factor Kj, a least squares fit is made of
all KiAFci(n) to all the AFj(n). The scale factor is given by:

K, = S | A F , ( n ) | / 2 | A F c i ( n ) |
n=l
n=l

(3)

Fig. 2.5.1.4 illustrates the results obtained for THC in DPPC. The centers of the
Gaussian distribution shown here are located in the glycerol region in agreement with
other calculations (e.g., those mentioned above). The fact that the CH3 group has
three hydrogens replaced by deuterons (D) may contribute to the greater width of the
CD3 distribution. However, there are other physical reasons for this result. The
overlap of the CH3 distributions with regions in the interior and exterior (|x|>26 Â)
of the bilayer suggests that the membrane is highly agitated at 53°C, and this permits
various conformations (cis and trans) involving different "tail" positions of the THC
molecule to be expressed.
2.5.1.12

Neutron Diffraction from Concentrated Solutions of Various Forms of
Human Hemoglobin
P. Martel with B. Alpert (University of Paris)

Neutron scattering measurements have been carried out on solutions of human
oxyhemoglobin (HbC>2), deoxyhemoglobin (deoHb), CO-hemoglobin (HbCO), and
methehemoglobin (metHb) at identical concentrations in D2O (2H2Û) solutions having
a pD = 7. The results have been analysed in terms of a model that assumes these
molecules to have the overall shapes of ellipsoids with semi-axes a, b and c. Large
differences in shape have been found on going from deoHb to the other forms of
the molecule.
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All the samples were prepared from a stock solution of Hb02» Small quantities of
dithionite and potassium cyanide were added to produce deoHb and metHb. HbCO
was produced by bubbling CO directly into solution. The measurements were carried
out in the high angle region of the conventional small angle neutron scattering
(SANS) régime. This was done because the high concentration (150 g/L) necessary
to augment statistics precluded low angle measurements, owing to interference effects
(J. Schelten, P. Schlecht, W. Schmatz and A. Mayer, J. Biol Chem. 247 (1972), 5436).
SANS measurements at high angles are necessary to determine the shapes of the
molecules. All data (in the low angle region) can be accounted for by the Guinier
approximation independent of the molecular shape. For this concentration it has been
shown that interference effects become significant at angles below that indicated by
the arrow in Fig. 2.5.1.5. The line at low angles in this figure represents calculated
values resulting from the parameters obtained by model fitting to the data (circles)
shown at high angles. In all cases the experimental errors are less than the sizes of
the data points.
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Previous fitting procedures on heme proteins (B.A. Fedorov and A.I. Denesyuk, Febs.
Letters 88 (1978), 114, and R. Schneider, A. Mayer, W. Schmatz, J. Schelten,
R. Franzel and H. Eicher Eur. J. Biochem. 20 (1971), 179) utilized atomic coordinates
derived from crystallographic data. This is justifiable for measurements at high
resolution, but the present measurements had a 'Jiinited angular resolution (full width
at half maximum in 2e of 0.85°) and the fine structure was therefore smeared in the
present measurements. These allow estimates to be made of the overall shapes of
the molecules using an analysis outlined previously (P. Martel, S.M. Kim and
B.M. Powell, Biophys. J. 31 (1980), 371). We stress that the present measurements
are comparative and do not necessarily give the absolute dimensions of the molecules.
Nevertheless, our overall dimensions for deoHb and HbÛ2 compare favorably with
those derived by Perutz and collaborators (L. Bragg, E.R. Howells and M.F. Perutz,
Proc. Roy. Soc. A222 (1953), 33, and M.F. Perutz, Proc. Roy. Soc. B173 (1969), 113)
from measurements on crystallized horse hemoglobin.
Typical experimental results are shown in Fig. 2.5.1.6. One sees from this figure that
the side peak centered near 2.5 degrees is most pronounced for the case of a sphere
(dashed line). For a sphere, a constant diameter spanning the body is sensed by the
neutrons for all orientations. For the case of a prolate ellipsoid (approximated in the
case of deoHb), it appears that the peak is more pronounced than it is for an oblate
ellipsoid (HbC^). The solid line through the open circles represents the results of our
least squares fit for deoHb. In this fitting procedure the quantity x2 was minimized
where:
* 2 = SjUl v 1 ( C i - E j ) 2 / ( N - P )

In this equation Q, Ej, N and P are the calculated values, experimental values,
number of data points and number of parameters, respectively,, and wj = (1/Ej) .
The quality of the fits can be judged from Figs. 2.5.1.6 and 2.5.1.7. Details of the
results of the fitting are listed in Table 2.5.1.1.
TABLE 2.5.1.1
Solution

a(Â)

b(Â)

deoHb
Hb0 2
HbCO
metHb

26.6±1.0
29.9±0.9
29.7±0.4
29.9±0.7

27.2±1.0
31.3±l.l
31.8±0.5
32.3±0.9

c(Â)
32.7±0.1
24.2±0.1
24.1±0.1
24.4±0.1

Model Volume (Â3)
99100±7800
95700±6000
95300±6500
98700±5500

2
x

1.19
2.19
0.94
3.06
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It can be seen from Table 2.5.1.1 that within combined errors, deoHb can be
approximated by a prolate ellipsoid of revolution. Likewise, HbC>2 can be regarded
as an oblate ellipsoid of revolution. Calculations using ellipsoids of revolution gave
x2-values almost identical to those obtained for the model that assumed general
ellipsoids. Other calculations assuming oblate ellipsoids of revolution confirmed that
the data also support the same conclusion for HbCO and metHb as for HbC>2. In
all cases with the model assuming an ellipsoid of revolution, the two semi-axis values
closest to one another were replaced by their averages.
Perutz and collaborators used their crystallographic data to obtain the following
dimensions for horse hemoglobin.
deoHb: a = 26.5, b = 26.5, c = 35.5
Hb0 2 : a = 27.5, b = 32.0, c = 25.0
These values show the same trends as our values in Table 2.5.1.1. The decrease in
volume on going from deoHb to HbC>2 is some 12% according to the Perutz
parameters. The corresponding decrease from our measurements is = 3%. Because
of the different sources of protein and the large errors inherent in both methods, no
firm conclusions can be drawn about these changes in volume. There is no doubt,
however, about the changes in shape that we have observed. These are related to
the function of this important molecule and arise because of "allosterism".
MO «60
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2.5.1.13

Lattice Dynamics of Crystallized 1-Methyluracil
P. Martel with B. Hennion (Laboratoire Léon Brillouin, Saclay)

Coherent inelastic neutron scattering measurements have been carried out on the Tl
spectrometer at Laboratoire Léon Brillouin on two crystals of 1-methyluracil (1-MU).
These measurements are a continuation of a program (P. Martel et al., Phys. Rev.
A41 (1990), 7006) designed to obtain effective interatomic potentials to describe forces
at low frequencies involved in the dynamical evolution of biological systems. Forty
percent of the atoms in 1-MU are hydrogen. Measurements were carried out using
a standard triple-axis configuration and also with a vertically curved monochromator
and analyser. Although use of the curved crystal yielded a bigger signal, the signalto-noise ratio was poorer than in the usual configuration. This was presumably
because curved crystals prevent the use of collimation necessary to augment the
coherent-to-incoherent scattering ratio.
As our earlier calculations indicated (PR-PHY-4:2.5.1.9; AECL-10673), the velocity of
the longitudinal branch for propagation perpendicular to the planes of the 1-MU
bases was very much less than that in other crystals of the nucleic acid bases, where
there is more overlap between the bases in adjacent planes. In addition to
measurements on the native material, experimental results were also obtained on a
crystal with all the hydrogen bonds deuterated. The frequencies observed for both
crystal types were unchanged within experimental error, as one might expect at low
frequencies.
This work was financed in part by a NATO Collaborative Research Grant (#920068).
2.5.1.14

Inelastic Neutron Scattering Measurements on Insulin
P. Martel with B. Alpert (University of Paris)

Many proteins show a broad peak in the incoherent inelastic scattering function
S(Q, w) and hence in their distribution of vibrational states at frequencies near
0.8 THz at temperatures near 77 K (P. Martel, Progress In Biophysics & Molecular
Biology 57 (1992), 129). On raising the temperature to -300 K, the centroid of this
broad peak has been observed to decrease in frequency to approximately zero for
proteins with a large proportion of their secondary structure in a-helices. Previous
measurements at Saclay by B. Hennion and P. Martel on undeuterated crystallites
indicated that insulin (with - 2 / 3 of its amino acids in a-helices) had a frequency
dependence similar to that of other a-helical proteins, such as myoglobin. These
measurements were carried out on insulin crystals containing 5 wt% water.
The frequency dependence of S(Q, w) for many materials containing hydrogen is not
very different from that of protein (op. cit.). To verify that S(Q, w) for insulin is
not dominated by ^ 2 © , crystallites containing 2 H20 were grown. In the growth
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process ~33% of the hydrogens attached to various amino acids were also replaced by
deuterons. The remaining hydrogens intimately attached to the insulin should thus
reflect S(Q, w) for the protein at low frequencies.
Measurements of S(Q, w) were carried out on the deuterated samples at the E3
spectrometer at the NRU Reactor, Chalk River. These indicated a peak in S(Q, u)
at 0.7±0.1 THz, the same frequency as observed previously in the undeuterated
crystallites. On raising the temperature to 300 K, the peak in S(Q, u) did not
decrease below 0.5 THz. This result implies that the presence of light water may
produce an apparent decrease in the peak of S(Q, w) that is not due to protein
dynamics. More measurements on both types of specimen are required at high
resolution to verify these results.
Materials Science
2.5.1.15

Stresses Surrounding a Hemispherical Defect in a Section of 610 mm
Diameter Steel Pipe Loaded in Bending
T.M. Holden with L. Clapham, H, Olsen, T. Krause and D. Atherton
(Queen's University)

