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PREFACE
A completely new administrative structure of AECL Research vas implemented
on 1990 July 1. All of the basic physics programs, together with
accelerator physics, radiation applications and most of the chemistry
programs of AECL, have been placed in a new organizational unit called
Physical Sciences. This unit also includes the management of the National
Fusion Program. The research programs of Physical Sciences are grouped
into three divisions: Chemistry, Physics and TASCC. Progress in each
division will henceforth be reported on a twice-yearly basis. This report
is the first of the new series to be issued by the Physics Division.
Of special note within the period covered by this report was the successful
acceleration of over 75 mA of protons to 600 keV in RFQ1 making it the
highest current RFQ in the world. Our electron accelerator expertise has
been recognized by the award of one of the R&D 100 awards for the IMPELA
(10 MeV 50 kW) machine.
Considerable activity was associated with bringing the new dual beam
neutron spectrometer DUALSPEC to completion. This instrument has been
jointly funded by AECL and NSERC through McMaster University and will be a
central component of the national neutron scattering facility at NRU in the
1990's. A major effort was made with the writing of a Project Definition
Document for installation of a cold neutron source at the most opportune
time.
The Theoretical Physics Branch has been greatly honoured by the appointment
of the retiring Branch Manager, Graham Lee-Whiting to the position of
Researcher Emeritus. In this position he will pursue his interests in beam
dynamics for accelerators and write a book on mathematical methods.
This report is structured so that individual reports from the branches are
self-contained for ease of access by the different professional readers.
Each section contains an overview of highlights of branch activities as
well as a topical review. This volume features revievs on synchrotron
radiation, high temperature superconductivity and the location of drugs in
membranes.
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Vice-President
Physical Sciences
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1.2

OVERVIEW/ACCOMPLISHMENTS
J.H. Ormrod

The highlight of the past six months was the successful acceleration of over
75 mA (the theoretical space-charge limit) of protons to 600 keV in RFQ1. This
was achieved when the electron cyclotron resonance (ECR) ion source was installed
on the 50 kV injector.
The ECR source, developed specifically for this
application, has a much higher proton percentage and better emi'jtance than the
duoPIGatron used previously.
IMPELA won one of the R and D 100 awards. The development of this accelerator
is funded by the Accelerator Business Unit but is performed within the branch.
Initial results from the BEDROCS (Beam Ellipticity Dependence on Rotation of
Coupling Slots) experiment have shown a significant improvement in the transverse
shape of the final beam when the coupling slots on opposite sides of each
accelerating cavity are aligned.
CISR, the Canadian Institute for Synchrotron Radiation, was formed by CRL and
other Canadian scientists.
They held their first meeting in Toronto on
September 15 to discuss co-ordination of access to foreign facilities and
initiated a feasibility study towards the fabrication of a Canadian synchrotron
radiation facility.
The fourth technical interchange meeting on low-beta linacs was held at Chalk
River on July 19 and 20.
This is an annual review of the RFQi program.
Seventeen scientists from US laboratories attended and 18 papers were presented.
1.3

TOPICAL REVIEW

Synchrotron Radiation
Synchrotron radiation is produced when relativistic charged particles, usually
electrons, undergo centripetal acceleration in a magnetic field. The earliest
synchrotron rings used only bending magnets to produce the radiation in the soft
x-ray range, usually in parasitic operation, during nuclear or particle ^hysics
experiments. In the early 1980's high brightness, low emittance bendin o magnet
synchrotrons were constructed and totally dedicated for synchrotron radiation
users. Now a "Third Generation" of low emittance storage rings, using undulators
and wigglers, are under construction which give intensities approximately ten
orders of magnitude higher than conventional laboratory x-ray sources. These
unique and powerful tools play an important and essential role in many areas of
research in physics, chemistry, biology, geology, biomedical physics, materials
science as well as industrial applications particularly in the semiconductor
fabrication process. In a few years, several thousand researchers will be using
more than 40 facilities in 12 countries.
Canadian researchers have used facilities in the USA and in Europe for almost
twenty years.
The Canadian Synchrotron Radiation Facility (CSRF) at the
University of Wisconsin has been built up over the past ten years. In the past
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year, the Canadian Institute for Synchrotron Radiation (CISR) has been formed to
co-ordinate efforts for the establishment of additional facilities and eventually
a synchrotron radiation source in Canada. Synchrotron radiation has become- such
an important research tool in so many fields that more and better facilities will
be required. Initially these facilities will continue to be outside Canada and
organized in collaboration with other researchers.
An NSERC proposal for a
feasibility study for the eventual construction of a synchrotron radiation source
in Canada is being prepared by CRL, University of Western Ontario, University of
Saskatchewan and Simon Fraser University personnel. This study will consider
possible improvements beyond the superbly optimized but conventional "Third
Generation" sources. For example, use of superconducting magnets allows larger
apertures, shorter bends and stronger focusing. The use of superconducting rf
structures allows larger energy gain. Also, components are smaller and less
costly as has been demonstrated in many high energy physics accelerators and
compact synchrotron radiation sources. The study will explore the application
of these superconducting elements in low emittance storage rings. This is an
opportunity to provide Canadian experimenters with a state-of-the-art "Fourth
Generation" source and in the process bring this important and exciting
technology to the Canadian accelerator physics community.
This would also
position Canada for possible industrial exploitation of this important technology
in the future.
1.4

SUMMARIES

Ion Source Development
The initial development of the demonstration electron cyclotron resonance (ECR)
ion source was completed and the source was installed on the RFQ1 injector. This
source has a much higher proton fraction than the previously used duoPIGatron
source and the design beam current of the RFQ was achieved with a factor of two
reduction in extracted current from the ECR source. The gas feed rate was only
one fifth of that required previously.
The design of the prototype ECR ion
source with the solenoids at ground potential was finalized.
Ion Linear Accelerator Development
The full cw design current of 75 mA was accelerated through the RFQ, eclipsing
the previous record for cw current in an RFQ of 50 mA that was set by the FMIT
accelerator in Los Alamos five years ago. A four-aperture duoPIGatron ion source
provided the input beam. The RFQ transmission and output emittance were measured
under a variety of operating conditions. This completed a stage of the RFQ1
experimental program; the duoPIGatron source was then replaced by a four-aperture
electron-cyclotron-resonance (ECR) ion source. During the first day of operation
with the ECR ion source, 79 mA (105% of design and a new high for cw current in
an RFQ), was accelerated through the RFQ. The proton fraction with this source
is about 80%, very much higher than the approximately 35% of the duoPIGatron
source. The rf coupling loop was modified to improve its impedance match and
reduce fields in the ceramic window. The modified loop has performed flawlessly,
even at 120% of design power. Almost no deconditioning of the RFQ occurs during
overnight or even much longer shutdowns. After a two week shutdown, it took less
than one minute to reach full cw power levels. With the exception of the high-
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power cw klystrode tube itself, manufacture of the new 2 x 250 kU rf amplifier
system Is on schedule and meeting milestones. Machining of the new vanes (to
double the output energy of RFQ1) has started and is proceeding on schedule in
the supplier's shop. In-house welding and assembly tests were completed.
Electron Linear Accelerator Development
PHELA
An experiment was set up in the FriELA accelerator tunnel to investigate the
effects of the coupling slot geometry or; the beam optics of on-axis coupled
electron accelerators. This experiment has shown that the divergence and overall
beam quality can be greatly improved if the slots are aligned across the
accelerating cavity as opposed to being rotated through 90°. The results are in
agreement with calculations of beam optics using fields generated by the MAFIA
code .
T

Acceleration of Particles

Hydrodynamic simulation studies of laser generated plasmas and laser beam
propagation in such plasmas are in progress. Studies of particle acceleration
in large amplitude relativistic pls.sma waves have been carried out. The preamplifier system (Lumonics KP821) on the high power C02 laser system has been
completely overhauled and recommissioned.
Detailed designs of the various
components for the injection beam-line and the electron spectrometer are complete
and fabrication of the components is well advanced.
Superconducting Cyclotron
Beams developed in the current period include |:C at 50 MeV/u (the maximum design
specific energy) and 197Au at 5.5 and 8 MeV/u. A total of 33 beams have now been
accelerated and extracted. A new mount for the magnet discharge energy-absorbing
diodes is ready for installation. Additional bath cooling enables the diodes to
function safely during a ir.ains power outage. A new radial probe with individual
electrode cooling was tested in the cyclotron. The design requires refinement
to cope with high energy rf arc discharges. Computer files of field maps have
been produced in suitable form to be used as input by the group developing
differential algebra techniques for orbit tracking. Modifications to the iron
hill lenses could relieve high voltage requirements of the electrostatic
deflector.
Computations to examine the feasibility of this proposal are in
progress.
Synchrotron Radiation Source for Canada
The first annual meeting of the Canadian Institute for Synchrotron Radiation was
held in Toronto in September. Chalk River staff are contributing to a proposal
to NSERC requesting a feasibility study on a Canadian synchrotron radiation
source.

1-5
Application of Radiofreauencv Waves to Materials
The 1700°C furnace is installed and extension of the measurement range of rf
properties to 1400°C is almost complete. A new 2.4 GHz materials measurement
cavity with improved cooling is ready for testing.
Measurements on the rf
properties of alumina, glasses and ceramics continue.
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1.5

INDIVIDUAL REPORTS

1.5.1

Ion Source Development

1.5.1.1

Demonstration ECR Ion Source
T. Taylor and J.S.C. Wills

A systematic characterization of the ion source with a single 4 mm diameter
extraction aperture has been made. A selection of the data is shown in Figs.
1.5.1.1 and 1.5.1.2.
The resonance structure of the ion source was studied meticulously,
are shown in Fig. 1.5.1.3.

The results

The source was operated briefly with helium, oxygen and argon. The beam current,
for a given rf power and feed rate, was similar to that obtained with hydrogen.
With oxygen, the 0 + fraction was as high as 90%, the balance being 02'. A few
emittance measurements with helium showed the normalized rms emittance to be
s 0.04 ir mm-mrad.
The 50 kV waveguide break manufactured by Microwave Techniques Inc. (MTI) failed
catastrophically and was subsequently extensively modified by them. The corners
of the flanges were radiused, the stainless steel bolts around the periphery were
replaced with nylon bolts and the G10 insulators were coated with resin.
Nonetheless, the break failed again. MTI agreed to completely rework the design.
In the meantime, a waveguide break based on a circular choke flange with much
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more substantial voltage isolation was developed here and is working flawlessly.
Also, the maximum rf leakage from the CRL break at a transmitted power of 1 kW
is only 1 mW/cm2 (about two orders of magnitude lower than from the MTI break) .
The motorized three stub tuner developed here was installed and is performii g
well.
The ion source was reconfigured with four 5 mm diameter extraction apertures as
required for the RFQ1 injector. The proton fraction was typically 75% and the
beam current density was unchanged from th,if. with three 4 mm diameter extraction
apertures. Conditioning to 50 kV proved to be more difficult than expected. The
extraction column was disassembled revealing cracks between the apertures in the
acceleration electrode. The electrode was refaced with TZM molybdenum alloy
plate rather than bar.
This remedy had proved successful on an earlier
electrode. After about a week of operation at 50 kV, a resistive film developed
on the acceleration electrode causing continuous sparking.
The film was
attributed to the boron nitride shield that protects the quartz rf window. An
aluminum nitride (AlN) rf window was substituted for the combination quartz/BN
window. A quartz plate had to be inserted into the rf line to restore the match.
Although the AlN rf window cracked when the ion source was operated off match at
a higher beam current than required, the resistive film was eliminated. The time
between sparks at an extraction voltage of 50 kV was as long as 35 minutes.
The emittance of the ion source was measured as a function of extraction
potential at an extracted current of 150 mA. Emittance measurements were also
made as a function of extracted current, at extraction potentials of 40 kV and
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Fig. 1.5.1.4 Normalized rms emittance
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for four 5 mm
diameter extraction apertures.
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50 kV.
The measurements are summarized in Fig. 1.5.1.4.
At an extraction
potential of 50 kV, the minimum emittance (0.4 u mm-mrad, normalized rms) occurs
at a total extracted current of about 180 mA, corresponding to a proton current
of about 135 mA.
The demonstration ECR ion source system was removed from the Ion Source Test
Stand (ISTS) and installed on the RFQ1 injector
As reported in detail in
section 1.5.2.1.2, the design beam current of the RFQ was achieved with half the
extracted current and 20% of the gas feed rate of the duoPIGatron source it
replaced.
A backup demonstration ion source is being assembled or. the ISTS, largely from
existing components.
1.5.1.2

Prototype ECR Ion Source
T. Taylor, T. Tran Ngoc, J.S.C. Wills and E.C. Douglas (Mechanical
Design Branch)

The design of the second generation ECR ion source is shown in Fig. 1.5.1.5.
This prototype ECR ion source incorporates solenoids at ground potential isolated
from the plasma generator by an acrylic tube. The extraction column consists of
a glued assembly of insulators and extraction electrode holders fashioned so that
the electrodes can all be introduced from upstream.
The plasma chamber can
easily be reconfigured (for example, the rf feed is mounted on a separate
flange). Plastic fittings will be used for all water connections to minimize
corona.
The support stand and the carriages for the solenoids incorporate
insulators so that they can be used with the demonstration ECR ion source as well
as with the prototype.
POISSON calculations were m.sde to ensure that the electrostatic field enhancement
in the acceleration gap was minimized. The equipotentials corresponding to the
final geometry are plotted in Fig. 1.5.1.6. The proposed grooved acceleration
gap insulator was tested to 60 kV without sparking.
1.5.1.3

Ion Source Test Stand
T. Taylor, J.S.C. Wills and W.L. Michel

A rapid method was developed for the analysis of untransformed multiple beamlet
phase space plots.
The windows that encompass the individual beamlets are
defined automatically without operator intervention.
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.
Program
emphasis is currently focused on exploring the beam parameter space of RFQ1 and
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Fig. 1.5.1.5