The residual strains and loading strains have been measured in a half section of
610 mm diameter linepipe surrounding a 12 mm diameter, 4.5 mm deep hemispherical
blind hole section. The loading rig, designed and built at Queen's University, allows a
hoop stress to be applied to the semicircular sample with equal and opposite stresses
on the outside and inside surfaces. The measurements were made at the L3
spectrometer at the NRU reactor.
The hoop and radial strains were mapped out at a depth of 1.1 mm from the
outside surface as a function of distance from the defect. Measurements were also
made through the 9 mm thickness of the linepipe at selected locations close to and
far away from the defect.
The stress distribution around the defect was modelled prior to the experiment by a
through-hole in a thin, uniaxialiy loaded plate of infinite extent. This model predicts
an enhancement of the surface hoop, stress at the edge of the defect by a factor of
three where the radius of the defect is perpendicular to the hoop direction, case 1,
and zero stress where the radius is parallel to the hoop direction, case 2.
The experiments show the model to be wrong. Figs. 2.5.1.8 and 2.5.1.9 compare the
model and experimental results for two radial loci of measurement corresponding to
cases 1 and 2. The most dramatic difference occurs for case 1 (Fig. 2.5.1.8), where
the measured strain barely rises as the defect is approached, whereas the theory
predicts a significant increase. For case 2, the defect has less short-range influence
than the model predicts, yet appears to decrease the strain at quite large distances
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away from the defect. We conclude that the three-dimensional character of the
sample imposes constraints that are absent in the two-dimensional model. A
calculation of stress enhancement using a 3D finite-element model is currently
underway. The experiments help to explain anomalies observed in earlier magnetic
flux leakage experiments on stressed pipelines.
The axial stress was not measured in the first experiment. To derive stresses, it will
be necessary to measure the axial component in a follow-up experiment.
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2.5.1.16

Residual Stresses in Cold-Drawn Rods
T.M. Holden with P.J. Webster and G. Mills (Salford University)

Residual stress measurements were made in a 19 mm diameter rod, DR3, which had
been formed by cold-drawing through a 60° die with an area reduction of 15%. A
detailed examination was made across a full diameter in steps of 0.5 and 1 mm.
The results are shown in Fig. 2.5.1.10
The dominant stress is in the axial direction and is compressive near the axis, but
rises steeply to tension in the surface region. This is not the preferred residual stress
distribution for most applications, as compressive surface stresses balanced by
moderate tensile internal stresses are generally advantageous and in-surface tensile
stresses are usually to be avoided. The results require a small radial correction for
the change in shape of the sampling volume as it leaves the surface, but no large
instrumental peak shift effects are apparent at the surfaces, as are often observed.
Other measurements were made along the axis and across the mid-plane of a
longitudinal section cut from the DR3 rod, to evaluate the effects of sectioning
parallel to the axis and to compare with model predictions.
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Results were also obtained on a 13 mm diameter drawn rod across a diameter well
away from the ends, and as a function of axial position approaching the ends. The
strains became independent of position 13 mm (i.e. one diameter) from the end.
This scales with the end effects in the 19 mm rod, which became independent of
position 19 mm (also one diameter) from the end.
2.5.1.17

Residual Stresses in a Sinple-Pass Weld on 304L Stainless Steel Plate
T.M. Holden with P.J. Webster and G. Mills (Salford University)

Residual stress measurements were made by neutron diffraction with the L3
spectrometer on a weldment, consisting of a single-pass weld laid in a groove
machined across the centre of a 100x100x6 mm thick 304L stainless steel plate. The
measurements were designed to evaluate grain size and texture effects, as well as to
determine the strain distribution. Over 600 measurements using the (311) reflection
were made in 9 parallel scans in the three principal orientations over half the area of
the plate, which was assumed to be symmetrical about the weld. The data were
combined using a computer interpolation routine to produce two-dimensional residual
strain and stress, peak width, and intensity contours, which revealed the detailed strain
and stress distributions together with information on the cold-work and preferred

2-34

orientation within and adjacent to the weld. Longitudinal stresses along and adjacent
to the weld were strongly tensile, except for attenuation at the ends of the weld, with
balancing compression at outer locations and a corresponding pattern in the transverse
direction. Normal stresses were small, except near the ends of the weld, where
tensile "hot-spots" were apparent. Intensity variations indicated preferred orientation
and some grain size effects in the weld. Data were also collected at the same
wavelength for the (002) and other reflections, to evaluate alternative ways of making
measurements in textured samples.
2.5.1.18

Residual Stress Distribution in Ferritic Welds from GKSS
J.H. Root and T.M. Holden with J. Schroder (GKSS, Geesthacht)

Neutron diffraction measurements have been made with the L3 spectrometer, at the
NRU reactor, of the longitudinal (L), transverse (T) and normal (N) strains in
coupons 36 mm long and 180 mm wide (perpendicular to the weld), cut from a
multipass weld joining two 90 mm wide plates. The longitudinal stress field is mainly
removed by this operation, but the transverse and normal components remain. The
investigated specimens bore two nitrogen levels, 83 and 213ppm, and possessed the
following four different weld conditions:
1.
2.
3.
4.

as-welded (AW),
stress-relieved (SR) at 580°C for 2 hours,
artificially strain aged (SA) with 10% pre-compression and aged at 250°C for
1/2 hour, and
artificially strain aged and stress relieved (SAS) - SA followed by SR treatment.

The motivation of the work was to correlate the residual stresses with the fracture
mechanics behaviour of the coupons. The residual strain measurements previously
were made on an as-welded (AW-1) and a strain aged specimen (SA-1). The index
1' indicates the nitrogen level of approximately 83 ppm. The present measurements
were made at six loci, with distances of 2.0, 5.2, 8.4, 11.6, 14.8 and 18 mm from the
front surfaces of the specimens of the samples AW-1, AW-4, SR-1 and SAS-1. The
wavelength was chosen to give a scattering angle 2tf= 90° for the (211) reflection.
The beam defining slits were 3x3 mm . Hence, the strain was averaged over a
sampling volume of approximately 27 mm3. Cylinders of length 5 mm and diameter
of 7 mm were cut from the weld and the base material of similar welded plates, to
provide zero-stress reference specimens. The assumption was made that extracting the
small cylinders from the plate removes the macroscopic stress field in the cylinders.
The comparison of the residual stresses in AW-4 and AW-1 indicated no significant
differences between the stress distributions at either nitrogen contents. All further
investigations are made on one nitrogen level alone. The stress-relieving treatment
(SR) produces lower stress levels compared to the as-welded specimens, but there are
still significant residual stresses left in the weld region. This is true for sample SAS-1
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and SA-1 as well. The residual stresses 2 mm beneath the front face in SAS-1 are
shown in Fig. 2.5.1.11, for example, to show the evidence of this statement. The
principal residual stresses are small compared to the yield stress of the material, but
they are still not negligible.
2.5.1.19

Lattice Strain Measurements in a Two-Phase Binary Mg-Al Alloy
J.H. Root with M. Gharghouri, J.D. Embury and G.C. Weatherly
(McMaster University)

The experiments were undertaken to determine whether neutron diffraction techniques
could be used to measure the internal strains built up in a Mg-Al alloy at various
stages during deformation. The results were used to decide whether neutron
diffraction should be used as the basis of a current Ph.D. investigation to determine
the effects of hard precipitates on the mechanical properties of the alloy.
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The alloy, supplied by Pechiney, was in the form of extruded rod. The specimens
exhibit a very strong texture, with the basal poles randomly aligned in a plane
perpendicular to the extrusion direction. The material can be heat treated to produce
a two-phase structure consisting of matrix material (Mg-Al solid solution), and a hard
and brittle intermetallic with the approximate composition Mgi7Ali2« This second
phase manifests itself either as continuous precipitation which nucleates in the volume
of the material to form platelets, or discontinuous precipitation which forms by the
migration of mobile grain boundaries to produce a pearlitic structure.
Four specimens were analyzed by neutron diffraction, two heat treated to give a
single-phase solid solution, and the other two heat treated to give a precipitate-rich
microstructure. One sample of each type had been compressed to about 4%
permanent strain prior to the neutron scattering experiment. Spectra for deformed
and undeformed specimens were then analyzed to determine peak position and width.
Lattice strains were then calculated from the observed peak shifts for various planes
based on a differentiated Bragg's Law.
Spectra for the two-phase material showed well-defined peaks corresponding to the
h.c.p. magnesium lattice, as well as less intense, but still well-defined, peaks
corresponding to the intermetallic. Comparison of corresponding peaks obtained for
undeformed specimens of the solid solution and two-phase microstructure revealed
misfit strains related to the presence of the intermetallic.
For both microstructures, lattice strains ranging from about -3x10 (compressive) to
about 6xl0'4 (tensile) were calculated for various planes of the matrix by comparing
spectra obtained from deformed and undeformed specimens. Somewhat smaller
strains, of the order of about lxlO'4, were calculated from peak shifts corresponding
to the lamellar intermetallic in the two-phase material.
Based on this investigation, it has been decided to use neutron diffraction to obtain a
quantitative description of the internal stresses in a two-phase h.c.p. material.
2.5.1.20

TRIP Steel - Tests for Rolling Mill Simulation
J.H. Root with S. Yue and A. Zarei-Hanzaki (McGill University)

While the C2 spectrometer was in the process of testing and development, an
opportunity was found to do a strength-of-signal test on a sample of TRIP steel.
This material exhibits an enhanced fracture toughness because the high-temperature
austenitic (7) phase is partially stabilized at room temperature by the addition of Nb
to the alloy. Fracture propagation is suppressed by transformation of partially
stabilized austenite to ferrite, which occupies a larger volume. A study to track the
phase transformation on cooling through the 7 •* a phase boundary is planned. In
particular, if the time to acquire a diffraction spectrum can be reduced to the level
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of 1 or 2 minutes, and if sample temperature can be adjusted on this time scale, a
time delay in the transition, due to the Nb stabilization, may be observed.
This preliminary measurement verified that a spectrum with the required peak
intensities can easily be collected in less than 5 minutes (see Fig. 2.5.1.12).