Prototype ECR ion source.

the design and fabrication of new vanes to double the output energy.
work on components and subsystems for cw accelerators continued.
1.5.2.1

RFQ1 Injector

1.5.2.1.1

Operation with duoPIGatron Ion Source

Development

G.M. Arbique and M.H. Thrasher
Proton current in excess of the injector 90 mA design target was achieved with
the installation of a four-aperture duoPIGatron on the RFQ1 injector.
Figure 1.5.2.1 shows injector, and RFQ, output current measured with nonintercepting beam current monitors.
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monitors. Current intercepted on PBS
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For a given extraction column geometry and extraction voltage, there is one
current at which the beam divergence is a minimum. To first order, the emittance
of a multi-beamlet source is determined by the enclosing area for the beamlet
apertures in the extraction column, and the beamlet divergence
so minimum
divergence implies minimum emittance. We refer to this current at which we have
minimum divergence as the design or "matched" current for the source. For our
A-beamlet duoPIGatron source, this design current is about 250 mA (total ion
current) and the useful proton fraction accounts for about 80 mA of this total.
Operated at this current, about 65 mA of proton beam can be transported to the
RFQ. The proton current that makes it through the 60° bending magnet in the
injector is greater than 65 mA, but an aperture on the plunging beam stop (PBS),
at the exit of the injector (downstream of the injector beam current monitor),
acts to limit the beam size. Losses on this aperture are small for the minimum
emittance current above (typically less than 5%), but increase at other currents
as the beam divergence and hence emittance becomes greater.
When the source was operated "over-matched" (total ion current > 250 mA) , proton
currents greater than 90 mA were transported to the RFQ, although with increased
loss on the PBS and elsewhere in the injector. Higher "matched" current from
this source could be achieved by increasing the number of apertures (which itself
would increase the emittance), or by reducing the extraction-column gap if this
were possible . Although runs of up to 5 hours duration have been achieved at
50 kV with the present 6.4 mm extraction gap, the extraction column spark rate
averages about one per hour. This rate is considered marginal for operation so,
unless improvements occur, decreasing the gap would not seem to be an option.
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1.5.2.1.2

Operation with ECR Ion Source
G.M. Arbique, T. Taylor, A.B. Hood, B.H. Smith, M.H. Thrasher and
J.S.W. Wills

The ECR source (see section 1.5.1.1) was recently installed on the RFQ1 injector.
This source has a 10 mm extraction gap and was successfully conditioned to 50 kV.
The source produces parallel beamlets (instead of the 10 mrad inter-beamlet
divergence of the duoPIGatron) and the matched current (minimum divergence beam)
is about 180 mA. The proton fraction is about 7 5 % (vs. 3 2 % for the duoPIGatron)
and the H 2 gas flow required for operation is less than 5 SCCM (a factor 5 less
than for the duoPIGatron).
Figure 1.5.2.2 shows preliminary
results of the operation of this
source on RFQ1. Although the total
current is less, because of the
higher proton fraction, the proton
current at "match" is nearly twice
that for the 4-aperture duoPIGatron.
However, the current intercepted by
the PBS aperture is very much higher
(33% at match).
The problem is
apparently in the beam transport and
is characterized by beam "blow-up" at
proton currents above 60 mA.
A
similar although smaller effect was
noted with the duoPIGatron at similar
current levels (attributed at the
time to an increase in emittance from
operating "over-matched").
It is
hoped that an understanding of the
cause of this beam blow-up will be
found when emittance measurements are
made on the injector (planned for
next quarter when the RFQ is removed
from the beam line for "re-vaning").
1.5.2.1.3
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Fig. 1.5.2.2
Injector and RFQ output
currents for ECR source.

Beam Transport Calculations
G.M. Arbique

TRANSOPTR calculations have been carried out to model beam transport in the RFQ1
injector LEBT (low energy beam transport) line. The model incorporates measured
field distributions for the solenoid and bending magnets in the LEBT.
Modeling results for fully space-charge compensated beams are in poor agreement
with the experimental results in the LEBT. Predicted beam envelopes are larger
than those measured at the PBS and the magnetic field required to focus the beam
in the injector and RFQ entrance solenoid are underestimated by about 25%.
Modeling of beam transport with uncompensated space-charge current in TRANSOPTR
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is limited Co beams with uniform current distributions. While this is a poor
approximation for the multi-beamlet distributions transported in the injector,
single beamlet transport can be modelled if the space charge effects of
neighbouring beams are ignored. Reasonable agreement with measured solenoid
field values can be obtained under the assumption that there is about 3.5 mA of
unneutralized beam.
The modeling has been more successful in explaining the elliptical beam shape
observed in the LEBT. It shows that the asymmetry is caused by astigmatism in
the bending magnet edge-focusing optics. This astigmatism does not present a
serious problem to beam transport, and a correction to the bending magnet optics
is considered unnecessary.
1.5.2.2

RFQ1 Accelerating Structure

1.5.2.2.1

Operations
G.M. Arbique, F.P. Adams, M.S. de Jong, R.M. Hutcheon, J.Y. Sheikh,
T.Tran Ngoc, L.F. Birney and A.D. Davidson

There were problems returning the RFQ to service after the shutdown to replace
the ion-source light-link system, during which the high-energy end flange had
been removed for inspection. Initially, it was believed that the rf amplifier
was badly tuned, but this proved not to be the case as the problem was with both
the RFQ tank itself, and the rf drive loop. After breaking two loop ceramics
while trying to break through multipactoring levels, a ceramic coated with
chromic oxide was installed.
This ceramic behaved no better than the bare
ceramic. A window was installed in place of the exit beamline and, at low rf
power levels, a glow was observed inside the RFQ near the low energy end. The
low energy end plate was removed and considerable surface contamination was
observed around the tuner welds, similar to that observed earlier on the high
energy end-plate but much more severe.
The end plate was machined and reinstalled. It was then possible to break through the multipactoring levels and
a tank power of about 100 kW (80% of normal operating level) was reached, but
then arcing occurred at the loop and operation steadily deteriorated until the
ceramic broke. A new uncoated ceramic was installed and similar behaviour was
observed (although the ceramic was not broken).
The loop was taken apart and once again, there were signs of copper sputtering
on the inner conductor. The drive loop was modified to reduce the height of a
retaining lip and increase the spacing in the region where arcing occurred. This
changed the pattern of copper plating and erosion, but did not prevent arcing or
eventual destruction of the ceramic.
The loop was then modeled using the new code SEAFISH, a SUPERFISH-like code able
to compute complex-valued travelling-wave rf field distributions andVSUR's. The
calculations showed an electric field concentration at the end of the ceramic
cylinder where fracturing occurred (see Fig. 1.5.2.3 (a)). The modifications as
highlighted in Fig. 1.5.2.4 improved the design by: (i) giving a more uniform rf
field distribution through the ceramic (see Fig. 1.5.2.3 (b)), which reduced the
field stress by a factor of 2; (ii) improving the match of the loop (from a VSWR
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of 1.66 to 1.07); and (iii) eliminating standing waves between the ceramic and
the loop termination. This modified drive loop was installed and the RFQ was
conditioned to the full power without further mishaps. During several months
operation, to power levels exceeding 120% of design, this loop has continued to
perform flawlessly.
Significant deconditioning of the RFQ used to occur during shutdowns; typically,
it required 1/2 - 1 hour to reach design cw power after an overnight or weekend
shutdown, and even longer after a 1-2 week shutdown. With the modified loop and
the additional running time over the last few months, deconditioning during
shutdowns no longer occurs to any significant extent. After a recent two-week
shutdown (during which the RFQ was continually pumped by the vacuum pumps), it
took less than one minute to reach design cw power, ready to accept beam. After
one overnight, a mistake in the startup procedure attempted to bring the rf power
on immediately to design level.
The frequency setting was close enough to
optimum that the reflected power was not excessive, and the RFQ was actually
brought to design power, without sparking, in less than 1 second!
Experiments on RFQ using injected beam from the duoPIGatron source on the RFQ
were completed during this period. Experiments were focused on emittance and
transmission measurements to characterize the RFQ output beam parameters under
a variety of operating conditions. Experiments with the duoPIGatron have proven
the RFQ to be a robust and reliable accelerator. Reflected power trips in the
device are not a limiting factor and accelerated beam runs approaching 2 h have
been achieved. The RFQ is very tolerant to beam spill; currents in excess of
30 mA have been spilled in the accelerator without ill effect. The 75 mA design
current output for the RFQ was also achieved with the duoPIGatron source,
although the source was operated well above match end the RFQ power was increased
20% above normal operating levels.
While results from operation with the ECR source are still preliminary, the
design RFQ output current wa<; reached, and in fact exceeded on the first attempt
to accelerate beam from the source. In addition to providing a higher brightness
proton beam than was achievable with the duoPIGatron source, the ECR source,
because of its very high proton fraction, offers the possibility of direct
injection to the RFQ. With direct injection, there is no dipole magnet for
species separation, resulting in a shorter LEBT, and hopefully, lower emittance
growth.
1.5.2.2.2

Transmission Experiments
G.M. Arbique,
M.H. Thrasher

J.Y.

Sheikh,

L.F.

Birney,

A.D.

Davidson

and

Beam transmission for RFQ1, as a function of the input current to the RFQ, is
shown in Fig. 1.5.2.5. The RFQ was operated at design rf fields (1.5 Kilpatrick
peak surface electric field) and the ion source was a four-beamlet duoPIGatron.
Maximum transmission is about 80% for an input current of about 65 mA (the
condition at which the source is operating "matched" such that the emittance is
a minimum). Accelerated current is about 55 mA. Higher accelerated currents
were achieved by operating the source at a higher current, but leveled off in the
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(a)

(b)

Fig. 1.5.2.3
Rf field distribution in the gap between inner and outer
conductors and through the wall of the ceramic window a) before modification
b) after modification.
low 70 mA range as losses on the PBS increased and transmission in the RFQ
dropped off. The space-charge limit for the RFQ is about 75 mA. Transmission
is also decreased by the increase in input beam emittance that occurs when the
source is operated above or below "match". Beam scraping on the PBS aperture
tends to limit the emittance of th• beam to the RFQ and partially offsets the
increase in source emittance from operating off "match".
The data is in
reasonable agreement with the predictions of the RFQ design code PARMTEQ.
Peak transmission for beams from the four-beamlet source are about 5% lower than
that achieved for beams from the three-beamlet source. One cause for this is
that the emittance of the four-aperture source is 15% greater than the threeaperture source and in addition, the PBS aperture was increased in diameter by
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25% so that a higher emittance beam is injected to the RFQ. In addition, space
charge forces cause transmission to decrease with increasing current.

RECEN
OF RF DRIVE LOOP
©MATERIAL ADDED

4-Beamlet Injection
ot 1.5 Kilpatnck
(DuoPIGatron Source)

© GAP INCREASED

c
o

@ CAP DECREASED

en
in
F 0.8
en

c
o

h=07
O
Li-

ar

20

120

Injection Current (mA)

Fig. 1.5.2.4

RFQ1 drive loop.

Fig. 1.5.2.5 RFQ beam transmission
as a function of input current.

Figure 1.5.2.6 shows transmission as a function of the vane tip field for 65 and
27 mA input beams. The 27 mA data was obtained by operating the source with a
mixed H2/Ar gas feed, a means of reducing the proton current without: degrading
the emittance and gave a peak transmission of > 90%. Peak transmissions, and the.
decrease with decreasing rf field, agree fairly well with PARMTEQ predictions.
Operation of the RFQ at power levels above 1.5 Kilpatrick is limited by rf
overheating at the ends of the vane seal-gaskets. By briefly operating the RFQ
at fields 10% in excess of nominal and the source at a current in excess of
350 mA (" 120 mA protons), 75 mA was accelerated through the RFQ.
Transmission measurements with the ECR source are In progress. Due to the high
beam loss at the PBS aperture the source was operated well above match to achieve
the required injection current. The poor quality of the injected beam also
resulted in reduced RFQ transmission. The optimum transmission was in the low
70% range and began to roll off before the matched source current was reached.
1.5.2.2.3

Emittance Measurements
G.M. Arbique, B.G. Chidley and W.L. Michel

Emittance measurements on the RFQ output beam have been performed in the X
(horizontal, bend-plane of the injector dipole magnet) and Y (vertical)
transverse phase-space planes for a variety of RFQ operating conditions.
Figure 1.5.2.7 shows the measured RFQ output beam X-X' emittance for a 65 mA
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input beam from a 4-beamlet duoPIGatron source. The RFQ was at design rf field
(1.5 Kilpatrick) . The normalized rms emittance is about 0.04 n-mm-mrad. In the
Y-Y' plane, under identical operating conditions, the emittance is about 10%
larger.
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The RFQ output emittance for 4-beamlet 70 mA injection is in close agreement with
the emittance measured for 3-beamlet 55 mA injection, where, in addition to the
lower current, the PBS aperture was 25% smaller in diameter and the source
emittance was 15% lower. It appears that the RFQ acts as a transverse phasespace filter at higher beam currents, so that what one sees is a decrease in
transmission. At lower currents, PARMTEQ predicts a larger acceptance for the
RFQ and this is seen in the output beam where the emittance increases by a factor
of 1.7 as the accelerated current is lowered from 55 to 20 mA.
For transmitted currents of 50 mA, no measurable increase in output emittance is
seen when the rf fields in the RFQ are increased from 100% to 110% of design.
However, as the fields are reduced to 80% of design, the emittance increases
almost inversely proportional to the field. Output beam emittance was measured
for mismatches in the LEBT focusing which result in up to 10% reductions of beam
transmission. In general, these changes result in increases in output emittance
roughly proportional to the decrease in transmission.
The emittance also
increased when the beam injection energy was lowered from the design 50 keV; at
45 keV injection energy, transmission dropped by 30% and emittance increased by
25%.

1-17
1.5.2.2.4

Dipole Field Experiments
G.M. Arbique and L.F. Birney

The motor driven tuners have been used to introduce a dipole field in the RFQ
during beam operation. The tuners are situated in opposite quadrants and by
inserting one and retracting the other, rf power (and hence field levels) in
these quadrants can be perturbed in opposite directions. For 50 mA transmitted
current, beam transmission was unaffected by a 10% power imbalance, while for a
20% imbalance, transmission dropped about 10%. Neither case caused a change in
output beam emittance.
1.5.2.3

RF System

1.5.2.3.1

400 kW CW Triode RF Amplifier Status and Operations
J.Y. Sheikh and A.D. Davidson

The original reflected-power trip on the triode was designed to protect the
triode tube rather than the load. A second fast shut-down trip circuit has been
installed to remove the low level rf drive when high reflected-power is sensed
by a directional coupler located just before the RFQ drive loop. Both the rf
reflected power level (above which a trip should occur) and the time-delay (for
which the level should be sustained before actually removing the low level rf)
are adjustable. Nominal operating values are 35 kW and 150 ms respectively.
After the drive loop and conditioning problems were overcome, the rf system
operated well except for an incident where the tetrode filament line overheated
and had to be replaced. The failure occurred in a section of flexible cable made
from two 0000 welding cables. A new section was made and installed.
The old rf high-power load has been removed and discarded; a new 300 kW rf load
has been ordered to replace it. A 200 kW load is available for this purpose in
the interim.
It was decided not to repair the two RCA triode tubes that had been sent for that
purpose to Burle Industries. These tubes (in pieces) have been returned to CRL.
1.5.2.3.2

High-Power Klystrode RF System (HPKRFS)
J.Y. Sheikh

The Critical Design Review (CDR) meeting was held at Varian-Continental
Electronics Corporation (CEC) on l Q 90 July 23-24.
CEC gave a detailed
presentation on the system and their plans to meet our specifications, and these
were officially approved by the review team. With the exception of Varian-Eimac
who were late in starting and had used up their float, the program appeared to
be on schedule to meet the promised delivery of September 1991. However, it was
clear that any further delays in the tube development at Varian Eimac would have
a negative impact on the delivery schedule.
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The driver klystrode acceptance test meeting was held at Varian Eimac on 1990
September 24-25. The tests showed that the driver could meet specifications at
a beam voltage of 14 kV. The frequency, gain, bandwidth, phase-shift and second
harmonic content ail met specifications but CEC objected to a beam voltage higher
than 12 kV (nominal) because, based on an earlier specification by Varian Eimac,
they had procured a power supply with a 14 kV maximum rating, meant to operate
at 12 kV. Extending the tests down to 12 kV showed acceptable operation exce;.:
the test apparatus failed when operated at 100% duty factor. After relatively
minor modifications, the tube was retested, met all specifications and was
accepted by CEC in late October.
The assemDly of the first 250 kW klystrode tube is in progress. Following a
suggestion by P. Tallerico at the CDR, stainless steel rings were added to the
output cavity to strengthen it and prevent deformation due to thermal stress.
The first 250 kW and second driver klystrode tests were scheduled for midDecember but Eimac has reported problems with the 250 kW tube with beam
interception on the anode. Several solutions are being tried, but final testing
will be delayed by at least 1 month. Should acceptance tests be delayed beyond
31 January, it will impact system delivery by CEC.
The double stub tuner required by Eimac/CEC for testing the high power amplifier
system was shipped to Varian Canada in Georgetown, who then shipped to Varian
Eimac in San Carlos.
The preliminary design of the Bldg. 610 mezzanine and the transformer pads
outside, is complete. The plan is to proceed with the construction of these
items as soon as possible. Maintenance and Construction Facilities branch has
been contacted to run a 2400 VAC feeder from Bldg. 467 to 610. This work will
be co-ordinated with the digging of the area for the transformer pads.
1.5.2.4

New Vanes for RFQ1
T.Tran Ngoc and B.G. Chidley

A purchase order for the new vanes was given to Westinghouse Canada Ltd, Hamilton
and a technical meeting was held at their plant to agree on machining
specifications, hold points for inspection, and special machine tool
requirements.
Uestinghouse have completed gun drilling one 13mm (1/2") diameter cooling channel
on a 50 mm high full length test piece and have it ready for their quality
control people to develop a technique for inspection of the hole straightness.
They have also completed the rough cut for the 5 vane blanks (4 vanes and 1
spare), and the vane fabrication is now a full time job in their shop.
Helium-shielded tungsten-arc welding has been used successfully to produce vacuum
tight joints at plugs and spigots on a 300 mm long Glidcop AL-15 test section of
the new vane. To minimise distortion and avoid decreasing Ltie material strength
there was no preheating of the work piece other than by the welding torch itself.
OFHC copper welding rod 1.6 mm in diameter was finally selected as the most
suitable filler material due to its relatively good flow characteristic and high
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electrical conductivity. In the process, an improved joint design for the VCR
spigot was developed which facilitates both welding and dressing of the weld
beads. Local distortion of the test piece from welding is acceptably small and
confirms that welding can be done after finish machining of the vanes, thus
simplifying the fabrication procedure.
The tip modulation profile for the new vanes has been converted to instructions
for a numerically controlled milling machine at Westinghouse Canada. During this
conversion, a number of minor difficulties were noted in the original reference
design. The length of the new vane must be exactly the same as the old one, and
in the original reference design this had resulted in the final cell being only
partial length. In addition, the machining techniques are slightly different
from those used for the original vanes and employ a cutter angled at 45°. This
places restrictions on the profile - particularly in the end cells. A modified
reference design has been produced and the milling machine code has been verified
and accepted by Westinghouse. Normal milling will be used for the rough cut, but
for the finish cut, climb milling will be used to improve surface finish.
1.5.2.5

Mechanical Engineering for CW Accelerator Components
T.Tran Ngoc and F.P. Adams

Design, fabrication and installation of a new alignment telescope stand is
completed. The new stand is sturdier and offers more flexibility and accuracy
in positioning the alignment telescope. Design of a new vane alignment target
is also completed.
In collaboration with Los Alamos National Laboratory, the Q and rf conductivity
of GlidCop AL-15 copper are to be measured at cryogenic temperatures (20 - 35 K) .
Machining of the segments to form the test resonant cavities was completed and
they have been sent to LANL for copper plating and brazing . Two segments will
be returned to us after plating for a brazing run in our furnace. Work is still
under way in our shop to braze this material using nickel plating as a barrier
against the diffusion of the silver constituent of the brazing alloy. Initial
attempts with nickel plating and brush copper plating failed to yield good vacuum
tight joints between the resonant cavities halves.
A new design was completed, and samples were successfully tested, for the
end of the vane-coupling-ring (VCR) spigots. The heat conduction to the
copper vane body has been significantly reduced such that soldering of the
to vane spigots can now be performed with a lower temperature propane
instead of the oxy-acetylene one previously required.
1.5.2.6

front
solid
VCR's
torch

Instrumentation for CVI Accelerators
B.G. Chidley, W.L. Michel and B.H. Smith

The main display and control program for the TAURUS host computers was modified
to accommodate changes associated with the new light link, add provisions for the
ECRIS and new features for some displays, and include changes to improve program
speed.
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Problems were encountered on the RETICON beam-profile monitors with reflections
from the straight through beam stop. These were aggravattJ by the lower light
levels associated with ECR source beams (because of the lower vacuum and lower
molecular-species current), but were overcome by changing the angle of the camera
mount.
The emittance measuring unit (EMU) was modified to use a horizontal slit to
measure Y-Y' emittance. The drive motor for the main-slit horizontal motion
failed and was replaced with a smaller motor and a 10:1 stepdown gear drive.
Torque from the main slit vertical motion motor, even with a 10:1 stepdown, is
marginal and has given persistent problems. A 25:1 gear drive is being acquired
for this motor.
The linear potentiometer position indicators are still noisy during movement.
Some are worse than others, but the problem exists with all indicators and
appears to be due to wiper bounce from vibration introduced by the stepping
motors.
Software rejection of bad readings has been done to get useful
information from existing runs, and a pair of potentiometers has been returned
to the manufacturer to increase the tension on the wiper springs.
1.5.3

Electron Linear Accelerator Development
J. Ungrin

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, R.J. Burton, E.R. Gaudette, G.F. Morin and J. Ungrin

An addendum to the PHELA safety document was issued describing the BEDROCS
experiment and related safety issues. The proposal was approved by the
Accelerator Safety Committee, and the BEDROCS accelerator beam quality study has
since been set up within the PHELA tunnel.
The first BEDROCS structure, originally assembled about ten years ago as part of
the accelerator bakeout experiment (ABE) program, was recently installed and used
to accelerate an electron beam to 5.1 MeV. An image of the beam's cross-section
made at a point two metres past the end of the structure shows that the beam is
diverging by as much as ± 4.0 mrad as it leaves the accelerator.
The beam cross-section is cruciform, rather than round or elliptical. The arms
of the cross were twice as long in one direction as in the other. The longer
arms are parallel to a line joining the centres of the coupling slots in the exit
wall of the first accelerating cavity. The cruciform beam spot may be formed by
superimposing two ellipses with different ellipticities at right angles. The
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different ellipses could result from electrons accelerated off the synchronous
phase.
The second BEDROCS structure is identical in internal construction to the first,
but has coupling slots aligned across tha accelerating cells. It was fabricated
from existing segments left over from the MEDAC program. Tuning procedures from
the MEDAC program were used although modern equipment (HP network analyzer
connected to PC computer) simplified the rf measurements. The structure was
brazed successfully and subsequent bead pulls were made using both frequency and
phase-perturbation measurements, producing field distribution measurements which
look the same. The final bead pull showed an acceptably even field distribution,
indicating that the structure was correctly tuned. The structure was installed
and successfully operated with a minimum of conditioning.
The accelerated electron beam from the new structure using a slightly larger
diameter electron gun cathode was also found to have a cruciform cross section,
very similar to that produced by the first structure. The maximum divergence
however was only ± 1.0 mrad. The electron gun from the first accelerator is
being ir tailed on the new accelerator for further studies. The gun requires
careful bakeout and conditioning of the new structure for proper operation, and
that conditioning is still underway.
1.5.3.2

PHELA
F.P. Adams, E.R. Gaudette and D.L. Smyth

A number of minor changes were made in the facility to accommodate installation
and operation of the BEDROCS experiment. Beams at 10 and 13 MeV were used during
the period for the development of high dose dosimetry and for the commercial
irradiation of topaz to induce colour centres.
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 isotope separation by multi-photon ionization.
Experiments are underway to study plasma-based collective accelerator concepts,
in particular the laser plasma beatwave acceleration concept.
1.5.4.1

Hydrodynamic Simulations of Laser Plasmas
N.A. Ebrahim, R. Rankin and C.E. Capjack (University of Alberta)

We are conducting studies of plasma generation by focused laser beams and
propagation of laser radiation in low density plasmas. Both of these problems
are relevant to our studies of laser particle acceleration in plasmas.
The plasmas are produced by the non-resonant ionization of neutral gases by
intense laser fields. This process is separated into two regimes by the Keldysh
(Zh. Eksp. Teor. Fiz 47, 1945 (1964)) tunneling parameter y - (Eioy2*pi^)'': where
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£,„, is the ionization potential of the atom or ion. i^ is the ponderomot ive
potential of the laser, which is the average kinetic energy of an electron in the
l.TSt.r field given by ^ ( e V ) = e2e2/h mur where e is the electric field strength
of the laser.
In the Y > 1 regime, ionization is generally described as a
imiltiphoton process, in which an atom or ion simultaneously absorbs N photons.
In the y < 1 regime, the ionization is described as a tunneling process. In our
experiments with a CO, laser at high laser intensities (large e) and low
frequency (u) we are in the tunneling regime with y < 1.
We are studying the interaction between a laser pulse and a plasma medium with
a
two-dimensional,
cylindrical,
time-dependent,
paraxial
wave-equation
computational code which accounts for refraction, diffraction, laser light
absorption and intensity-dependent tunneling ionization. Preliminary results of
our studies suggest that a plasma medium with electron densities up to 10'" cm'3
should be possible by this technique.
1.5.A.2

Theoretical and
Acceleration

Particle

Simulation

Studies

of

Plasma

Beatwave

N.A. Ebrahim and S.R. Douglas (Mathematics and Computation Branch)
We have conducted studies of single particle motion in relativistic electron
plasma waves for conditions relevant to our experiments. A number of different
approaches have been used in these studies. The one-dimensional calculations do
not completely model the experimental situations, but give a great deal of
insight into the dynamics of particle motion in large amplitude electron plasma
waves. In the "phase space" representation, we can follow the motion of trapped
and unVrapped particles, the minimum injection energy and the maximum energy that
cap. be expected. With this model we have been able to optimize the experimental
conditions and predict the expected energy spectrum as well. A two-dimensional
problem is studied with a fluid-particle hybrid simulation computer code which
models our experiments more closely. For instance, this has allowed us to study
cho effect of radial fields in the plasma accelerating region, the optimum
injection energies and phases and the critical beam dimensions for significant
acceleration. A generalization of this model to three dimensions will be made
in order to take into account the finite emittance of the incoming particle beam.
1 .3.4.3

High-Power CO, Laser System
N.A. Ebrahim and E.B. Selkirk (Physical Chemistry)