Nb-bearing TRIP Steel
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2.5.1.21

Al and SiC References for Phase-Interaction Stresses in Al-SiC Metal
Matrix Composites
J.H. Root with H. Rack (Clemson University) and P. Chaudhury
(Concurrent Technologies)

On cooling from the temperature of extrusion, metal-matrix composites develop high
residual stresses, because there is a mismatch between the thermal expansion
coefficients of the (aluminum) matrix and the (whisker-shaped SiC) reinforcing phase.
Strains, c, and residual stresses are deduced by comparing the lattice plane spacings,
d, in the composite material with those in a "stress-free" state, d°. Silicon carbide
whiskers are assumed to be stress free when they are not contained in the metal
matrix. Silicon carbide occurs in many crystallographic forms, including both
hexagonal and cubic symmetries. The material provided for the residual stress
experiment was assumed to be 75% in a hexagonal close-packed crystal structure.
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Measurements were made on the C2 powder diffractometer of silicon carbide whiskers
and of the powdered aluminum from which the matrix is formed. It was surprising
that the silicon carbide pattern indicated no significant presence of the hexagonal
close-packed phase. The observed peaks could be indexed on a (diamond) unit cell,
so the material was predominantly 0-phase (see Fig. 2.5.1.13). Broadened bases under
the (111) and (113) peaks were understood to arise from stacking faults along the
whisker axes. (Apart from these faults, silicon carbide whiskers are single crystals
with a [111] direction parallel to their axes.)
The reference lattice constants were found to be: Aluminum (Alloy 2124): 4.0543
0.0002 Â, and Silicon Carbide: 4.3519 ± 0.0003 Â
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2.5.1.22

Lattice Parameters of Austenite and Ferrite in Fe-C alloys in the Bi-phasic
Region
J.H. Root and N.B. Konyer with S. Van der Zwaag and M. Onink (Delft
University of Technology)

When using dilatometry as a means for obtaining data on the kinetics of the 7-a
phase transition in steel, it is important to confirm the experimentally-observed length
changes by calculations of the relative volume change, since the latter includes
contributions from all crystallographic phases. Normally the unit cell volume is
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calculated using literature data valid at room temperature, which are then extrapolated
to high temperature (= 1000 K). However, the calculated volumes are not consistent
with recent dilatometer experiments. Thus, there is a need to measure lattice
parameters of the actual phases in the temperature range of interest.
Samples of iron with different carbon content were produced. The carbon contents
were 0.011, 0.28, 0.38, 0.57 and 0.8 wt%C. To compare these alloys with an actual
steel we also measured the lattice parameters of a sample steel-52 (0.15 wt%C;
4.0 wt%Mn). Lattice parameters were determined with the C2 powder diffractometer
with each specimen mounted in the Fl furnace.
Temperatures were measured both at the top and at the bottom of the samples.
Specimens were heated to the highest temperature (1273 K) and cooled down to
873 K using temperature steps of 20° K. At each temperature, two scans were
performed: the first to allow the temperature to stabilize within about 2-3 degrees
over the length of the specimen, the second to actually measure the lattice spacings.
Results showed a linear increase of the lattice parameter "a" on the wt% C for
austenite. On cooling through the bi-phasic region, the lattice parameter of the
austenite phase was seen to increase as carbon was excluded from the developing
ferrite and hence concentrated in the remaining austenite. For ferrite, reasonable
agreement in lattice parameter was found for the different samples.
2.5.2

Neutrino Physics

2.5.2.1

Overview
E.D. Earle

The major responsibility for Neutrino Physics group rests with the performance of the
acrylic vessel. The design must be mechanically sound, the completed vessel must not
contribute too much background, the vessel must not attenuate too much of the
Cerenkov light from the neutrino interactions, and the fabricated vessel must be a
secure containment for the D2O.
We also continue to interact with Monenco (the project management and engineering
design team) to monitor the design of other critical components. Discussions are in
progress with AECL Engineering Services Company and BHWP, Ontario Hydro,
concerning the transfer to SNO of D2O. It is planned to ship four tons to CRL this
spring for tests on the purification procedures planned for the heavy water.
A new research associate (B. Sur) has recently joined the Neutrino Physics group.
He will assist in the ongoing acrylic program and is challenged to develop a very
sensitive, efficient and inexpensive method of measuring radioactive radon by
cryogenically collecting the radon gas onto the surface of Si photodiodes and counting
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the alpha decays. If successful, this technique will be used as part of the system to
monitor Th/U radioactivity in the water. It will supersede other techniques being
developed, with considerable difficulty, by the CRPP and Guelph groups.
The trace analysis techniques developed by the CRL group have attracted the
attention of the Borexino experimentalists. We are currently making measurements on
materials of interest to them.
2.5.2.2

Vessel Design and Contracts
E.D. Earle

Following a successful Final Design Review in August, the design of the vessel was
finalized. We are confident that if the vessel is fabricated within the tolerances
specified the D2O will be secure. It will be supported by ten pairs of ropes made
from Vectran fibres, a material similar to kevlar in many of its properties. Contracts
have been issued to Polycast Corporation, Stamford, Conn, for the 150 acrylic panels,
and to Reynolds Polymer Technology, Santa Ana, Calif., to prepare the panels and to
fabricate the vessel underground.
2.5.2.3

Trace Analysis for Th/U in Acrylic
E.D. Earle, R.J.E. Deal and E.R. Gaudette with R. Collins (General
Chemistry Branch)

The evaluation of the quality of the acrylic sheets from two suppliers was reported
previously (PR-PHY-4:2.5.3.2; AECL-10673). We have continued this work. Our new
measurements confirm the earlier results.
Disequilibrium measurements have now been made on a dozen samples and there is
no evidence of disequilibrium in the Th and U chains. Neutron activation of 800 g
samples of acrylic followed by vaporization of the acrylic and gamma counting of the
residue have produced the results shown in Table 2.5.2.1. Most of the samples had
the six surfaces of the irradiated block milled away before vaporization. There is no
evidence of Th in the core of the acrylic, whereas U is present at a very low level.
The three samples that were not milled had enhanced levels of Th and U, indicating
that the contamination is on the surface of the acrylic. This is either embedded in
the sheet as it is cast or added there during the handling, at CRL or at the factory.
We are attempting to determine which of these is the most likely. The results of
our first attempt are shown in the last three entries in the table. One sample was
not milled, and so contains surface contamination from all sources; another was milled
before irradiation, and so contains contamination added at CRL; and the third sample
was milled after irradiation. This isolated measurement suggests that Th is being
added at CRL and possibly at the factory as well. However, reliable conclusions can
not be drawn without a larger data set.
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TABLE 2.5.2.1
Two Sigma Limit of Th/U in Acrylic Core
Sample
Rohm-4"
Rohm-2"
Polycast-2"
Polycast-2"
Polycast-2"
Rohm-4"
Rohm-2"
Rohm-4"
Polycast-2"
Rohm-2"
Polycast-4"
Rohm-4"

ID #

Wt g

Th in pg/g

U in pg/g

86
81
85
84
80
88
91
95
101
97
• 111
103

677
700
689
690
702
754
825
832
775
870
637
853

<0.05
<0.05
<0.04
<0.12
<0.3
<0.03
<0.06
1.4 (0.1)
<0.05
1.9 (0.1)
<0.05
0.32 (0.03)

0.5 (0.1)
0.8 (0.4)
2.1 (0.6)
0.15 (0.09)
1.8 (0.5)
<0.2
0.35 (0.2)

Rohm-4"

107

808

<0.08

<0.9

Rohm-4"

106

863

0.63 (0.06)

<1.8

2.5.2.4

<1

not milled
not milled
milled before
irradiation
milled after
irradiation
not milled

Trace Analysis of Th/U in Vectran Rope Samples
E.D. Earle, R.J.E. Deal and E.R. Gaudette with R. Collins (General
Chemistry Branch)

The Vectran ropes supporting the acrylic vessel must also be low in Th/U, since
much of the rope is embedded in the wall of the vessel. Estimates of the desired
Th/U levels in the rope vary. One argument says that the lower the background in
the acrylic vessel, the higher the acceptable rope background, since the total is the
important parameter. On the other hand, if very low background acrylic is obtained,
then low-background rope would much improve the signal to noise ratio of the
detector. It is generally agreed that rope with Th/U levels at 0.2 ng.g"1 would be
quite satisfactory, whereas levels 10 times that are undesirable.
The Th/U concentration in Vectran pellets, filaments and rope are being measured at
CRL and at Guelph by neutron activation, and at the SNO underground lowbackground gamma-ray facility by direct counting. At CRL, the pellets contain
0.2 ng.g"1 and the filament and rope contain 0.5 - 2 ng.g_1. The direct counting
method is the definitive measurement, since it checks the decay chains for
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disequilibrium. To date, limits of the order of 2 ng.g
counting.

have been reported by direct

CRL handling contamination could be contributing to the measured values, but until
this has been proven we must assume that cleaner rope is desirable. To this end a
visit has been made to the filament factory, and dust collection on molten or
electrically charged filament was identified as the most likely contamination process.
Particle matter on the filament can be seen by examining the filament with a
microscope. The manufacturer is amenable to our suggestions for producing the
filament in a more dust-free environment.
2.5.2.5

Optical Quality of Acrylic
E.D. Earle, R.J.E. Deal and E.R. Gaudette with C. Everall (General
Chemistry Branch)

For several years we have concentrated on developing methods to obtain acrylic low
enough in Th/U for the SNO vessel. Less attention was given to the optical
transmission properties of the acrylic, which are easy to measure and were thought to
be reasonably stable. Recently, with success in getting acrylic low in Th/U, we have
looked more closely at the light transmission. Variations in the optical quality of the
acrylic, particularly from one of the two potential suppliers (PR-PHY-4:2.5.3.3; AECL10673), has been found. Since we expect to lose 30% of the neutrino-generated light
in the acrylic, small variations in the optical properties of the acrylic are important.
Acrylic from one supplier is very stable optically and is not effected by the various
heat treatments that must be applied to the acrylic to fabricate the vessel; e.g., the
heat treatment required to shape the acrylic into a spherical section. Initially acrylic
from the second supplier, while similar before heat treatment, deteriorated significantly
upon heat treatment ~ so much so that, even though there were several reasons to
prefer this supplier, we concluded that his acrylic was unacceptable.
Delays in the underground excavation permitted us to delay placing the acrylic order.
This allowed the second supplier to explore the reasons for the optical variability of
his product. The problem was found to be with monomer supply. When the quality
control of the raw materials was improved, the finished acrylic was of high quality
and did not deteriorate under heat treatment. The supplier has guaranteed to meet
the specifications for optical SNO and we have placed the order with this supplier.
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2.5.2.6

SNO Project Management
J.D. Hepburn (SNO Site Manager)

A temporary office was set up at Laurentian University in 1992 August. Since then,
arrangements have been made for moving to the site office, in the SNO Operations
Control building at the Creighton Mine, in 1993 mid-February. At that time the
construction management team will also move onto the site.
Project management continued for the detector components being produced by SNO
collaboration groups: electronics, data acquisition and analysis, calibration sources and
devices, photomultiplier tubes and their bases and cables. All are progressing
satisfactorily. Responsibility for the control, monitoring and alarm system for the
laboratory has been reassigned to SNO, and work has proceeded on it.
With project design progressing from about 70% to about 95% complete over this
reporting period, design coordination and review have been major preoccupations.
This has been especially important given the geographical distribution of project
working groups, the technical diversity of components being designed, and the oftensubtle restraints put on design by operational and physics requirements.
Many contracts for establishing the laboratory and its services have been sent out for
bid by the Project Management firm and by SNO groups; review of procurement
specification packages and bids has been organized and carried out as procurement
proceeded.
Staffing plans and budgets for SNO work required on site during construction have
been estimated, in preparation for the start of basic underground construction in 1993
March, the end of cavity excavation in April, and the start of detector component
installation in September.
2.5.3

Nuclear Data and Technology

2.5.3.1

Spallation Neutron Source Yields
M.A. Lone with P.Y. Wong (Mathematics and Computation Branch)

The LAHET package (R.E. Prael and H. Liehteustein, Los Alamos National
Laboratory Report, LA-UR-89-3014, 1989), a high-energy code for the transport of
nucléons, pions and muons, has been installed on a SGI workstation in Mathematics
and Computation Branch. For participation in an OECD-sponsored benchmark
exercise, we are computing the neutron yield from 800 MeV proton-induced spallation
reactions in lead and tungsten. In addition, we are investigating the neutron
multiplication due to the (n,xn) reactions in targets of various dimensions. Fig. 2.5.3.1
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shows an example of the variation in the neutron yield with the target diameter.
These data are needed for investigation of the feasibility of transmutation of longlived radionuclides in spent fuel with accelerator-based spallation neutron source
facilities.
Variation ol Naul/on Yield with Taroat Dlamalar
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800-MaV proton» on Pb targat ol 40.65 cm kngth

25

m "

Total ylald

E(n)<20 MaV

E(n)>20M»V

10

30

20

50

Dl«, cm

Fig. 2.5.3.1
2.5.4

Instrumentation

2.5.4.1

Monte Carlo Calculation of the Resolution Function of the C2 Powder
Diffractometer
J.H. Root and N.B. Konyer

A Monte Carlo simulation of neutrons travelling through the various resolution
elements of the C2 powder diffractometer has been completed. This work improves
on earlier efforts to calculate the resolution function by tracking neutron pathways
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through collimating elements that were regularly subdivided into finite grids (RC-689).
The new Monte Carlo program takes, as input, the actual three-dimensional spatial
dimensions of collimators, slits, monochromator, sample can, and detector, as well as
the mosaic spread of the monochromator. With no adjustable parameters, the
scattering-angle distribution of neutrons in a powder peak is calculated, and
convoluted with a Gaussian that represents the detector response function, as
measured with a tightly defined neutron beam. The results have been compared to
measured diffraction peaks from ceramics-grade aluminum oxide powder with typical
grain size 2 fitn. A comparison of lineshapes is shown in Fig. 2.5.4.1. Fitting both
the Monte Carlo and experimental lineshapes with Gaussian functions, the full-width
at half-maximum (FWHM) can be compared for a number of scattering angles. The
agreement between calculation and experiment, shown in Fig. 2.5.4.2, is excellent.
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Comparison of measured lineshape (open squares) of AI2O3 powder
with the lineshape calculated by the Monte Carlo simulation
(continuous line). The statistical uncertainty in the experimental data
is shown near the peak as a bar of length twice the square root of
the peak count.

The expression by Cagliotti et al. (Nucl. Instrum. Methods 3 (1958), 223) for the
same instrument configuration is shown also. Some adjustment of parameters would
be needed for the Cagliotti calculation to match the experimental data. Moreover,
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whereas the Cagliotti expression assumes that the lineshape is Gaussian at all
scattering angles, the Monte Carlo method makes no such assumption, and produces
the expected asymmetric lineshapes at scattering angles far from 90°.
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Fig. 2.5.4.2

2.5.4.2

Comparison of the full-width at half-maximum (FWHM) obtained by
fitting a Gaussian to the measured (squares) and Monte Carlo
(diamonds) data. A continuous line traces the Cagliotti calculation
for the same instrumental parameters as input to the Monte Carlo
simulation. Vertical bars indicate the uncertainties in the
experimental data (derived solely from fitting a Gaussian to the raw
data) and in the Monte Carlo values (dominated by uncertainty in the
value of the monochromator mosaic spread, (0.15 ± 0.01)°).

Programs for Users of the C2 Powder Diffractometer
J.H. Root and N.B. Konyer

Visitors who are not familiar with neutron powder diffraction experiments need userfriendly, versatile programs to help them interpret their data. Two programs,
CALIBRATE and POWDER, have been completed to meet this need. They are
both installed on the CM9 micro Vax, and POWDER is also available on any of the
NCMS 386 computers.

2-47

CALIBRATE is the program used to determine the wavelength and zero-angle
correction in the calibration of the C2 diffractometer. The user need only know the
filename containing the diffraction patterns from the NIST standard powder
specimens. Individual peaks are automatically located, fit by a Gaussian-plus-slopingbackground model, and matched to a file of lattice spacings for the chosen powder.
Options permit the deletion of suspect peaks, or the addition of more peaks, to
minimize the uncertainties on the wavelength and zero-angle offset.
POWDER calculates the angular positions, Miller indices and intensities of neutron
powder peaks, given a lattice structure, scattering lengths (nuclear and magnetic) and
a neutron wavelength. The input is conversational, and the file is saved for future
editing, to avoid having to re-enter all atom positions in subsequent runs of the
program.
2.5.4.3

User Manual for the C2 Powder Diffractometer
N.B. Konyer and J.H. Root

Visitors who are not familiar with neutron powder diffraction experiments need a
user-friendly manual to introduce them to the C2 diffractometer and the steps needed
to acquire data. These steps involve opening a neutron beam, aligning a
monochromator, aligning the specimen, programming scans, setting the sample
temperature, selecting an appropriate filter, and offloading data from the CM9
microVax to return to the user's home institution. The necessary instructions have
been incorporated into an illustrated user's manual. The manual will be revised
periodically to reflect changes in the apparatus.
2.5.4.4

Reactor Beam Hole Use
H.F. Nieman

The total NRU operating time was 146 days. Utilization of the occupied beam holes
was as follows:
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Beam No. of
No. of
Hole Experiments Participating
CRL Scientists

C2
C5
E3
L3
N5
*T3

19
6
15
10
6
2

5
2
12
7
6
0

No. of
Participating
Non-CRL
Scientists

Efficiency
(% of Available
Reactor Operating
Time Used for
Experiments)

10
6
9
4
2
1

85%
85%
96%
98%
98%
6%

*The T3 Facility is being re-assembled following modifications.
2.5.4.5

Spectrometer Control System
M.M. Potter

The following improvements have been made to the C2/C5 Spectrometer Control
Programs:
The system has been made much more reliable by intercepting FORTRAN errors
that would normally cause the program to crash.
Support for on-line data fitting and plotting has been added. The program will
fit a Gaussian to a single peak for data with a flat, sloping or zero background.
The fitted results are printed on the lineprinter and a color plot is displayed on
the X window control terminal. The plot includes the data and fitted curve, with
the results listed in the upper left corner of the graph. The data can be plotted
and fitted interactively by entering the PLOT or FIT command, or automatically
at the end of every scan. A hard copy option is available.
A command to calculate the PHI zero correction using the fit results from a
number of calibration peaks has been added.
Support for the vertical focusing monochromator has been added. When the
monochromator take-off angle is scanned, the focusing angle is varied
automatically, to keep the diffracted beam focused on the specimen.
Support for the neutron flippers has been added. The current in four flipper
coils can be specified by keyboard commands. If currents have been specified,
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the program will turn the flippers on during a mode 1 count and turn them off
during a mode 2 count.
2.5.4.6

DUALSPEC
M.M. Potter, M.W. Montaigne, L.E. McEwan with W. Mellors (Mechanical
Equipment Development Branch) and R.L. Donaberger (McMaster
University)

The redesigned mechanical linkage (PR-PHY-4:2.5.5.3; AECL-10673) between the
monochromator drum and the PSI/PHI angles on the C2 powder diffractometer has
been installed.
Code has been added to control the high-speed PSI oscillation (PR-PHY-3:2.5.5.3;
AECL-10535). During the count, the sample table oscillates between two movable
mechanical stops. The oscillation can be started and stopped by keyboard commands.
The optical switches used to sense when the monochromator wedges are in the home
position have been found to be susceptible to radiation damage. Under normal
operating conditions the switches are subjected to scattered radiation from the main
beam. To eliminate this problem, the optical switches must be replaced by
mechanical microswitches. This has been completed for the C5 spectrometer, and the
C2 spectrometer will be modified in the near future.
Several deficiencies have been found in the operation of the movable beam stop for
the diffracted beam on the C5 spectrometer. The beam stop is not large enough, the
mechanism that carries the beam stop can bind so the stop will not position properly,
and the beam stop components are fabricated from mild steel, so they can interfere
with the magnetic fields during polarized beam experiments. A new beam stop that
overcomes all these problems has been designed and it is being fabricated.
2.5.4.7