One of the Lumonics 821HP laser systems, which is used in a four-pass preamplifier configuration, has been overhauled. This followed persistent arcing
and serious damage to both the high voltage module and charging supplies. The
discharge electrodes were fully disassembled and cleaned.
The bank of high
voltage pre-ionizer capacitors were cleaned and tested. The pre-ionizer capelectrodes were cleaned and damaged caps replaced. Both the pre-ionizer and main
gaps were then reset to meet Lumonics specifications.
To further minimize arcing, the gas mixture input line was modified to introduce
low ionization potential, powder ferrocene into the main discharge in a vapour
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form from a heated reservoir maintained at approximately 75°C. Tests of the preamplifier system indicated a significant improvement in the performance and
reliability of the system.
A set of permanent laser pulse monitors were installed on the low energy end of
the laser chain. These monitors consist of photon drag detectors enclosed in rfshielded copper enclosures to reduce noise levels. The switched-ouc pulse and
the pre-amplifier pulses can now be monitored routinely with this system.
Effort is underway to install, commission and operate an additional
fully
tuneable oscillator to be integrated with the main electro-optic switch, preamplifier and amplifier system.
A new low pressure laser system and the
associated power supplies and trigger electronics have been fabricated and
tested.
A diffraction grating used as a rear mirror is being installed to
generate tuneable output from the single-mode oscillator for chemistry
experiments.
This approach of integrating an independent oscillator for
wavelength-tuneable experiments will avoid the necessity of system reconfiguration with frequent wavelength changes, that are necessary in the
chemistry experiments.
1.5.4.4

Linear Electron Ace — ^ ...or System
R.T.F. Bird and N.A. Ebrahim

Electronic circuitry to control and maintain voltage stability from the high
voltage modulator as a function of pulse repetition frequency was fabricated,
installed and successfully tested.
This gives us more flexibility in the
operation of the accelerator system.
A vacuum leak in the SLAC electron gun resulted in the removal of the gun from
the accelerator and a complete dismantling of the electrode assembly and vacuum
envelope. A cracked flange weld was repaired and the gun system reinstalled and
recommissioned on the accelerator.
1.5.4.5

Electron Injection Beamline Design Calculations
N.A. Ebrahim and J. Diserens (Mathematics and Computation Branch)

The magnet design computer program POISSON has been used to optimize the
mechanical design of the electron injection beamline dipole bending magnets.
Detailed calculations of the fringe fields have been used to generate input
parameters for TRANSOPTR calculations of the beam dynamics. However because of
the large ratio of the pole gap to bending rr.dius it was felt essential to
perform the full three-dimensional calculations of the fields. We have now used
a 3-D finite element computer program TOSCA to calculate the gap as well as the
fringe fields of the 60° bending dipole magnets.
Field index parameters
calculated from these results were then used as input parameters for TRANSOPTR.
TOSCA has also been used to model the quadrupole singlets and the broad-range
electron spectrometer which also have a fairly large pole gap to radius ratio.
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We have now set up TOSCA to track particles through the individual elements of
the injection beamline for comparison with TRANSOPTR calculations.
L. 5. 4 . 6

Electron Injection Beamline Components
N.A. Ebrahim, R.T.F. Bird and D. Proulx (Mechanical Design)

The electron injection beamline consists of a quadrupole triplet at the exit end
of the electron linear accelerator followed by four quadrupole singlets and three
6l)° dipole bending magnets with an expected final focus of 300 jim in the laser
plasma interaction region.
The detailed designs for the three 60° dipole bending tnagnets were completed and
fabrication of these elements is well advanced. The four quadrupole singlets
wore fabricated by modifying existing quadrupole doublets. The detailed designs
for the vacuum chambers for the dipole bending magnets and the interconnecting
vacuum lines were completed and the fabrication of these components has been
completed as well.
Installation of the various components of the injection beamline has been
started. The main support structure for the beamline was designed, fabricated
and assembled. Installation of the power supplies for the magnetic components
has been completed. Wiring for the power supplies and control systems is well
advanced.
1.5.4.7

Electron Spectrometer and Detection System
N.A. Ebrahim, E.B. Selkirk (Physical Chemistry), R.T.F. Bird and
D. Proulx (Mechanical Design)

Detailed designs for the broad-range electron spectrometer were completed. This
device is a modified Browne-Beuchner type of spectrometer with a quadrupole
-sii;glet at the input end. It is designed to cover an energy range of 5-60 MeV
in two steps (5-30 MeV and 10-60 MeV for magnetic field settings of 0.3 T and
0.6 T respectively). Fabrication of this device is underway.
A multiple port vacuum chamber for the electron spectrometer was designed and
fabrication is underway.
The vacuum chamber has seven exit ports which
accommodate the electron detection system. This system is modular, each module
'.•on.sisting of a titanium vacuum window followed by a NE102A plastic scintillator
and a Hamamatsu 647-01 photomultiplier tube, both of which are enclosed in a mild
stool housing to provide magnetic, rf and radiation shielding. This system is
currently under construction.
1 .5.4.8

Data Acquisition System
N.A. Ebrahim and E.B. Selkirk (Physical Chemistry)

We have designed and are acquiring a data acquisition system for the detector
array on the electron spectrometer. Because of the short duration of the signal
pulses (typically 1 ns) and the fact that the signals are generated
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simultaneously, it is not possible to use a multiplexer and a single ADC as is
usually done. Instead the system has to be built up from multiple independent
channels. We have selected a CAMAC based system with a DSP Model 6002 crate
controller and a DSP Model PC004 interface card which interfaces with an IBM PC.
The photomultiplier signals are then fed through a Phillips Scientific Model 778,
16-channel variable gain charge pre-amplifier and a Lecroy 12-channel charge ADC
Model 2249W.
The system has a built-in flexibility to allow for future
expansion.
1.5.5

Heavy-Ion Superconducting; Cyclotron
J.A. Hulbert

The Chalk River Superconducting Cyclotron is operated by TASCC Accelerators and
Development Branch.
Accelerator Physics Branch provides assistance in
commissioning, maintenance and operation and in the design of improved components
to enhance performance and reliability.
Operation of the cycle .:ron continues to prove the original design. During the
current report period a beam of 140 nA of '-C, 50 MeV/u (the design maximum
specific energy) was extracted. The mass range of extracted beams was extended
up to 197Au at 5.5 and 8 MeV/u.
1.5.5.1

Cyclotron Operation - Orbit Centering
C.B. Bigham

A centred orbit provides a well-defined starting point for a study of
improvements to extraction efficiency. The cyclotron diagnostic tools cannot
provide complete, unambiguous data on beam orbit centring from measurement on a
single beam setup and centring may not depend only on the correction of
reproducible spatial harmonic magnet errors.
The centring corrections obtained by systematic first harmonic adjustments using
the trim rods have been tested for beams as different as I2C, 40 MeV/u and "Au,
8 MeV/u. The same corrections give effective centring out to the radial range
of trim rod #8 where significant decentring starts for several beams. Either we
have not yet found the proper universal corrections or we will have to resign
ourselves to adjusting each beam differently at the outer machine radii.
At low energies (small total numbers of turns) we have demonstrated that the beam
can be accurately centred out to the final turn. However, strong scalloping of
the orbits at low magnetic fields can result in loss of intensity before the beam
reaches the entrance to the extraction channel, so that these centred beams
cannot be extracted even though the orbit separation is large enough. Decentred
beams are extractable, but at low efficiency, because the fringe field effects
result in transverse beam growth making the beam too large for the channel
aperture.
A compromise practical procedure will be required to maximise
extraction efficiency for low energy beams.
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1.5.5.2

Cyclotron Maintenance - Magnet Power Supply
J.A. Hulbert and L.W. Shankland

With the help of electrical maintenance personnel, the Vario transformer was
given its annual cleaning and the carbon contact rollers checked. Four rollers
were found seized and were replaced. The roller failure is consistent with
previous maintenance experience.
The present magnet control software has operated satisfactorily for well over a
year. Slow long-term offset drifts in analog amplifiers in both the voltage tap
monitor and in the hardware interlock circuitry have produced system conflicts,
which lead to magnet dumps. Another problem was traced to errors in a hardware
failure logging subroutine.
These problems have been reviewed as they have
occurred and the software revised to minimize the adverse effects of drifts, to
ensure that failures are logged correctly and to provide more explicit diagnostic
messages for the operators. More experience of failures may be necessary to
fine-tune the error messages.
1.5.5.3

Magnet Control Upgrades
J.A. Hulbert, C.R.J. Hoffmann, L.W. lihankland

Design of the repackaging of a number of peripheral units of the magne :
controller has been passed to Plant Design for the preparation of final
construction drawings. This work will combine interfaces between CAMAC and the
analog voltage tap monitor circuits with the controller mass memory, and make
more efficient use of space in the instrumentation racks.
A set of water-cooled high-power silicon diodes is used as an adaptive loid for
the final stages of the magnet discharge. In a review of the magnet syst'jm it
became apparent that the diode cooling flow could be interrupted, say, in the
evt-nt of a power failure. Failure of the diodes could result in damage to the
magnet winding.
A new diode mount has been manufactured and is ready for
installation. In the new mount, the number of diodes has been doubled to reduce
the power loading, and the forced flow channel cooling has been augmented by
cooling blocks immersed in a water bath. The bath heat capacity is adequate to
maintain a safe diode temperature during one full magnet discharge.
The initial draft of the software for an extended controller which will
communicate with the new interface to the magnet power supply is complete. The
extended controller will enable the magnet current to be set and adjusted from
the control room, via the main CAMAC serial highway, and with a minor addition,
could allow automatic magnet excitation compensation for pole heating at high
cyclotron rf power. To enable complete testing and debugging of the extended
controller software, a simulator scheme has been designed and implemented. A
library of simulated CAMAC access routines substitutes for the normal, welltested access routines. Simulated CAMAC reads, writes and commands are dealt
with at the operator's console. The scheme permits a mixture of simulated,
operating and manual CAMAC modules to be used in the tests, so that hardware
functions and interrupt service routines may be properly exercised. Some initial
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difficulties related to the requirements for a two-crate hardware assembly, twocrate interrupt operation and the idiosyncrasies of the real-time system clock
have been overcome, and the simulator routines have been proved.
The final
testing of the full software system is well in hand.
1.5.5.4

Foil Changer Upgrade
C.R.J. Hoffmann and J.F. Mouris

A replacement foil identification system is being designed, which will feature
an absolute, optical shaft encoder to monitor foils. The encoder shaft will make
precisely one rotation per complete circuit of the foil transport chain. The
chain has 33 equally spaced foils and this system is intended to identify which
foil is in position to intercept the beam. The same model of shaft encoder will
also serve as a replacement for the one in the foil positioning system. The
existing identification system is based on a single-turn, rotary potentiometer,
which is wearing out and the system has become unreliable.
A gate valve that isolated the foil changer vacuum envelopes has been rebuilt
with a modified stainless steel housing that has an extension at the bottom.
Foils that are dropped during transit through the valve will now fall clear of
the valve sealing surfaces. The modified valve has been tested and is ready for
reinstallation on the foil changer system.
1.5.5.5

Extraction Channel Development
C.R.J. Hoffmann, J.F. Mouris and L.W. Shankland

Development and testing of high-voltage feed insulators continued, with emphasis
on ceramic materials (Macor or alumina) rather than Teflon as the main
constituents of the insulators. Alumina components (99.5% Al:03) were received
from a commercial manufacturer. One alumina feed insulator is being prepared for
high-voltage testing. The cathode-side of the alumina was coated with a thin
layer of Cr;03 for reduction of secondary electron emission at the cathodeinsulator vacuum joint, and a stainless steel anode ring has been fabricated and
fitted onto the alumina. A Teflon lining remains to be installed. The lining
design had been tested previously in a Macor feed insulator, which subsequently
was installed in the cyclotron and used for several months.
A Macor feed insulator has been developed, which allows connection to a watercooled deflector electrode system (developed by W.T. Diamond, TASCC A&D Branch)
and supplies the cooling water. This insulator does not have a boron-nitride
sleeve at the cathode for secondary electron emission reduction. A Teflon flange
at the cathode-end provides a surface for making a water-tight, vacuum-tight 0ring joint, and also provides adequate mechanical support for the electrode.
This design has Teflon flanges at both ends, and therefore requires that a joint
be made in the Teflon lining inside the bore of the Macor. This is a lap joint
with the mating surfaces etched and epoxied together.
A plausible method for supplying high-voltage to an intermediate electrode
assembly, independent of the deflector electrode supply, has been devised. The
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strategy, similar to that for the feed insulator, is to have a resistor formed
from flowing high-resistivity water in the bore of a post insulator, to provide
isolation and protection from sparks and rf pickup. This insulator would be at
the location of the existing deflector support insulator, which would be
abandoned in favour of other insulators to provide support to the deflector
electrode. The cross-section dimensions of the high-voltage cable and water path
components are roughly half those of the feed insulator. The extreme operating
voltage on an intermediate electrode would be -50 kV. A vacuum chamber has been
designed to test a model intermediate electrode and the proposed high-voltage
iced system in a modest magnetic field of about 0.5 Tesla. Installation of this
hlj;!. voltage system in the cyclotron would require removal of the upper dee stem.
Diagnostic instrumentation was installed in the cyclotron to measure leakage
currents on the surfaces of the support and feed insulators. The measurements
showed that surface leakage is not a significant contributor to the total leakage
current.
Technical support was provided to Deep River Science Academy personnel in the
operation, maintenance and repair of the high-voltage test stand and equipment
associated with it, which they used for deflector electrode development studies.
Modifications to the helium flow panel and installation of system variables, now
allow the coolant flow for the extraction channel current leads to be switched
from the standby level to operational conditions directly from the control room.
1.5.5.6