Furnace Development for Neutron Scattering Studies
D.C. Tennant

Neutron scattering studies on powder specimens above room temperature require
furnaces in which specimens can be accurately positioned in the neutron beam. Also,
specimens must be changed easily and rapidly, particularly on the C2 powder
diffractometer, to comply with the fast data collection of the spectrometer. Two
furnaces (Fl and F2) are now available that meet these requirements. Each furnace
has an O-ring vacuum-sealed flange below the conventional thinned neutron window.
When this seal is broken the furnace splits into two portions. The heater and
thermal radiation shields are attached to the upper part, while the specimen remains
attached to the lower part, or furnace base. Lifting the upper part fully exposes the
specimen for manipulation. A new specimen is easily positioned by monitoring a dial
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gauge, which is coupled to the specimen, while moving the furnace base to the
correct location using the X-Y motorized tables. Both furnaces have recently been
used to study specimens at controlled temperatures up to 1400 K. New specimens
are typically installed and positioned on the spectrometer and a vacuum achieved of
1 x 10'5 torr within 1 hour.
2.5.5

Support Services

2.5.5.1

Multiwire ^ e Neutron Detectors
G.A. Sims, J.J-P. Bolduc, D.C. Tennant and H.C. Spenceley

(1)

13 Wire Detectors
(a)

MAC-1-9-13
Tests will be carried out at the T3 facility at the NRU Reactor. In the
meantime, this counter is operating very consistently and is being used for
bench testing of various electronic packages associated with detector
development.

(b)

MS-1-8-13 (DC Grounded Anode^)
Preliminary results indicate that the outgassing problem has been drastically
reduced by the addition of the aluminum cathode plates. A significant
improvement in the operation of this detector was demonstrated.
However, there is evidence that electrical breakdown is contributing to
background noise. It is believed this may be a geometric problem and can
be corrected by an improved design of detector body. The results so far
for a grounded anode design have been very promising.

(c)

MA-3-9-13 (DUALSPEQ
This detector has been re-assembled to its original configuration. It has
undergone excessive bench tests and exceeds all design and background
tests (Fig. 2.5.5.1). On the basis of these results, this detector will be
installed for service at C5 spectrometer.
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20 Wire Detector (2 mm Anode Spacing")
(a)

MA-1-2-20
The continuing development of this detector is based on the encouraging
results for the prototype (PR-PHY-4:2.5.6.1(e); AECL-10673). Fabrication
of the mechanical and electronic components has been completed and
incorporated into the new unit. One design change is that the anode to
cathode distance has been increased to 8 mm (this was 4 mm for the
prototype). Further testing and development is in progress.
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Fig. 2.5.5.1
(b)

MA-2-2-20
This detector is similar to MA-1-2-20, except that the anode to cathode
distance has been reduced to 4 mm. The SFg electronic component box
remains to be fabricated before development work on this detector can
commence (1993 January).
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(3)

32-Wire Detector (2 mm Anode Spacing')
(a)

MA-3-2-32
Components for this 32-wire detector are being fabricated by Manufacturing
Branch. This particular detector will consist of 2 mm anode wire spacing
and 4 mm anode to cathode spacing. Modifications to the standard
mechanical design were necessary to accommodate the 32-wire configuration
requested by the ANDI group.

(b)

MA-4-2-32 (P.C. Grounded Anode')
This multiwire detector is identical in size, wire spacing and anode to
cathode spacing as MA-3-2-32. However, it will be utilized in the
development of a 32-wire, grounded anode system. The design is complete
and the detector is awaiting fabrication by the Manufacturing Branch.

(4)

MAB-1-0-80 (80-Wire Curved Detector^
The 80-wire curved detector has undergone background noise tests and was
found to exhibit an unacceptable noise level. The reason for this electronic
noise is not understood presently and is under investigation.

5)

MAXY-1-0-36 (XY Detector')
The construction and assembly of this prototype 2D detector is = 75%
completed. It will consist of 42 cathode strips (3.5 mm wide), 36 anode wires
(4 mm spacing) and 4 field shaping wires. The induced signals will be taken
off the cathode strips. The active area (window size) will be 15x15 cm .

(6)

HP4 Series f3-Wire Cigarette Package')
Modifications to a detector of this series have been made to measure and
characterize its performance. This will allow specifications to be written for
supply of the modified detector as a commercial venture. The required design
changes have been made and items are presently being fabricated in
Manufacturing Branch (Bldg. 412).

2.5.5.2

New AMS Counter
G.A. Sims with H.R. Andrews (Nuclear Physics Branch)

The chamber fabrication has been completed, but vacuum leak checks indicated a
faulty weld. Re-welding of this joint has eliminated the problem. Further tests are
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underway and will continue as additional components are completed and installed onto
the chamber.
2.5.5.3

Ge Detector Servicing
J.J-P. Bolduc

Fuel Engineering Branch required detectors to be repaired on eight separate occasions
during this period.
2.5.5.4

Mechanical Laboratories
H.C. Spenceley and L.E. McEwan

In the Building 116 Laboratory, the work done was as follows:
The majority (40%) of the time was spent fabricating a new AMS detector and
I.S.O.L. (Isotope Separator On-Line) source components for Nuclear Physics
Branch.
One third of the time was involved in the manufacturing and modifications to
the 2 mm and XY neutron detectors.
The remaining shop time was utilized for jobs involving:
a)
b)
c)

machining acrylic blocks for the SNO project,
fabricating holders and jigs for quartz/glass requested by the Glassblowing shop,
cutting large silicon crystals for monochromator construction within the NCMS
Branch.

In the Building 459 Laboratory, the work done was as follows:
A large-capacity X-Y translational table for ANDI has been installed and is now
in use.
All parts for the new ANDI snout slit system have been machined and three
units have been assembled. The remaining eleven units are awaiting assembly.
A new stiff link for the C2 powder diffractometer has been manufactured and
installed and the dovetail adjuster has been replaced by a fixed solid block.
The components for the new "low profile" goniometers for the DUALSPEC
stacks have been machined and are awaiting assembly.
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New bases were manufactured for the two furnaces. These allow bottom
loading of the specimens and hence much more rapid sample changes.
A miniature "light bulb" furnace, which will be useful for all programs but has
been specifically requested by ANDI, is under construction.
Other work completed during this period includes 16 thin-walled vanadium
sample cans for experiments on the C2 powder diffractometer, 7 crystal mounts
and 15 sample preparations for ANDI experiments.
2.5.5.5

Glassblowing Laboratory
D.A. Doering

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

One hundred and twenty alumina columns were made for the
production.

•

Mo isotope

Accelerator Physics
Twelve core samples were drilled from various silicon and alumina samples for the
dielectric measurement group.
Chemical Engineering
Repairs to one, and fabrication of four, quartz plasma tubes with tangential entrances,
to allow studies on the decomposition of H2S into H2 and S.
General Chemistry
Six glass induction tubes were constructed to levitate zirconium samples in an
induction furnace.
Fuel Engineering
Repairs to three, and fabrication of five, quartz reaction furnace tubes, and
fabrication of twenty quartz fuel baskets to be used to lower fuel elements into the
quartz furnace tubes. This allows the branch to continue its research work on the
development of new reactor fuels.
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Radiation Biology
Many different glass prototypes were fabricated for the installation of aerosol
experimental studies of uranium ore dust.
Health Physics
A new glass gas rack was constructed, to continue studies and analysis of H2/D2 in
ground samples.
Fuel Channel Components
Encapsulated twelve specimens of Zr-2.5Nb into quartz tubes.
Twelve glass prototype hooks were fabricated and tested. This led to an order for
the fabrication of a further fifty glass hooks. The glass hooks enabled experimental
data to be collected from fixed-end burst tests on calandria tubes removed from
Pickering 4. The results were in turn used to decide whether to leave the current
calandria tubes in Bruce 2.
Neutron and Condensed Matter Science
Seventy 12 mm glass tubes were constructed, to enable the counting of irradiated
samples of acrylic material to be used in SNO.
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J. Phys. Condens. Matter 4 (1992), 2761-2774
THERMODYNAMIC PROPERTIES OF AMMONIUM HALOGEN STANNATES
II. NEUTRON DIFFRACTION AND HEAT CAPACITY OF (ND4)2SnCl6
B.M. Powell and R.D. Weir
J. Chem. Thermodynamics 24 (1992), 1119-1120
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M. Hagen, M.T. Dove, M.J. Harris, U. Steigenberger and B.M. Powell
Physica B 180 & 181 (1992), 276-278
VACANCY PROPERTIES IN /?-NiGa AND /»-NiAl
S.M. Kim
Acta Met. Mater. 40 (1992), 2793
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E.D. Earle and E. Bonvin
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J.H. Root and T.M. Holden
European Conference on Residual Stresses, Frankfurt a.m. Germany
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J.H. Root and T.M. Holden
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STRUCTURE AND DYNAMICS OF AMORPHOUS AND CRYSTALLINE ICE
E.C. Svensson (presented on 4 occasions):
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The Studsvik Neutron Research Laboratory of the University of Uppsala, Studsvik,
Sweden
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P. Martel
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S.D. Langstaff and J.H. Root
RC-689, 1992 December
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3.2