Diagnostic Instrumentation Development
J.A. Hulbert and J.F. Weaver

Two new probes with individually-cooled electrodes were completed for tests in
the cyclotron. These probes had plug-in heads with demountable connections for
electrical and water services. One head was fabricated in stainless steel with
!lnipiir insulators and the other had a one-piece body design in Vespel (polyimide
resin). The Vespel material had been adopted at a late stage in development when
the Mncor proved subject to stress failure after a few cooling cycles.
Unfortunately, the first test of the Vespel probe took place in a development run
in which the rf was run at high-power, high-frequency and in it-mode, the worse
russible condition-:. Before the probe could produce a useful beam signal, an ri
.uv destroyed the probe vacuum seal to the barrel. The backup vacuum in the
IU"(J!>I' barrel masked the extent of the damage until the probe was later removed
for visual inspection.
Kxari.ination of the probe after the arc event leads to the following conclusions:
(1) The construction of the head using stainless steel cooling tubes epoxied
into a Vespel body was proven in the test because this part survived.
<?.) The design specification requiring five fingers to detect axial beam motion
is too restrictive on the limited space available. Until the design is
pi oven only three axial fingers should be used, which would provide more
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space in the probe tip to support and
The seal failed for a combination of
to the barrel entering the cyclotron,
sustained arcing, and the use of 22O"C
barrel.

cool the barrel-to-head vacuum seal.
reasons, including mechanical damage
cooling to the seal inadequate under
solder to secure the seal ring to the

(3) Adequate arc detection and protection must be provided for the cyclotron rf
cavity. In recent operation, arcs to the radial probes have caused damage
to the cavity liner which could be serious if unquenched arcing were allowed
to continue over a long period.
(4) The wire radial beam pickup is easily melted by moderate begins.
Consideration should be given to using an edge-on strip rather than a wire,
to provide increased radiative cooling.
Design solutions would then need to include a stronger probe barrel tip, using
a precipitation-hardened copper alloy with a thicker section, all- brazed barrel
jointing, and additional water cooling round the head vacuum seal.
1.5.5.7

Computation and Code Development
C.R.J. Hoffmann

A study is in progress to explore the feasibility of enhancing the deflection of
an extracted beam in the hill lenses, and thereby ease demands on the
electrostatic deflector for extraction of lighter ions, for example, 50 MeV/u
carbon. The idea is to change the dipole fields in the hill lenses, by adding
appropriately shaped iron pieces, so that the beam will be deflected outwards
more in hill lens 1, and less in hill lens 2. The net result would be that the
beam should arrive at a reference point at the entrant*? to the magnetic channel
with the required radial momentum, for less electrostatic deflector voltage than
is required at present. Preliminary calculations suggest that the deflector
voltage might be reduced by up to 20% if the dipole fields of the lenses are
modified by 0.1 Tesla. Practical iron configurations have been chosen for the
lenses and calculations are in progress to devise suitable compensation pieces
for the average and first harmonic perturbation fields that would be generated
in the acceleration region. Detailed field maps will be calculated to assess
effects on the accelerated beam and the performance of the extraction system with
the revised hill lenses.
Magnetic field maps were calculated for the superconducting windings of each of
the three independent steering segments and the gradient segment of the magnetic
extraction channel. Each map covered all of the acceleration region. The code
SUPERGOBLIN was modified to use the new field maps. These maps will allow the
variable perturbation fields from the channel windings to be included in the
cyclotron set up and other calculations.
Measured magnetic field map data were transferred to magnetic tape storage on the
NOSVE system (with B.W. Ostrom, Mathematics and Computation Branch) and checked.
This data consisted of 48 separate maps, each covering the full acceleration
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region of the cyclotron, and is the primary resource data to set up the cyclotron
magnet for a given ion.
A set of 48 field maps, each covering 360 degrees, was calculated for use in a
TASCC program (G. Pusch, TASCC Accelerators and Development Branch) which will
represent the cyclotron magnetic field analytically, as required for development
of a cyclotron orbit code based on differential algebra.
Various program packages were assembled to assist colleagues in analysis of trim
rod effects in the cyclotron. These included identifying trim rod settings to
generate specific first harmonic fields and analysis of empirically adjusted trim
rods to get the harmonic content of the trim rod fields.
1.5.6

Synchrotron Radiation Source for Canada
C.B. Bigham and N.A. Ebrahim

The First Annual Meeting of the Canadian
(CISR) was organized for 1990 September
attended.
The business meeting included
incorporation of CISR. Letters patent for

Institute for Synchrotron Radiation
15.
Twenty-one of forty members
discussions of the application for
CISR were issued in December.

A proposal to request NSERC funding for a feasibility study on a synchrotron
radiation source for Canada is in the final stage of preparation.
The
feasibility study will include studies of a "fourth generation" facility which
will use high field superconducting dlpoles and quadrupoles and superconducting
accelerating structures and cavities. This approach will compress the lattice
and hence reduce the circumference of the synchrotron ring by a factor of 3 and
reduce the cost. We have generated a conceptual design for the ring and the
superconducting dipole magnets.
1.5.7
1.i . 7.1

Single Cell Accelerating Cavities
High Tr Superconducting Accelerator Cavity Development
C.B. Bioham

The following was abstracted from recent literature:
Thin films of high Tc superconductor on dielectric substrate, with 1 cm2
dimensions and suitable for rf resonator circuit elements, are now available
commercially. These are used to construct resonators, filters and delay lines
in the 10 GHz frequency range with properties significantly better than those of
the conventional gold circuits.
A high Tc pick-up coil has been developed for KRI systems. Sensitivity is better
than with conventional copper coils.
Conducting fibers have now been fabricated into conductors able to carry 10 A at
50 K.
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A magnetic shield for medical applications
superconductors.

is under development using bulk

There is a report of superconductivity in LaCa2CO3O6t), with a critical temperature
at 227 K, well above the 130 K established for the Thallium superconductor.
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, J.E. McGregor, G. Woods
(Fuel Engineering Branch), P. Hayward (Whiteshell) and P. Lucuta
(Fuel Materials Branch)

Work continues to develop cavity-based systems for the measurement
properties and to measure the properties of selected materials.

of rf

The new 1700°C furnace has been installed and tested, and a new system to extend
the measurement range to 1400°C is almost complete. Measurements on magnesia to
1100°C have shown its loss to be at least four times lower than that of the
present fused silica used in our sample holders.
A set of magnesia sample
holders were purchased from Custom Technical Ceramics in Arvada, Colorado. A new
TMfliQ 2.4 GHz cavity with improved cooling in the central or on-axis region was
built and is ready for testing. Calibration samples of oriented single-crystal
sapphire (cylindrical axis along C axis, c' — 10.55) were ordered to improve
accuracy of measurements on aluminas.
A new OFHC copper brazed multimode cavity to operate between 400 and 3000 MHz is
being built, as the previous welded aluminum multimode structure has proven to
be quite unstable, and has a large temperature coefficient, possibly because of
built-in mechanical strains.
Studies on specific materials include:
(a)

Studies of Low Loss Alumina for RF Applications

Samples of seven aluminas used for microwave windows are being studied, with the
object of correlating the ceramic microstructure and composition with the
microwave loss properties.
(b)

Comparison of the Dielectric Loss of Amorphous and Crystalline Phases of a
Material

Previous studies of Nepheline Syenite mineral showed the intrinsically higher
dielectric loss of an amorphous phase. Glass ceramics are materials which are
easily made in an amorphous phase and then recrystallize at an elevated
temperature without "melting". Lithium silicate glass was prepared, and during
subsequent recrystallization at 600°C in the dielectric measurement apparatus,
the electrical conductivity at 2400 MHz was found to be so high that sensible
measurements were not possible. This was assumed to be due to the highly mobile,
small, lithium ion in the structure. A sample of barium silicate glass will be
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tried next, in an attempt to decrease the conductivity to a low enough level that
the recrystallization process may be followed.
(c)

Dielectric Properties of Advanced Ceramics

Several new ceramics are entering the markets, but very little dielectric
constant information is available at high temperatures.
Samples of silicon
nitride, aluminum nitride, stabilized zirconia (yttria or magnesia) and high
purity magnesia were measured up to 1000°C.
(d)

Sintering Studies on Alumina

Precursor powders for alumina sintering, including aluminum hydrate, boehmite and
Y-alumina, were obtained and presses developed for making high density pellets
for sintering studies. The intent is to fully sinter the material while making
dielectric properties measurements during the process. This information is not
currently available and should be of interest to manufacturers developing
microwave sintering processes.
1.5.9

Mechanical Laboratory
J.E. Anderchek

The Mechanical Laboratory operates the machine shop and furnaces in Bldg. 14 5 and
carries out mechanical construction, assembly, repairs and vacuum testing for the
Accelerator Physics Branch and the Reactor Physics Branch.
Total laboratory time breakdown in the half was
Accelerator Physics Branch
Reactor Physics Branch
1.5.9.1

99.0%
1.0%

Ion Source Development

A plasma chamber a plasma electrode holder and a lijmber of WR284 waveguide
sections were fabricated for the backup of the demonstration ECR ion source.
A spare set of extraction electrodes without apertures was constructed for the
demonstration ECR ion source so that the extraction geometry can be changed on
shoit notice.
The solenoid support stand and carriage suitable for either the prototype or the
demonstration ECR ion source are 70% completed.
1.5.9.2

Ion Linear Accelerator Development

A set of electrodes with inter-electrode spacing suitable for 50 kV operation,
were fabricated for the ECR ion source for installation on RFQ1.
These
electrodes have four 5 mm apertures on 7.5 mm centre-to-centre spacing, the same
arrangement as was most recently used with the duoPTGatron source on RFQ1. A
column alignment jig for the electrodes was fabricated. A 50 kV dc break for
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WR-284 waveguide was manufactured. A set of mounting brackets was manufactured
for the ECR source WR-284 waveguide and three-stub tuner.
The rf drive loop for RFQ1 was disassembled several times to clean or replace the
cylindrical-ceramic rf window. During the final disassembly, major modifications
were made to the loop to improve the impedance match and reduce electric fields
in the window region. Three pairs of end-flange gaskets were fabricated for the
RFQ, and the RFQ end flanges were modified to reduce weeping from the post-tuner
braze joints.
Liquid-nitrogen cold traps were manufactured for the two Accelerator Physics
Branch "Port-a-test" leak detectors. A 30 cm section of the new AL-15 vanes was
fabricated to check machining methods and provide a test piece for welding tests.
Various types of vane-coupling-ring solder adapters were fabricated during tests
to develop an adapter that did not require the high-heat of an acetylene torch
for soldering.
Four aluminum protective covers were fabricated for the
racetrack-seal edges of the new vanes.
A new slit was fabricated for the emittance measuring unit (EMU) beam stop. The
EMU motor mounts were modified and new mounts fabricated for the positionindicating potentiometers. Parts were fabricated and assembled for a new stand
for the telescope used to align RFQ1.
1.5.9.3

Electron Linear Accelerator Development

A large effort was provided for the fabrication, tuning, assembly and brazing of
a new 5 MeV, 3 GHz structure for the BEDROCS experiment.
Sections of the
waveguide required to feed this experiment were fabricated and fitted.
In
addition, changes to the PHELA rf line were made to permit the installation of
BEDROCS, and a new vacuum-air window was manufactured.
1.5.9.4

Laser Acceleration of Particles

Three vacuum chambers and an aluminum former for the 60° dipole bending magnets
were fabricated and three quadrupole doublet magnets were modified to convert
them to quadrupole singlets for the injection beamline.
The SLAC electron gun developed a vacuum leak which was identified and repaired.
Before this could proceed, modifications had to be made to a cathode housing in
order to store the dispenser cathode under vacuum while the gun vacuum envelope
was being repaired.
A number of optical components were fabricated, in particular, mirror holders and
posts, aperture holders, filter holders, optical mount hold-down clamps,
diaphragm holders, photon-drag detector holders and a HeNe laser mount.
1.5.9.5

Heavy-Ion Superconducting Cyclotron

A macor feed insulator was made for the water-cooled deflector electrodes.
Maintenance work was done on two other feed insulators, including replacement of
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boron-nitride sleeves. A set of 20 end rings were made for alumina support
insulator posts for the electrostatic deflector.
Fabrication of a modified, stainless steel body for the foil changer gate valve
was completed. The valve was reassembled, tested and is ready for reinstaliation
on the cyclotron foil changer system.
A new cooling system was fabricated for high current diodes that are used in the
discharge circuitry of the superconducting cyclotron magnet.
Probe work included developing reliable assembly techniques and the manufacture
of two prototype water-cooled-electrode radial probes, including manufacture of
a spare probe mounting body, development tests on Glid-Cop components for a
barrel cooling jacket and dissection of an arc-damaged probe. Two solder-free
rf shield caps for the existing radial probes were made.
A high-power coaxial coupling for the rf amplifier was repaired and modified.
An additional cooling jacket for the amplifier plate tuning cavity was
manufactured.
1.5.9.6

Application of Radiofrequency Waves to Materials

Work concentrated on preparing the components for a high temperature dielectric
properties measurement system and learning how to make sample pressing dies for
sintering studies.
1.6

PUBLICATIONS AND LECTURES

Publications
MICRO-COMPUTER CONTROL SYSTEMS FOR THE HERA 52 MHz RF SYSTEMS
M.S. de Jong and A.B. Hood
Proceedings of the 2nd European Particle Accelerator Conference,
(June 1990).

1., 869

FINAL TESTING, INSTALLATION AND COMMISSIONING OF THE HERA 52 MHz RF SYSTEMS
M.S. de Jong, P.J.P. Bunge, R.J. Burton, S.T. Craig, L.W. Funk and R.M. Hutcheon
ibid., 952.
BEAM LOADING COMPENSATION FOR 52 MHz RF SYSTEMS
S.T. Craig and R.J. West
ibid., 970.
A 3 kW 35 TO 70 MHz SOLID-STATE AMPLIFIER
S.T. Craig, R.J. West and P.J.P. Bunge
ibid., 1005.
VACUUM AND MULTIPACTOR PERFORMANCE OF THE HERA 52 MHz CAVITIES
R.J. Burton, M.S. de Jong and L.W. Funk
Proceedings of the 2nd European Particle Accelerator Conference,
(June 1990).