OVERVIEW/ACCOMPLISHMENTS
V.F. Sears

Our Research Associates, Peter Leivo and Nancy Schmeing, completed their terms on
1992 September 04. Peter has returned to his home in Toronto to pursue personal
interests while Nancy has obtained an NSERC Fellowship to continue working at CRL
with Jim Waddington of McMaster University. She is now affiliated with the
Theoretical Physics Branch as an Attached Staff Member from McMaster.
The new Research Associate in Theoretical Physics is Theodore (Ted) Hsu, he arrived
on September 08 and will be working with Frank Marsiglio on High-Tc and other
problems in strongly-correlated electron systems.
Ted got his Ph.D. with
P.W. Anderson at Princeton University and subsequently held postdoctoral positions at
UBC and Grenoble.
Ian Towner was Co-Director and organiser of a very successful NSERC/CAP Summer
Institute on Theoretical Physics that was held at Queen's University on August 3-7.
The topic was "Weak Interactions and Neutrino Physics" and Anna Hayes was one of
the ten people who gave an invited talk. She spoke on Parity Violation in Nuclei.
Ian is a member of the organising committee for the CAP Eastern Regional Nuclear
Physics Division meeting to be held at Chalk River, 1993 March 5-7. He is also in
his third year as a member of NSERC's grant selection committee for subatomicphysics.
Paul Lee's graduate student at Western University, Weidong Zhao, has finished his
Ph.D. and is now a Post-Doctoral Fellow at Princeton University. Paul has two new
students, Sultan Sial and Reza Nezami.
The creation of the Center for Mathematical Sciences that was mentioned in the
previous report (PR-PHY-4:3.2 (AECL-10673)) was approved by the EMC in
September for a trial period of one year. Malcolm Harvey supervised an election of
the CMS executive in which Paul Lee was elected as Director, and
Stephen Douglas (Mathematics and Computation Branch), Mike Carver
(Thermalhydraulics Development Branch), Mike Milgram (Reactor Physics Branch),
and Raj Vatsya (Thermalhydraulics Branch, WL) were elected as Councillors. The
first meeting of the Council was held on 1992 December 22, during which the
infrastructure of the CMS was established and a business plan for the next year was
drawn up.
As part of his duties as an adjunct professor at Queen's University, Ian Towner gave
a course of 20 lectures on weak interactions to a graduate class during the 1992 Fall
term. The course started with the derivation of the Dirac equation and covered, in
detail, pion- and muon-decay, W- and Z-boson decay, neutrino-electron scattering,
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neutrino absorption by nuclei, beta decay, double beta decay and neutrino oscillations.
These lectures were intended to provide theoretical background for those working on
the SNO Project.
Michel Couture was the external examiner for a Ph.D. thesis entitled "Graded
contractions of Lie algebras and their applications in physics", written by
M. de Montigny at the Department of Physics of the University of Montreal.
The Theoretical Physics Lunchtime Seminars resumed in September. Frank Marsiglio
is now acting as the coordinator of the seminars and Anna Hayes is responsible for
the scheduling. During the period 1992 April 08 to December 21 we held a total of
23 seminars, of which 12 involved speakers from outside the branch.
33

TOPICAL REVIEW - SUPERCONDUCTORS AND VORTICES
T.C. Hsu

Superconductivity, the loss of electrical resistance and expulsion of magnetic field in
certain cold materials, was discovered by Kamerlingh Onnes at Leiden, in 1911. The
explanation of this phenomenon, discovered before quantum mechanics and many-body
techniques were invented, had to wait about 50 years until Bardeen, Cooper and
Schrieffer developed the microscopic theory. The BCS theory, as it is called, has had
a wide impact on physics. For example the basic ideas of BCS are used in particle
physics to predict monopole-catalyzed proton decay and the existence of a 'Higgs'
particle that is postulated to be the origin of mass.
Commercial applications of superconductivity took even longer to blossom. It was not
until 75 years after Chines' discovery that the first, Magnetic Resonance Imaging
(MRI), turned a profit. Until five years ago, the application of superconductivity was
limited by the very low temperatures required and the high cost of cryogenics to
maintain them.
But in 1986 a new and broad class of high-temperature
superconductors was discovered. These materials become superconducting above the
boiling point of liquid nitrogen. Their commercial application is therefore much more
practical, but their origins differ from those of low temperature superconductors and,
to date, are a mystery.
Work continues on the characterization and fabrication of high-temperature
superconductors, but in the meantime another promising application of superconductors
is being commercialized. Because superconductors can expel magnetic fields, their
main application so far has been to make very strong magnets (used, for example, in
TASCC). But one can also store energy in the circulating current of a magnet. This
effect has been used recently with low-temperature superconductors to produce
commercial power backups and surge suppressors for individual buildings. There are
plans in the U.S. to build larger storage rings to store electrical power produced at
off-peak times and reduce the need for the construction of new generating plants.
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An important technological consideration for applications is the dynamics of vortices in
superconductors. These current patterns are produced by applied magnetic fields or
currents and are analogous to vortices in bathtub drains or tornados. The
translational motion of these vortices is associated with energy dissipation in thencores. Controlling the motion of vortices by an appropriate design of superconducting
wire was the main technological hurdle in the commercial application of
superconducting magnets. Presently, typical superconducting wire consists of a bundle
of thousands of microscopic strands of a material like Nb3Sn embedded in a copper
matrix, which 'pins' down vortices and provides a high-conductivity backup in case of
local heating and destruction of superconductivity. The study of vortex dynamics in
the new high-temperature superconductors is an extremely active field. The main
result seems to be that vortices in high-temperature superconductors move around
very freely. This will lead to technical difficulties in controlling dissipation in hightemperature superconducting wire.
Recently, experiments at the University of Maryland have probed the high-frequency
response of vortices in high-temperature superconductors. These vortices are so small
that quantum effects are important. The spectrum of core excitations is discretized.
"Work is being done in Theoretical Physics Branch on a theory of the high-frequency
response of these vortices. We have been working very closely with the experimental
group at Maryland. It appears that at low temperature one may choose the
frequency so as to avoid these discretized energies and hence reduce dissipation. This
would be of great importance to the application of high-temperature superconductors
to resonant cavities used in linear accelerators, magnetic resonance, and bolometry.
3.4

SUMMARIES

Theoretical Nuclear Physics
A new calculation of mesonic enhancements in first-forbidden decay in heavy nuclei at
A=132 and A=208 has reduced the gap between experiment and theory considerably
(3.5.1.1).
A calculation of the spectra of 0 + states in fp shell nuclei has been started to
investigate non-analogue Fermi beta transitions in these nuclei (3.5.1.2).
Pion-nucleus cross sections have been calculated for scattering from
O, C and
208
Pb. In all cases, the shape of the angular distributions are sensitive to the assumed
neutron distributions of the nucleus, and were used to determine the neutron radii
(3.5.1.3).
The neutron halo of
Be has been investigated in a large-basis shell model
calculation. The calculations show that the ground state of 14Be can be described as
a di-neutron cluster outside a 12Be core (3.5.1.4)
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An investigation of the impact that different models of neutron halos might have on
the first-forbidden beta decay of * Be has commenced (3.5.1.5).
Theoretical Condensed Matter Physics
The suitability of F^xMnxSias a polarizing monochromator for DUALSPEC has been
investigated (3.5.2.1).
Recent neutron scattering experiments at NRU on crystalline and amorphous ice have
been analyzed, to determine the phonon density of states (3.5.2.2).
The distorted-wave Born approximation has been applied to neutron reflection from
graded surfaces, to provide a more accurate basis for interpreting reflectivity
measurements to determine the structure of surfaces (3.5.2.3).
The spin susceptibility, measurable by inelastic neutron scattering, has been calculated
for a simple tight-binding model (relevant for the high-Tc oxides), in the
superconducting state (3.5.2.4).
The Eliashberg theory of superconductivity has been formulated for several models
with non-trivial momentum-dependent electron-phonon kernels, and large enhancements
in superconducting T c have been obtained for one of these models (3.5.2.5).
The conductivity of vortex cores in high-temperature superconductors is being
calculated and compared with recent experiments (3.5.2.6).
Energy level repulsion in quantum spin systems has been studied by exact
diagonalization (3.5.2.7).
A study of the problem of small-moment magnetism is being undertaken to support
and stimulate experimental work in the NCMS Branch (3.5.2.8).
Fundamental Theoretical Science
The braided quantum algebraic structure of the Perk-Schultz statistical model (PRPHY-4:3.5.3.5 (AECL-10673)) has been extended and formulated in the context of a
"superization" theory (3.5.3.1).
Group theory has been used to devise a new, powerful method to compute certain
eigenvalues that determine the phase properties of the lattice theory for QCD
(3.5.3.2).
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3.5

INDIVIDUAL REPORTS

3.5.1

Theoretical Nuclear Physics

3.5.1.1

Nuclear Medium Effects in First-Forbidden Beta Decay
I.S. Towner with E.K. Warburton (Brookhaven National Laboratory)

Two years ago (Warburton, Phys. Rev. Lett. 66(1991)1823), a comparison of shellmodel predictions with experimental data for first-forbidden beta decays in the Pb
region revealed that the weak rank-zero axial-charge matrix element is enhanced over
the impulse approximation value by =100%. This result was considerably larger than
K50% enhancement expected from pion-exchange processes alone, and led to
considerable theoretical activity. Proposed reasons for the large enhancement include
(i) medium modifications of the nucléon mass and pion-decay constant from their
free-space values, which can magnify the already-large pion-exchange processes, and
(ii) a weakening of the tensor force in the shell-model effective interaction, which has
an important role in the evaluation of beta-decay matrix elements.
We have analysed new data in the vicinity of mass A=132 and re-analysed the A=208
decay rates using a weaker tensor force and a new evaluation of the meson-exchange
process that include heavy mesons as well as pions (Towner, Nucl. Phys.
A542(1992)631). The experimental enhancement is found to be 82±7% at A = 132,
and 85±4% at A = 208, compared to theoretical values of =70%. Thus, there remains
some room for other enhancement effects such as medium modifications, but the gap
between experiment and shell-model theories has been reduced considerably. This
work has been submitted for publication.
3.5.1.2

Non-analogue Fermi Beta Transitions in fp-Shell Nuclei
I.S. Towner with J.C. Hardy (TASCC Division)

Recent TASCC experiments (PR-TASCC-4:3.1.1 (AECL-10674)) on the decay of ^V,
PMn and Co have measured weak decay branches to excited 0 + states in the
daughter nuclei. These Fermi transitions are isospin-forbidden. Therefore, a non-zero
branching ratio is a direct measure of the degree of isospin mixing in these nuclei.
5

To understand these decay branches, we have begun a new shell-model calculation on
the spectra of 0 + states in fp-shell nuclei. To include isospin-mixing effects, the
proton and neutron orbitals must be treated separately. We take the model space
and effective interaction from Warburton, Becker, Millener and Brown; ((WBMB)
Ann. Phys. 187(1988)471), it comprises seven orbitals d5 n, si/2, d3/2, ii/i, P3/2, fs/2. Pl/2
for both protons and neutrons. This model space leads to Hamiltonian matrices too
large for practical calculations in the nuclei of interest, so we have truncated to three
orbitals a^ji, i-j/2, P3/2 f° r both protons and neutrons. This truncation requires a
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further renormalisation of the WBMB interaction, which we obtain by adjusting the
configuration centroids of the interaction in a fit to about 60 ground-state masses
from sulphur to nickel isotopes. The general feature of the calculated spectra of
even-even nuclei in this model space is that the excitation energy of the first excited
0 + state is several MeV too high. We are investigating ways to reduce this defect,
the most promising being to reduce the off-diagonal matrix elements <d 2 |V|f > and
< f 2 | V | p 2 > . Our goal is to find an empirical effective interaction that produces
about the right density of 0 + states with the correct splitting between the lowest two
energy eigenstates, before injecting some isospin-symmetry breaking terms into the
interaction.
3.5.1.3

Pion Elastic Scattering as a Probe of Ground State Neutron
Densities in Nuclei
A.C. Hayes with D.G. Madland (Los Alamos National Laboratory)

Previously, we reported (PR-PHY-4:3.5.1.4 (AECL-10673)) the finding that the position
of the diffraction minima for n + and n'-nucleus scattering could be used to determine
neutron and proton rms radii in the calcium isotopes. We have extended our studies
to include both lighter and heavier nuclei. In particular, we have calculated the crosssection for scattering of 160-180 MeV pions from 14C, 1 6 0 and 208 Pb. In all cases,
we find that the angular distributions predicted using neutron and proton densities
derived from a relativistic Hartree-Fock approximation agree reasonably well with
experiment. The sensitivity of the shape of the angular distributions to the assumed
neutron densities is seen in all cases, confirming our earlier conclusion that pions act
as an ideal probe of neutron distributions in the nucleus.
This work was done while the author was a visitor at Los Alamos National
Laboratories.
3.5.1.4

Structure of the .Neutron Halo of
A.C. Hayes with D. Strottman (Los Alamos National Laboratory)

14

Be, containing ten neutrons and four protons, is the second most neutron rich
nucleus in nature. Measurements of interaction cross-sections for Be on various
light nuclear targets indicate that this nucleus has an anomalously large total neutron
radius. There are to date very few nuclei known to exhibit neutron distributions
which extend significantly beyond their proton distributions; they are 11Li, Be and
possibly B and C, and understanding the nature of these neutron radii is a subject
of much investigation. We have carried out large shell model calculations to
investigate the structure of the nucleus 14Be.
The shell model predicts 14Be to have a relatively simple structure. The first eight
neutrons fill the lowest 0s- and Op-shells and the last two neutrons are then in the
sd-shell. The four protons are predicted to be in the same orbitals as those of Be.
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Thus, the essential difference between

l

Be and

Be is the additional two neutrons in
1A

the next shell in the latter case. To analyze the structure of Be we classified its
states according to their group symmetries. We find that there is a ground state
band containing states with spins 0 + , 2 + , 4 + and 6 + , whose wave functions are
dominated by a single SU(3) and SU(4) symmetry. Our calculations show that the
last two neutrons of Be are maximally correlated and are in a relative Os state.
This state maximizes the probability of finding the two neutrons close to one another.
We also find that the ground state wave function has a large overlap with the wave
function for the cluster state involving a "di-neutron" cluster outside a 12Be core. This
di-neutron structure is then predicted to be responsible for the neutron halo of 14Be.
This work was presented at a TASCC research meeting.
3.5.1.5
First-Forbidden Beta Decay of 14Be
I.S. Towner and A.C. Hayes
The nucleus Be has an anomalously large radius that is attributed to the last two
neutrons occupying s,d-shell orbitals cf large radial extension ~ a neutron halo. The
beta decay of 14Be has been measured at GANIL (Phys. Lett. B 206(1988)195), in
which the ^-delayed 2-neutron mode represents 5% of the decay, ^-delayed 1-neutron
mode 81% and ^-delayed 0-neutron mode 14%. We concentrate on this latter 0neutron mode, which proceeds exclusively as a first-forbidden decay from a 0 + , T = 3
state in the parent to a 1", T=2 state at 0.74 MeV excitation in the daughter
nucleus, B. The calculated transition rate depends sensitively on the difference
between the radial matrix elements, <P3/21rI^5/2> and <Pi/2l r lsi/2 ; > and hence on
the neutron wavefunction. We are currently investigating the sensitivity of this first
forbidden beta decay to different models of the neutron halo. The work provides the
theoretical background for a potential TASCC experiment on exotic nuclei.
3.5.1.6

1-Forbidden Gamow-Teller Decays
E. Hagberg, T.K. Alexander, V.T. Koslowsky, G.C. Ball, J.S. Forster
and G. Savard (Nuclear Physics Branch), I.S. Towner (Theoretical
Physics Branch), I. Neeson, J.R. Leslie and H.-B. Mak (Queen's
University), J.C. Hardy (TASCC Division) and H. Schmeing (TASCC
Accelerators and Development Branch)
See PR-TASCC-5:3.1.1 (AECL-10787).
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3.5.1.7

Search for Candidate J +, -> J ' + First-Forbidden Beta Decays Near A = 40
G. Savard, E. Hagberg, V.T. Koslowsky, W.L. Perry and M.J. Watson
(Nuclear Physics Branch), J.C. Hardy (TASCC Division), I.S. Towner
Theoretical Physics Branch)
See PR-TASCC-5:3,1,2 (AECL-10787).

3.5.1.8

Electron-Capture to Positron Ratio as a Probe for the Existence
of a Heavy Neutrino
G. Savard, E. Hagberg, V. Koslowsky, D.C. Radford and D. Ward
(Nuclear Physics Branch), I.S. Towner (Theoretical Physics Branch),
J.C. Hardy (TASCC Division)
See PR-TASCC-5:3.1.3 (AECL-10787).

3.5.2

Theoretical Condensed Matter Physics

3.5.2.1

Fe3_KMnxSi as a Polarizing Neutron Monochromator
V.F. Sears with W.J.L. Buyers (NCMS Branch)

Bednarski et al. (Phys. Scripta 21(1980)217) have stated that the (111) neutron
reflection from the ferromagnetic crystal Fe3.xMnxSi should be 100% polarized when
x = 5% and, experimentally, they found a polarization of 95% for this reflection. This
is consistent with a rough calculation of the polarization that we have made using
estimated values for the effective spins of the Fe and Mn ions and their known
magnetic form factors.
To assess the suitability of Fe3.xMnxSi as a polarizing monochromator for DUALSPEC,
we first need to know what crystal thickness would be required to give a high
reflectivity for typical mosaic spreads. To this end, we have written a general-purpose
Mathematica program to calculate the reflecting properties of a neutron
monochromator crystal as a function of wavelength, crystal thickness, and mosaic
spread for symmetric reflection and transmission geometries. The calculations are
based on an exact solution of the Darwin equations for a plane slab that takes into
account both multiple Bragg reflection (i.e., secondary extinction) and attenuation due
to absorption and diffuse scattering.
We find that for a mosaic spread of 0.4 , the crystal should be at least 1 cm thick
and, preferably, 2 cm if the reflectivity is to approach its saturation value for
symmetric reflection geometry. In contrast, our calculations show that for Coo.92Feo.08
and Heusler alloy - the conventional polarizing neutron monochromators - much
thinner crystals can be used:
e.g., 0.1 and 0.3 cm, respectively, for symmetric
reflection geometry with typical wavelengths and mosaic spreads. The reason is that,
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for these latter crystals, the polarizing reflections are "full-phase" reflections for which
all the atoms in the unit cell scatter in phase, so that the unit-cell structure factor is
relatively large and the thickness required to saturate the reflectivity is correspondingly
small. For the (111) reflection in Fes.jjMnjjSi, on the other hand, two of the three
magnetic atoms in the primitive unit cell scatter 180 out of phase and, hence, give
no net contribution to the Bragg reflection. As a result, the unit-cell structure factor
is rather small and the crystal must be relatively thick to obtain a high reflectivity.
Unless it happens that good thick crystals of Fe3_xMnxSi are easily grown, this material
would not appear to offer any advantage over Coo.92Feo.os or Heusler alloy for use
as a polarizing neutron monochromator.
3.5.2.2

Phonon Density of States in Amorphous and Crystalline Ice
V.F. Sears with E.C. Svensson, W. Montfrooij (NCMS Branch) and
D.D. Klug (National Research Council)