2,

1017
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CONTROLLED MAGNET EXCITATION FOR ELECTRON BEAM SCANNING
B.F. White, S.T. Craig, V.A. Mason, S.M. Morsink and D.L. Smyth
ibid., 1855.
A HIGH-DUTY-CYCLE LONG-PULSE ELECTRON GUN FOR ELECTRON ACCELERATORS
N.A. Ebrahim and M.H. Thrasher
Rev. Sci. Instrum. 61 (11), 3625 (November 1990).
PERFORMANCE OF THE ELECTROSTATIC DEFLECTOR OF THE CHALK RIVER SUPERCONDUCTING
CYCLOTRON
W.T. Diamond, C.R. Hoffmann, G.R. Mitchel and H. Schmeing
Proceedings of the XlVth International Symposium on Discharges and Electrical
Insulation ir* Vacuum, 638, 1990 September.
Reports
SAFETY ANALYSIS REPORT FOR THE LINEAR ELECTRON ACCELERATOR FACILITY IN
BUILDING 330
N.A. Ebrahim, R.T.F. Bird, E.B. Selkirk and K.L. Prosyk
RC-178, 1989 September.
Unpublished report, available from AECL Research, Chalk River, Ontario KOJ 1J0.
ACCELERATOR PHYSICS BRANCH CHALK RIVER LABORATORIES ANNUAL TECHNICAL REPORT 1989
Edited by J.A. Hulbert
AECL-10235
1990 August.
Conference Presentations
COMPUTATION OF RF FIELDS FOR APPLICATOR DESIGN
M.S. de Jong and F.P. Adams
A SYSTEM FOR RAPID MEASUREMENTS OF RF AND MICROWAVE PROPERTIES UP TO 1000°C
R.M. Hutcheon, M.S. de Jong, F.P. Adams, G.W. Wood, J.E. McGregor and B.H. Smith
SAMPLE SHAPE CORRECTION FACTORS FOR CAVITY PERTURBATION MEASUREMENTS
F.P. Adams, M.S. de Jong and R.M. Hutcheon
The chree papers listed above were presented
Symposium, Denver, CO, 1990 August 27-29.

at

the

25"" Microwave

Power

OPERATING EXPERIENCE WITH THE IMPELA-10/50 INDUSTRIAL LINAC
J. Ungrin, S.B. Alexander, S.T. Craig, G. Frketich, V.A. Mason, I.L. Mclntyre,
M.P. Simpson, D.L. Smyth, R.J. West and B.F. White
BEAM PERFORMANCE AND MEASUREMENTS ON THE RFQ1 ACCELERATOR
G.M. Arbique, B.G. Chidley, M.S. de Jong, G.E. McMichael and J.Y. Sheikh
LOW BETA CW LINACS FOR INTENSE BEAMS
G.E. McMichael
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COMPONENTS FOR CW RFQ'S
T. Tran Ngoc, G.E. McMichael, G.M. Arbique and F.P. Adams
RFQ1 DIAGNOSTIC DEVICES
B.G. Chidley, G.M. Arbique, M.S. de Jong, G.E. McMichael, W.L. Michel and
B.H. Smith
NEW VANES FOR RFQ1
B.G. Chidley, F.P. Adams, G.E. McMichael, T. Tran Ngoc and T.S. Bhatia
STUDY OF HIGH-STRENGTH COPPERS FOR RFQl'S NEW VANES
T. Tran Ngoc and R.M. Hutcheon
The seven papers listed above were presented at the 1990 LINAC Conference,
Albuquerque, NM, 1990 September 10-la.
STATUS OF THE CANADIAN SYNCHROTRON RADIATION SOURCE FEASIBILITY STUDY
C.B. Bigham
Paper presented at the Seventh Annual Canadian Accelerator Conference, Saskatoon,
Saskatchewan, 1990 September 27-28.
VACUUM AND MULTIPACTOR PERFORMANCE OF THE HERA 52 MHz CAVITIES
R.J. Burton, M.S. de Jong and L.W. Funk
Paper presented at the 37"1 Annual AVS Symposium and Topical Conference, Toronto,
Ontario, 1990 October 08-12.
SEAFISH, A 2-DIMENSIONAL COMPLEX HELMHOLTZ EQUATION SOLVER
M.S. de Jong and F.P. Adams
Paper presented at the Fourth Biennial IEEE Conference on Electromagnetic Field
Computation, Toronto, Ontario, 1990 October 22-24.
MAFIA STUDY OF THE RFQ1 ACCELERATOR
F.P. Adams, M.S. de Jong and R.M. Hutcheon
MAFIA ANALYSIS OF THE EFFECTS OF COUPLING SLOTS IN LINACS
F.P. Adams, J. Ungrin and M.S. de Jong
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2.2

OVERVIEW/ACCOMPLISHMENTS

Rapid progress was made in bringing DUALSPEC to completion.
The heavy
components move on a film of air on a carefully levelled 400 square foot epoxy
dance floor. Careful planning and work led to a surface flat to 0.010" over
its area, on which the spectrometer components can be controlled to 0.005° in
angular position. This is twice as good as the design accuracy specified and
indicates the high quality of the workmanship.
DUALSPEC features a unique mechanism for the horizontal movement of the wedges
needed for the exit beam from the monochromator shielding drum, and a new
"Mellormix" shielding material with high density and uniformity. This has led
to the hoped-for low neutron background outside the spectrometer that is vital
to the discovery of new phenomena. The low background is impressive since the
extracted beams are 2-1/2 times as intense as those from other spectrometers.
The 800-element position-sensitive detector has arrived from France and tests
by the manufacturer indicate that it will exceed its design specifications.
It will dramatically improve the ability of CRL scientists to determine at
high resolution the structure of materials of all types.
In its highthroughput mode it will permit scientists to watch the evolution of structures
in real time such as the growth of the various phases in CANDU pressure tubes
it elevated temperatures.
Another major accomplishment was the concept development of the Cold Source
for the NRU Reactor. The Cold Neutron Source will provide low energy neutron
beams that are much more intense than those currently available. To do this
the neutrons are moderated in Mquid hydrogen at 20 K. before emerging through
one of the horizontal beam tubes. The Project Definition Document, completed
in July, 1990, was the basis of a presentation made to the EMC.
The
availability of cold neutrons will benefit not only physics but also
metallurgy, chemistry, biology and engineering.
The Sudbury Neutrino Observatory Project has made much progress.
Design
requirements have been developed for the laboratory, the detector with its
11,000 phototubes and the surface building. Enough hand excavation has been
carried out by INC0 to allow large equipment including a locomotive to be
purchased and deployed which will greatly facilitate subsequent work.
AECL
staff play a key note in directing the technical work, reviewing the
engineering, and providing a project coordinator for the work of the
scientists in the international collaboration.
The key research responsibility of the CRL node of the SNO collaboration has
been to ensure that radioactive uranium and thorium impurities in the acrylic
vessel are at acceptable levels (parts per billion). New methods of detection
have been developed. Research over two years has shown that the raw monomer
from which the acrylic is synthesized, as well as the core of manufactured
acrylic, has adequately low thorium levels.
However near-surface
contamination in manufacture or handling prior to measurements can raise the
radioactivity by an order of magnitude.
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2.3

TOPICAL REVIEW:

LOCATION OF DRUGS IN HEMBRANES

The location of drugs and toxins in cell walls is of importance for the
pharmaceutical industry and for human health in particular. Techniques based
on neutron scattering have been developed to pinpoint the location of such
guest molecules in the phospholipid membrane that forms a cell wall.
The
essential steps are: (a) to form a sample in vater of many uniformly stacked
layers of the membrane that will provide strong neutron diffraction peaks
whose intensity is controlled by the interference between the scattering from
molecules within the layers; and (b) to deuterate certain sites within the
membrane as well as sites within the drug molecule so as to be r.ble to
recogniee, by comparison with a undeuterated sample, the sensitivity of the
interference pattern to certain regions of the membrane.
In this way it was found that the cannabinoid A 8 -THC is located 1-n the
hydrophilic head-group region of the synthetic membrane DPPC. It was further
found that water is expelled from the membrane when the drug is introduced.
Clearly it is impossible to unscramble the positions of all the molecules in a
complex membrane and to find out in which of several possible sites a foreign
molecule may locate. One reason is that diffraction techniques measure only
the square of the scattering amplitude; thus the sign of the amplitude is
unknown. The key to the neutron interference technique is to obtain several
different Fourier analyses of the same membrane.
The molecular amplitudes
that enter the Fourier series can be readily changed by: (a) heavy atom
substitution as is required for X-rays with concomitant undesirable changes in
chemicaJ bonding; (b) as above by substitution of deuterium for hydrogen with
unimportant changes in chemical effects; (c) by swelling the aqueous membrane
systems so that the interlamellar plane spacing increases, but only b/ a small
amount; or (d) by comparing the neutron interference with the interference
shown by X-rays. Any combination of these techniques may be brought to bear
on the problem.
The latest
studies to
This work
University

experiments show that it is worth pursuing further drug-membrane
assess the potential for support of the pharmaceutical industryis being carried out in collaboration with researchers at Guelph
and Yale University.

2.4

SUMMARIES

2.4.1

Condensed Hatter Physics - Research

A comprehensive review has been written for an upcoming book of Plenum Press
on the dynamic structure factor S(Q,(j) for liquid 4 He (2.5.3).
An analysis has been made of neutron scattering results on deuteron ordering
for D 2 0 ice following various temperature excursions and annealing times
(2.5.6).
A study has commenced on the structure of pumice and of selected pumice-based
palladium and palladium catalysts by the small angle neu: i scattering (SANS)
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technique. Pumice has excellent properties as a support for metals that act
as catalysts in hydrogeneration reactions (2.5.5).
Neutron scattering studies has been made to determine the nature of two phase
transitions in the antifluorite crystal (NH 4 ) 2 TeCl 6 that were identified in
the literature using nuclear quadrupole resonance technique (2.5.6).
Refinement of the neutron powder diffraction data for ND 4 Re0 4 at 13
temperatures has been completed. Results, at odds with the theory, have been
found for the behaviour of the deuteron. Yet to be understood from the nature
of the interatomic forces is the relationship between the changes in the
orientation of the ammonium ion and the anisotropic thermal expansion (2.5.7).
Further inelastic scattering measurements have been made on a single crystal
of CaC03 to try to resolve discrepancies between the interpretation of crystal
structure results from earlier experiments at Chalk River and phonon
measurements made at the Rutherford-Appleton Laboratory (2.5.8).
Neutron powder diffraction data have been collected on alkali cyanides to
investigate whether a large contribution of spontaneous strain to the excess
free energy is a widespread phenomenon (2.5.9).
Neutron powder diffraction studies have also been performed on leucite, a
primary constituent of the earth's crust, to determine the site ordering of Si
and Al in K-leucite (KAlSi 2 O 6 ) with different thermal history, and the
temperature dependence of the crystal structure of Cs-leucite (CsAlSi 2 O 6 )
(2.5.10).
It has been shown, contrary to claims in the literature made as a result of
NMR experiments, that there is no strong vacancy-antistructure atom
interaction in £-LiAl (2.5.11).
Neutron diffraction experiments have been made on TiOx 1 0 8
temperatures to determine the defect structure (2.5.12).

powders at various

Neutron diffraction measurements have been made on the heavy electron compound
CeCu4Ga. The location of Al atoms in CeCu 3 Al 2 and CeCu 4 Al, and Ga atoms in
CeCu 3 Ga ? and CeCu 4 Ga, have been determined by Rietveld analysis (2.5.13).
The first furnace experiment has been performed at the T3 facility at NRU to
study the kinetics of phase separation in Cu-Mn following quenching of a
sample to below the transition temperature (2.5.19).
Neutron scattering experiments have been carried out to study Bragg
diffraction peaks at high resolution in mixed single crystals of
Dy(As x V : .x)04.
The purpose was to examine the manner in which random strain
fields arising from As/V substitutions affect domain walls which develop below
the tetragonal-orthorhombic phase transition (2.5.21).
Measurements have been made to determine the structure of UNi 2 Si 2 in a
magnetic field with varying temperature using the h2 horizontal field cryostat
at the L3 spectrometer (2.5.22).
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Inelastic neutron scattering experiments have been performed on CsCoBr3 to
investigate the nature of phase transitions between the disordered
paramagnetic phase and the long-range ordered antiferromagnetic phase below
the Neel temperature of 28.4 K (2.5.23).
Neutron scattering experiments have been performed on a high quality crystal
of URu 2 Si 2 down to 200 mK to see whether the antiferromagnetic ordering
changes below the superconducting transition at 1.3 K (2.5.24).
An investigation using neutron scattering at the N5 spectrometer with the M2
horizontal field magnet was begun to examine the magnetic structure of Er in a
magnetic field (2.5.25).
Neutron diffraction measurements have been carried out at the T3 spectrometer
at N R U w i t h p a r t i a l l y d e u t e r a t e d and fully p r o t o n a t e d
A8-THC
(tetrahydrocannabinol) to locate intercalating species in membranes by
difference fourier techniques. This work has been stimulated in part by the
growing interest on the biophysical basis of cannabinoid activity ixi the
central nervous system (2.5.27).
Extensions to earlier neutron diffraction experiments have confirmed
conjectures that temperatures above 55°C are necessary in order that butylated
hydroxytoluene (BHT) become fully localized in dipalmitoylphoshatidylcholine
(DPPC) membranes (2.5.28).
2.4.2

Condensed Matter Physics - Instrumentation

The mechanical assembly of DUALSPEC has been completed and the pouring of the
dance floor has met the required specifications to support the floating of
heavy components on air pads. Commissioning continues at a satisfactory rate
(2.5.1).
Installation, testing and commissioning of the C2 loop was successfully
completed to ensure adequate heat removal from the heavy water target within
the reactor during operation (2.5.30).
A boule of Heusler alloy was examined with the neutron diffraction texture
apparatus to determine the number of dominant crystals and their orientation
with respect to the boule.
Heusler alloy crystals are required for the
monochromator and analyzer of the polarized beam spectrometer of DUALSPEC
(2.5.20).
Conceptual design on the proposed cold neutron source was commenced following
the issuing of the Project Definition Document as a Proprietary Report
(2.5.2).
Hardware and software upgrades with high resolution monochrome graphics
terminals have been made to all spectrometer systems enabling them to work
more effectively and maintenance to be carried out more efficiently (2.5.29).
Thirty-seven experiments were performed in this period on the spectrometers at
the E3, L3, N5 and T3, NRU positions which represent better than 92Z of
available reactor operating time for each spectrometer (2.5.31).
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Four 13-wire neutron detectors have been modified and components for
wire curved detector have now been fabricated and await assembly.
specifications have been drawn up for a prototype two dimensional
sensitive detector (2.5.33).
Modifications to circuit layout have
to eliminate feedback, and crosstalk in electronics for multiwire
(2.5.34).
2.4.3

a new 80Tentative
positionbeen made
detectors

Industrial Applications and Techniques

Measurements have been made of strain gradients in an engineering component by
time-of-flight diffraction at the LANSCE spallation source at Los Alamos
National Laboratory and a comparison of the method made with that at the NRU
Reactor.
Although the resolution is slightly higher and intensity is
collected simultaneously for many reflections at LANSCE, it carries the
disadvantage of being more time consuming in setting up the sample (2.5.14).
Subsequent experiments performed at LANSCE have shown that diff^action
measurements to measure strain in powder compacted samples are feasible
(2.5.15).
Work continues on the determination of stress associated with weldments.
Further work is required to establish the effect of vibratory stress relief
(2.5.16).
Residual stresses have also been determined in the metal and the
ceramic, when a metal matrix is reinforced with ceramic inclusions.
It has
been shown that these stresses reduce with age (2.5.17).
Neutron diffraction measurements have been made to study tne residual tensile
stress resulting from different orientations of neighbouring crystals and the
difference in coefficient of thermal expansion in different crystal directions
in Zircaloy-2 (2.5.18).
2.4.4

Neutrino Physics:

The Sudbury Neutrino Observatory

Design aspects for the systems and components of the SNO Detector are
proceeding by the collaboration as a whole with emphasis being placed on those
required in the early stages of construction.
The 11,000 photomultiplier
tubes have now been ordered and the rate of excavation work at the Creighton
Mine has increased now that heavy equipment can be utilized.
Three AECL Research personnel occupy the positions of Associate Director
Technical, Owner's Engineering Representative and Operations Manager and
Detector Project Manager.
The AECL component of the SNO collaboration has
particular responsibilities for the acrylic vessel that will hold the 1,000
tonnes of heavy water within a tank containing 7,000 tones of light water. A
Design Criteria document for the vessel and the selection procedure for
acrylic suppliers have been written.
A report has been written on the flow characteristics, chemistry and cooling
for the water systems.
Trace analysis of Th and U in acrylic components
continues using the techniques of alpha spectroscopy, mass spectroscopy and
neutron activation.
Results from all methods show good agreement and
reinforce confidence that trace elements can be measured at the parts per
trillion level (2.5.32).
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2.4-5

Metrology and Service Activities

Four spherical proportional (proton-recoil) counters have been constructed for
a commercial contract (2.5.35).
Six Ge detectors have been restored for other units within AECL (2.5.37).
A primary standardization of

88

Y has been completed (2.5.39).

CRL is contributing to a survey by the Finnish Centre for Radiation and
Nuclear Safety to evaluate the reliability of full-energy peak efficiency
calculations for the detectors (2.5.40).
During this period fifteen standard sources and eleven standard solutions were
prepared together with three "special" standards (2.5.41).
Glassblowing activities have supported work
external customer (2.5.43).

in nine AECL branches and one

The mechanical laboratories work has concentrated on support for the multiwire
detector construction (75%), spherical fast-neutron proportional counters
(15%), glassblowing (5%) and miscellaneous (5%).

2.5

INDIVIDUAL REPORTS

2.5.1

Progress on DUALSPEC

B.M. Powell, W.J.L. Buyers, M.M. Potter, H.F. Nieman, D.C. Tennant and
M.M. Montaigne, W.A. Mellors and P.G. Adams (Mechanical Equipment Development
Branch), R. Birney and P. Lemay (Civil and Electrical Design Branch),
and K.D. Wright (CR Maintenance Services)
The mechanical assembly of DUALSPEC is complete. The dance floor is poured
and has been smoothed to the required tolerance. The new scattering can for
the C2 beam hole has been installed, the D 2 0 loop for the can has been
commissioned and is now in service. The 800-wire position-sensitive detector
has been delivered. It will be tested and installed by the engineers in early
January. Both spectrometers' gates have been opened and the white beams from
the reactor have been put into the monochromator shield to survey the
radiation fields.
The equipment racks for the control system have been
installed at DUALSPEC.
The beam gate and the rotating gate controls, the
filter control and the motor control hardware have been installed and tested
for both spectrometers.
All these systems operate to the design
specifications.
The wedge control systems have been installed on both
spectrometers and the wedge transfer mechanism is being commissioned.
A
stepper motor translator to provide higher torque than that of the original
commercial unit has been designed for use with this control system. The air
pads have been tested. Increased air flow to the pads is required before all
spectrometer components simultaneously can float freely. A fault in the air
supply system at NRU reactor currently prevents sufficient air flow.
The
fault is being remedied.
The design of the monochromator stack has been
improved by routing all the cables through a centre channel.
This permits
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free movement of all components in the stack. End of travel optical switches
have been installed to allow calibration of the position of the lour
components of the stack. Provision to control a focussing monochromator has
also been added.
The control and data acquisition program is under
development. The subroutines that drive the spectrometer angles are written
and tested. The data handling subroutines for the 800-vire detector have been
written and tested off-line.
2.5.2

AECL Cold Neutron Source

E.C. Svensson and W.J.L. Buyers, H. Harvey (Physics Division Office),
V.F. Sears (Theoretical Physics Branch), J.A. Hulbert (Accelerator Physics
Branch), P.M. Brewster (Reactor Physics Branch), V. Mellors (Mechanical
Equipment Development Branch), and N.D. MacDonald and H. Graper (Project
Management Branch)
Work on the conceptual design for the Cold Neutron Source was commenced during
the period. Various background calculations and estimates have been made and
cryogenic equipment manufacturers have been contacted regarding hydrogen
liquefaction systems. A preliminary layout and an exploded view of the cold
source insert cryostat, including radiation shielding, have been done as well
as preliminary layouts of the equipment inside and outside the NRU building
and the equipment for insertion and removal of the cold source. A preliminary
flowsheet for the cryogenic gases and liquids has also been completed.
Drawings and concepts have been reviewed with representatives of NRU
Operations and the Safety and Reliability Directorate.
Presentations on the cold source project were made to the Executive Management
Committee and Project Management Branch.
A meeting was also held with P.
Gumley to discuss cold source safety criteria in relation to the NRU Technical
Assessment. Calculations are now underway to determine the magnitude of the
reactivity change in NRU caused by a sudden voiding of the liquid H 2 cold
moderator.
(Subsequent to this reporting period, it was found that the
reactivity change is small.)
The Project Definition Document for the Cold Neutron Source, completed at the
end of the previous period (see PR-PHS-P-9:6.A; AECL-10196), has been issued
as a Proprietary Report:
Cold Neutron Source, edited by V.F. Sears and
E.C. Svensson, Report CS-1, November, 1990.
2.5.3

S(Q.CJ) for Liquid «He

E.C. Svensson
A chapter entitled "S(Q,w) FOR LIQUID 4 He: WHAT MORE DO WE NEED TO KNOW?" has
been completed for the upcoming Plenum Press book, EXCITATIONS IN 2DIMENSIONAL AND 3-DIMENSIONAL QUANTUM FLUIDS, eds. A.F.G. Wyatt and
H.J. Lauter.
This article, which should be viewed as a sequel to a recent
review article on the temperature dependence of the dynamic structure factor
S(Q,u>) for liquid 4 He (E.C. Svensson, in Elementary Excitations in Quantum
Fluids, eds. K. Ohbayashi and M. Watabe (Springer-Verlag, Berlin and
Heidelberg, 1989) p. 59, see also PR-PHS-P-7:6.5; AECL-9995), is concerned
primarily with the implications of existing neutron scattering results for a
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new interpretation (H.R. Glyde and A. Griffin, Phys. Rev. Lett. 65 (1990)
1454, see also PP.-PHS-P-9:6.6; AECL-10196) of S(Q,w) for liquid "He in terms
of zero-sound (ZS) and single-particle (SP) modes. There is found to be much
support for the new interpretation, but also numerous areas where further
clarification is needed.
Specific recommendations for new experimental and
theoretical studies are made.
The most urgent need at present is to understand S(Q,w) for the normal phase
of liquid 4He (T > T A ) since this is the "baseline" material that one starts
with before cooling below T^ brings in the Bose condensate allowing one to see
the SP modes (poles of the single-particle Green's function) in the density
fluctuation spectrum, i.e. in S(Q,w). In the new interpretation, it is these
SP modes which give rise to the sharp peaks in S(Q,w) in the maxon-roton
region that have been known since the work of Woods and Svensson (Phys. Rev.
Lett. 4J_ (1978) 974) to be unique to the superfluid phase.
To reach an
adequate understanding of S(Q,w) for normal liquid 4 He, we are going to need a
lot of new theoretical work and more complete sets of measurements since most
of the existing experimental results are only for low Q values (Q i 0.7 A 1 ) .
Another very high priority is to understand in complete detail the broad high
frequency part of S(Q,w) observed at low temperature (T ~ 1.0 K, i.e.
effectively T = 0 ) . This part, S M (Q,w), has traditionally been interpreted as
arising from multiexcitat ion processes and it certainly shows Q-dependent
structure, particular features of which can be identified as arising from tuoroton, two-maxon and maxon-plus-roton processes. In the new interpretation,
it is also expected to exhibit, for at least some range of Q, a contribution
from a broad remanent ZS mode. As yet, there does not appear to be any clear
evidence for such a contribution. Both improved theoretical calculations of
SM(Q,w) and more detailed experimental studies are needed, especially for the
range 0.8 i Q i 1.6 A"1 and preferably for the full range of densities. More
detailed experimental studies of the temperature dependence of S(Q,u) at small
Q (0.2 < Q < 0.7 A" 1 ) are also badly needed.
An adequate understanding of S(Q,w) for the two crucial temperatures T = 0 and
T = T^ + 6 is a necessary prerequisite to fully understanding the rather
complex temperature dependence of S(Q,w) in the superfluid phase.
The
essential features of any model for this temperature dependence are discussed
in the book chapter and it is emphasized that one recently employed model
(E.F. Talbot et al., Phys. Rev. B 38 (1988) 11229 and W.G. Stirling and
H.R. Glyde, Phys. Rev. B 4J_ (1990) 4224), the Simple-Subtraction (SS) Model,
is inconsistent with what the experiments have been telling us for 12 years
and with the new theoretical interpretation of S(Q,w).
Although major progress has been made in the last year, considerable
additional theoretical and experimental work is still needed to reach our
ultimate aim of understanding the complete S(Q,cd) for liquid 4 H e , the
prototype Bose fluid, for all temperatures and densities.
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2.5.4

Deuteron Ordering in Ice V

E.C. Svensson, E.D. Hallman and F. Fallagh (Laurentian University),
and D.D. Klug and E. Whalley (National Research Council)
A full Rietveld analysis of the three neutron diffraction patterns for D 2 0 ice
V obtained earlier (PR-PHS-P-6:7.3; AECL-9859 and PR-PHS-P-7:6.7; AECL-9995)
has been completed.
The three patterns correspond to: A - measurements at
15 K after a 3 day anneal at 110 K to produce maximum deuteron ordering, B measurements at 15 K after a 2 hour anneal at 130 K and a rapid cool to
produce partial disorder, and C - measurements at 130 K where a large amount
of deuteron disorder is expected.
The analysis showed that the deuteron ordering was indeed greatest for A and
least for C.
For example, the occupancy alt for one of the low-occupancy
deuteron sites increased from 0.115 for A to 0.165 for C while that, a2 , for
another low-occupancy site increased from 0.035 for A to 0.155 for C (a = 0.5
for all sites corresponds to complete disorder). The calculated cell volume
increased as the deuteron disorder increased, by about 0.25% for each of the
steps from A to B and B to C. In all cases the parameters were found to obey,
to within the experimental uncertainty, the "ice rules" which require that two
deuteron sites near each oxygen atom be occupied. From the parameter values
we see that there was strong ordering, but not complete order, for A, and
still substantial ordering for C.
No evidence was found for the structure
with space group P21/a suggested by Kamb and La Placa (Trans. Am. Geophys.
Union ,56_ (1974) 1202) for fully ordered ice V. Fits using this space group
were clearly poorer than those for the normally assumed space group, A2/a.
2.5.5