New high-resolution measurements on high-density amorphous (hda) ice and ordinary
hexagonal crystalline ice (ice Ih) reported in the last period (PR-PHY-4:2.5.1.3
(AECL-10673)) clearly revealed an excess of low-frequency modes for the amorphous
phase, as expected from theoretical considerations. To complete the detailed analysis
of these results, it was necessary to know the spatial distribution of neutron flux from
the Si(lll) monochromator used for the measurements, so that corrections could be
made for the effect of rotating the large slab sample (about 2 mm thick and masked
to 50 mm by 50 mm) in an inhomogeneous flux distribution. The necessary
measurements have now been carried out using a procedure developed previously
(PR-PHS-P-7:6.9 (AECL-9995)). In particular, we determined the spatial distribution
of flux at the sample position for 13 equally spaced values of the monochromator
scattering angle, 2em, over the range (37.57° ^ 2em s 81.57°) covered during the ice
experiment. The flux correction factor was found to vary from 0.83 to 1.00 over this
range.
After correcting the observed scattering for fast-neutron plus room background, the
scattering by the empty cell, the effects of flux inhomogeneity, and the effects of
higher-order neutrons in the incident beam, the strong elastic scattering contribution
was separated by fitting it to a Gaussian model. This enabled us to obtain accurate
values of the inelastic scattering down to about 0.1 THz. A preliminary analysis,
which ignores possible corrections from multiphonon and multiple scattering, has been
carried out to obtain estimates of the phonon density of states g(y) for the two
phases. Values for the low-frequency region, obtained from the measurements at 11
K, are shown in Fig. 1. The excess low-frequency modes in the amorphous phase
give rise to a markedly larger g(j/) over the range 0.4 to 0.8 THz. Results from our
measurements at 80 K, although of considerably poorer statistical accuracy, show much
less difference between the two phases. This surprising result is not understood, but
suggests a real change in the amorphous material between 11 K and 80 K, as
opposed to simply a change in the neutron scattering resulting from a different
thermal population of the same modes.
It has been suggested (see, e.g.,
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H.R. Schober and B.B. Laird, Phys. Rev. B. 44 (1991-1) 6746) that the "excess" lowfrequency 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. There is still, however, no fundamental understanding of the precise physical
nature or structural origin of these modes. It certainly seems plausible that such
"structural defects" could change in character and/or number between U K and 80 K,
giving rise to the differences we observe. Ice (where we can do measurements on
two amorphous phases, differing in density by 25%, and two crystalline phases for the
same piece of material) has unique advantages for investigating the fascinating and, as
yet, very poorly understood properties of glasses. More refined analysis of our results
is in progress, and further measurements are planned.
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Fig. 1. Low-frequency part of the phonon density of states, g(»/), for high-density
amorphous ice (open circles) and hexagonal crystalline ice (solid circles) obtained from
measurements at 11 K for Q = 2.5 A*1.
3.5.2.3

Neutron Reflection in the Distorted-Wave Born Approximation
V.F. Sears

At sufficiently small angles of incidence e, a thermal-neutron beam is totally reflected
by any material with a positive scattering length, and the critical angle for total
reflection is typically 0.2 . Well above the critical angle, the reflectivity R can be
calculated within the Born approximation, and for a geometrically sharp surface R is
proportional to e . For a real (graded) surface, deviations from this e behavior
occur, and accurate measurements of the reflectivity at large e, where R varies from
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about 10 to 10 , can then be used to determine how the density and/or chemical
composition of the material varies in the neighbourhood of the surface.
To provide a theoretical basis for the interpretation of neutron reflectivity
measurements from graded surfaces at smaller values of e, it is necessary to develop
a theory that goes beyond the Born approximation. To this end we have developed
a distorted-wave Born approximation (DWBA) in which reflection from a sharp
surface, which is given exactly by Fresnel's formula (1823), is taken as the zero-th
approximation and the difference between the exact potential and that for a 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 shown that the DWBA reduces to the PWBA at large e and differs from
Fresnel's formula by less than 10 at small e where total reflection occurs. For the
case of a step-function surface, for which the reflectivity is given exactly by Airy's
formula (1833), the relative error in the DWBA is <10"4 for all e.
A Mathematica program is being written to calculate the reflectivity in the DWBA
for various model surfaces. We shall also compare our results with an ad hoc
formula which is often used by experimentalists to interpret neutron reflectivity data.
The relationship between our results and those in a few earlier papers, which purport
to be the DWBA, but which also include additional simplifying approximations that
we have not made, will also be investigated.
3.5.2.4

Charge and Spin Susceptibility Calculations for the High-Tc Oxides
F. Marsiglio

A long paper giving details of the phonon self-energy changes reported previously
(PR-PHY-4:3.5.2.1 (AECL-10673)) has been accepted for publication in Phys. Rev. B.
A similar study was then carried out for the spin susceptibility. The motivation is
that several inelastic neutron scattering experiments have recently measured interesting
magnetic dynamics in both La2.xSrxCu04 and YBa2Cu307. With sufficient neutron
data, one should in principle be able to determine the Fermi surface and
superconducting gap symmetry. In this calculation a simple tight-binding formulation
was again used, and gap functions of s-wave and d-wave symmetry were investigated,
particularly for scattering wave vectors near the ordering wave vector. The clearest
signature to distinguish an s-wave from a d-wave gap function occurs at frequencies
just above the gap parameter. A paper has been submitted to Phys. Rev. B.
3.5.2.5

Momentum Structure in Electron-Phonon Kernels
F. Marsiglio with J.E. Hirsch (UCSD)

In the usual formulation of the Migdal-Eliashberg theory of superconductivity, the
electron-phonon kernel is evaluated on the Fermi-level, and isotropy is generally
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assumed. Such assumptions hold rigorously for the so-called Holstein model of the
electron-phonon interaction, where the kernal is independent of momentum. However,
in the Barisic-Labbe-Friedel model of the electron-phonon interaction, there is
considerable momentum structure in the kernel, particularly in directions along the
Fermi surface. We have formulated Eliashberg theory for such a model in two
dimensions, and thus far we have found only s-wave-type superconductivity. More
recently, with Hirsch, we have investigated a novel type of electron-phonon coupling,
which may be applicable to the high-Tc oxides. In this model, the momentum
variation in the kernel only occurs in directions perpendicular to the Fermi surface,
and thus leads to large enhancements of superconducting T c for low hole densities, in
agreement with experiment. Further work is currently in progress.
3.5.2.6

Conductivity of Vortex Cores
T.C. Hsu

In two recent papers (T.C. Hsu, Phys. Rev. B46(1992)3680 and preprint) we have
developed a theory for the frequency-dependent conductivity of vortex cores in type II
superconductors. The theory takes into account the discrete spectrum of excitations in
the vortex core as well as pinning and dissipation. Recently, experiments at the
University of Maryland (K. Karrai et al., Phys. Rev. Lett. 69(1992)152; ibid.
69(1992)355) have been performed, which we are presently analysing on the basis of
this theory.
3.5.2.7

Level Repulsion in Spin Systems

T.C. Hsu with J.C. Angles d'Auriac (Centre de recherche théorique
à basse température, France)
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. Results have been submitted for publication and we
continue to search for applications of our results.
3.5.2.8.

Small Moments in Heavy Fermion Materials
T.C. Hsu and F. Marsiglio with W.J.L. Buyers (NCMS Branch)

The existence of very small antiferromagnetic moments in some Heavy Fermion
materials (e.g., UPt3 and URu2Si2) is an outstanding problem in Heavy Fermion
physics. This is a strange property because there is no natural 'large number' to
explain the small size (approximately 0.01 n%) of observed moments. We have begun
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a systematic study of small-moment magnetism in different materials and its
correlation with other measured properties. This system is another example of the
general field of strongly correlated electrons.
3.5.3

Fundamental Theoretical Science

3.5.3.1

Generalized Statistics and the Deformation of the General Linear
Supergroup and its Dual Space
M. Couture and H.P. Leivo

Since the general linear supergroup provides the underlying mathematical structure of
the Perk-Schultz solvable statistical model (PR-PHY-4:3.5.3.5 (AECL-10673)), the study
of the deformation of this group and its dual space is of potential interest to
physicists. Manin [Commun. Math. Phys. 123(1989)163], did a detailed analysis of the
deformation of the general linear supergroup. This algebraic structure, being of the
supersymmetric type, is characterized by "statistics" of the Bose-Fermi type (even and
odd generators). In previous work we found an algebraic structure which generalizes
Manin's algebra; it is characterized by statistics that interpolate between the bosonic
and Bose-Fermi statistics. Further progress has been made. We have discovered an
extension of this new structure which allows us to connect with Majid's transmutation
theory [Preprint DAMTP/91-10, 1991]. Our new algebraic structures are, in fact, a
deformation (q being the deformation parameter) of the commutation relations of
classical structures combined with a deformation of the statistics (a being the
deformation parameter). This implies that, for q = l, we are left with classical
structures whose statistics have been deformed.
We intend to investigate the
implications of this in the near future. Results obtained so far are being written up
for publication.
3.5.3.2

Group Invariants in Lattice Gauge Theories
H.C. Lee with T.W. Chm (National Taiwan University)

Extending the work on quantum holonomy on a lattice (PR-PHY-4:3.5.3.1 (AECL10673)), we have found a powerful application of group theory to lattice gauge
theories. This gives one a deeper understanding of what a quantum holonomy is and
at the same time allows one to compute quantum holonomy in higher representations
of the gauge group in an extremely simple way.
Previously, we have shown that when a quantum holonomy is evaluated in an
irreducible representation, it is equal to an eigenvalue times the unit matrix (for that
representation). In other words, for every irreducible representation, the quantum
holonomy may be viewed as a distinct mapping of the set of closed contours (on the
lattice) to the set of eigenvalues, one eigenvalue for each contour. These eigenvalues
represent a fundamental geometric property of the theory on the lattice. For
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example, in electromagnetism, the group is U(l) and all representations are onedimensional, so the above result is trivial. In this case the quantum holonomy is just
the magnetic flux (in the appropriate units) encircled by the contour. In QCD (for
the moment we consider the case without quarks), the group is SU(3) and the result
is no longer trivial. The eigenvalues characterize the phase (e.g., confining or free)
of the lattice. In practice, for large representations with correspondingly complex
structures, the construction of the mapping can be computationally quite difficult.
Our new method bypasses the necessity of working in any representation other than
the fundamental one. We have shown that if N distinct irreducible representations
occur in the decomposition of the mth-fold direct product of the fundamental
representation, then the quantum expectation value of the mth-fold direct product of
the holonomy is a mapping of a closed contour to N distinct eigenvalues, each being
the eigenvalue of the quantum holonomy corresponding to one of the irreducible
representations.
3.5.3.3

Quantum Holonomy on a Lattice
H.C. Lee with T.W. Chiu (National Taiwan University)

The work described in the previous report (PR-PHY-4:3.5.3.1 (AECL-10673)) has
been submitted to Phys. Rev. Lett, for publication.
3.5.3.4

Commutants of Quantum Algebras
H.C. Lee

The work described in the previous report (PR-PHY-4:3.5.3.2 (AECL-10673)) has been
submitted to Comm. Math. Phys. for publication.
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