Neutron Diffraction and SAMS Measurements on Pumice and Pumice-Based
Catalysts

E.C. Svensson, J.H. Root and P. Martel, and M.A. Floriano, D. Duca,
S. Giuliano, A.M. Venezia and G. Deganello (Universita di Palermo)
Pumice, a natural silicate of volcanic origin (primary constituents about 70%
SiO, and 12% A l 2 0 3 ) , has been found to have excellent properties as a support
for metals which act as catalysts in hydrogenation reactions.
Since the
behaviour of all heterogeneous catalysts depends ultimately on the structure
of the support, we have commenced a study of the structure of pumice and of
selected pumice-based palladium and platinum catalysts by neutron diffraction
and small angle neutron scattering (SANS).
The neutron diffraction measurements were carried out using the E3
spectrometer with a 30-element detector and 1.0 A neutrons from a Si(115)
monochromator. Spectra were obtained for momentum transfers Q up to 10.9 A'1
for pumice samples from two different batches and for catalysts containing 1.2
wt.% Pd and 0.37 wt.% Pt. All samples were transferred to and sealed in a
cylindrical vanadium cell (0.794 cm diameter) in a nitrogen gas environment.
Measurements were also carried out on the empty cell, the cell wrapped in Cd,
and with the cell removed in order to be able to obtain absolute intensities.
The diffraction spectra show that pumice is a typical amorphous material and
are characterized by four prominent peaks centered at approximately 1.6, 2.9,
5.2 and 7.9 A" 1 . Except for changes in overall intensity due to variations in
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packing density (all samples vere carefully weighed so we can allow for this
in the analysis), all spectra were essentially identical. Adding the catalyst
thus does not significantly change the structure of the support which also
does not vary with pumice batch.
No powder lines arising from the metal
catalysts, which are believed to be in a crystalline form, were observed.
This is probably a reflection of the very small amount of catalyst present in
the samples studied.
Future measurements on more concentrated samples are
planned.
Analysis of the diffraction results to obtain st?rjc structure
factors, S(Q), and pair correlation functions, g(r), is in progress.
A preliminary SANS measurement on one pumice sample
T3 spectrometer.
Although this instrument is not
reliable results at sufficiently small Q to sample
sizes, the relatively featureless spectrum obtained
is a broad distribution of sizes.
2.5.6

was carried out using the
at present able to give
the largest pore/particle
shows clearly that there

Structural Phase Transitions in the Antifluorite Crystal (ND 4 ) 2 TeCl 6

B.M. Powell and R.L. Armstrong and K-Y. Lam (University of Toronto)
Previous work (R.L. Armstrong, P. Dufort and B.M. Powell, Can. J. Phys., to be
published) on the antifluorite crystal (NH 4 ) 2 TeCl 6 has shown that at 298 K the
crystal structure is cubic, space group Ojj. At -85 K the crystal undergoes a
phase transition to a trigonal structure, space group C ^ .
The order
parameter for the transition is the rotation angle, <j>, of the rigid TeCl6
octahedron about the trigonal axis of the cubic unit cell. Recent NQR results
(C. Dimitropoulos, J. Pelzl and F. Borsa, Phys. Rev. B4J_ (1990) 3914) show
that the deuterated analogue of this antifluorite ((ND 4 ) 2 TeCl 6 ) shows, in
addition to this transition, two more phase transitions at -45 K and -25 K.
Neutron powder diffraction measurements were made to investigate the nature of
these new low temperature phases.
Measurements were made on the E3 spectrometer with the 30-element
multidetector. The monochromator was Si(115) and the neutron wavelength was
1.4989 A.
Diffraction profiles were measured over a range of scattering
angles from 8° to 120° in steps of 0.05° at temperatures of 300 K, 78 K, 50 K,
42 K, 32 K, 15 K and 5 K. The data was interpreted by Rietveld analysis. At
300 K the diffraction pattern could be indexed on the basis of cubic symmetry
and the structure refined to a stable minimum in space group 0£.
The
structural parameters are analogous to the corresponding ones of the
hydrogenous crystal. Similarly, at 78 K and 50 K, the data refined to stable
minima in the trigonal space group C§i , again analogous to the hydrogenous
crystal. At 42 K the diffraction profile contained several weak superlattice
lines.
These were sufficiently weak that indexing and refinement in space
group CjL proceeded to a reasonable minimum, but failed to account for the
superlattice lines. At 32 K the discrepancies were more evident. At 15 K and
at 5 K the diffraction patterns showed further changes, with many of the peaks
showing splitting.
The character of the data suggests the occurrence of
structural transitions between 50 K and 42 K and between 32 K and 15 K.
Efforts to index these low temperature diffraction patterns have proved
unsuccessful so far.
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2.5.7

Temperature Dependence of the Crystal Structure of NDtReO,

B.M. Powell and R.J.C. Brown and D.R. Taylor (Queen's University)
Refinement of the neutron powder diffraction profile data for ND 4 Re0 4 at 13
different temperatures has been completed (PR-PHS-P9:6.10; AECL-10196).
Careful refinement of the background, with appropriate allowance for at least
quadratic curvature, was found to be very important in achieving low R factors
in the later stages of the refinement.
All sets of data refined
satisfactorily, and the results suggest, in contrast to theory, that the
deuteron can be satisfactorily localized at a single site even at room
temperature.
However at room temperature the deuteron thermal ellipsoid is
large and anisotropic.
The equilibrium orientation of the ammonium ion was
found to change by -20° between room temperature and 20 K.
The rotation of
this ion appears to be responsible for the anisotropic thermal expansion, but
its cause is not yet understood in terms of interatomic forces.
2.5.8

Diffuse Scattering in Calcite

M.T. Dove (Cambridge University) and B.M. Powell
Neutron powder diffraction measurements on calcite (CaC03) have shown the
existence of a tricritical phase transition at 1260 K (M.T Dove and B.M.
Powell, Phys. Chem. Minerals H> (1984) 503). Preliminary inelastic neutron
scattering measurements on a large single crystal of calcite showed the
existence of an incipient soft mode at the F point. However, the eigenvector
of this mode vould lead to a crystal structure different from that expected
from the powder diffraction investigation.
Inelastic measurements on the
spectrometer PRISMA at the Rutherford-Appleton Laboratory have shown that
significant diffuse scattering appears to be associated with the "soft-mode".
In an effort to resolve these discrepancies, we made further inelastic
measurements on our single crystal.
The new measurements were made at 298 K on the N5 triple-axis spectrometer at
NRU reactor, Chalk. River. The monochromator was Si(113) with a graphite (002)
analyzer. Constant energy scans were made across the region where the diffuse
scattering had been observed on PRISMA. The majority of data were taken with
a scattered energy of 3.5 THz and measurements were made with constant
energies from 0.4 to 1.2 THz.
Diffuse scattering was observed, thus
confirming the earlier data, and its width in reciprocal space was found to be
very narrow. If the width is interpreted in terms of domain size, it implies
that domains which give rise to the diffuse scattering are -10 unit cells in
diameter. Lattice energy calculations for alternative ordered structures of
calcite have shown that the activation energy for such fluctuations is much
lower than the energy required to completely disorder the structure.
We
interpret the scattering as arising from regions of the crystal that
spontaneously fluctuate into ordered structures different from the time
averaged one observed.
More detailed inelastic measurements close to the
transition and a determination of the structure of the high temperature phase
are necessary before these discrepancies can be resolved.
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2.5.9

Spontaneous Strain in Alkali Cyanides

M.T. Dove (Cambridge University) and B.M. Powell
Recent calculations have shown the contribution of spontaneous strain to the
excess free energy of orientational order-disorder transitions to be large
(-30%) for SF6 and for calcite (M.T. Dove, Mol. Phys. 70 (1990) 425). The
alkali cyanides, KCN and NaCN each undergo two orientational order-disorder
transitions. The transition temperatures are 168 K and 83 K for KCN and 284 K
and 172 K for NaCN.
In each case the high temperature transition involves
ordering of the linear CN ions along particular directions, leaving a residual
head-to-tail disorder. The low temperature transition then involves removal
of the residual disorder. These alkali cyanides are thus excellent candidates
to investigate whether the large contribution of spontaneous strain in such
transitions is a widespread phenomenon.
Neutron powder diffraction data for both cyanides were collected on the E3
spectrometer at NRU reactor, Chalk River, utilizing the 30-element
multidetector. The monochromator was Si(115) and the neutron wavelength was
1.49931(8) A.
For each compound complete powder diffraction profiles were
measured at eight temperatures.
The highest temperature data (-295 K) was
collected in the high temperature orientationally disordered cubic phase,
vhile the lowest temperature data (-90 K) was collected in the orthorhombic
phase. Preliminary analysis of the data shows that at the higher temperature
transition there are significant strains along each of the three principal
crystal directions. These strains are found to be linearly related. At the
lower transition the observed strains are much smaller.
More complete
analysis of the data for the high temperature transition is in progress.
Further data are required to analyze reliably the smaller strains at the low
temperature transition.
2.5.10

Ordering and Order Parameters in Leucite Structures

B.M. Powell and M.T. Dove (Cambridge University)
From a mineralogical viewpoint leucite is an important mineral because its
structure is related to those of the feldspar group, the primary constituent
of the earth's crust.
At room temperature, K-leucite (KAlSi 2 O 6 ) and Csleucite (CsAlSi 2 O 6 ) are isomorphous.
They both have a tetragonal structure
with 10 atoms in general sites in the unit cell. At higher temperatures, both
minerals transform to a cubic phase (K-leucite at 650°C, Cs-leucite at 100°C).
Consequently, the room temperature structures exhibit strong pseudo-symmetry.
The investigation of K-leucite was concerned with the determination of
possible site ordering of the Al and Si cations in samples with different
thermal histories. Two natural samples were investigated, with one annealed
at high temperature in an attempt to induce site ordering.
For Cs-leucite,
the investigations were concerned with the temperature dependence of the
crystal structure.
The neutron powder diffraction pattern was measured at the E3 spectrometer
with the 30-element multidetector array. The monochromator was Si(115). For
K-leucite data were collected at 298 K from two different samples. For Cs-
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leucite data were collected at 5 temperatures between 10 K and 300 K.
data were analyzed with the Rietveld refinement procedure.

All

For K-leucite the final refinements involved 94 structural parameters, 15
background parameters and 4 spectrometer parameters, a total of 113 variable
parameters.
This is the largest refinement yet made with data from this
multidetector. The site occupancies of the tetrahedral positions were refined
within the constraint that the total numbers of Al and Si ions should remain
constant. The results of both refinements indicated that there is little site
ordering for either sample.
The degree of order is less than 20 ± 10% in
either case. We therefore conclude that K-leucite is disordered with respect
to Al/Si site occupancies.
The refinements of the Cs-leucite data were more difficult, but stable
refinements of the data were reached at each of the five temperatures. Two
order parameters were constructed as combinations of the differences between
particular atomic positions which are constrained by symmetry in each higher
phase.
These reflect two distinct symmetry changes and the temperature
dependence of these order parameters was determined.
The results show
significant differences from those obtained in previous studies of K-leucite,
Rb-leucite and Fe-leucite.
An interpretation in terms of the crystal
chemistry of the leucite structure is in progress.
2.5.11

Vacancy-Li-Antistructure-Atom Interaction in ff-LiAl

S.M. Kim
The defect and diffusion properties in $-LiAl are of particular interest since
/3-LiAl is a prototype anode material in advanced high-energy-density battery
systems. Recently, a Northwestern group (J.C. Tarczon et al., Mater. Sci. &
Eng. A K H (1988) 99, and S.C. Chen et al., J. Phys. Chem. Solids 4j> (1985)
895) and an Argonne group (T. Tokuhiro et al., J. Phys. Soc. Jpn. 58 (1989)
2553, and T. Tokuhiro and S. Susman, Solid St. Ionics 5 (1981) 421)
independently reported that two types of vacancies are present in 0-LiAl:
those free and those bound to the Li antistructure atoms. These results were
obtained by analyzing NMR measurements on /?-LiAl. Our recent theory (Phys.
Rev. B 38 (1988) 5296), on the other hand, is consistent with a negligible
interaction between the vacancies and Li antistructure atoms.
If the
interaction between the vacancies and Li antistructure atoms is as strong as
reported, a new formulation of the theory would be required.
We find in contrast to their claims, that the NMR results on /3-LiAl do not
show any indication of a strong vacancy-antistructure atom interaction.
In
their analysis, the Northwestern group writes
D o (Li) = fD o (V L i )C v ,

(1)

where D o (Li) is the Li atom diffusion constant, D o (V L i ) is the Li vacancy
diffusion constant, f is the correlation factor and C v is the vacancy
concentration.
The correct relationship, however, is not Eq. (1) but
D(Li) = fD(V L i )C v , where D(Li) and D(V L i ) are the diffusion coefficients (or
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diffusivity) »f the Li atom and Li vacancy, respectively.
coefficient is related to the diffusion constant by equations

The diffusion

D(Li) = D o (Li) exp [-E(Li)/kT],

(2)

D(V L i ) = D o (V L i ) exp [-E.(VLi)/kT],

(3)

where E(Li) is the activation energy of self diffusion of Li atoms and E m (V L i )
is the migration energy of Li vacancies.
We note that E(Li) = E in (V Ll ) +
Ej(V L i ), where Ej(V L i ) is the formation energy of Li vacancies, since the
diffusivity of tagged Li atoms is proportional to the vacancy concentration.
When this correct relationship is applied to their NHR resulcs, the
experimental evidence of a strong vacancy-Li-antistructure-atom interaction
disappears.
The Argonne group also incorrectly interprets D o (Li) as the
diffusivity of Li atoms and D o ( V L i ) as the diffusivity of Li vacancy.
Furthermore, they report that the vacancies bound to Li antistructure atoms
diffuse more easily than the free vacancies. This interpretation itself is
also unreasonable since the Li antistructure atoms will be practically
immobile in £-LiAl; the movement of Li antistructure atoms requires the
presence of a large number of vacancies on the Al sublattice, which, however,
were shown not to form even at high temperatures (Phys. Rev. B 38 (1988)
5296).
2.5.12

Defect Structure in Titanium Monoxides

S.M. Kim and B.M. Powell
In order to determine the defect structure in titanium monoxides, neutron
diffraction measurements have been made on T i 0 1 - 1 0 8 powders at 1000°C and
]200°C. The measurements were made on the E3 spectrometer with a 30-element
detector array.
Rietveld analysis on these and previous data at 1000°C and
below (PR-PHS-P-8:6.11; AECL-10102) shows that the effective occupation number
foi oxygen atoms relative to titanium atoms is temperature independent and is
1.113 + 0.007. This is very close to the value (1.108) expected if no oxygen
or titanium antistructure atoms are present between 20°C and 1200°C.
The vacancy concentration in TiOx 1 0 8 at room temperature is known from its
density measurements to be 13.6%.
The distribution of these vacancies is
found from the present neutron scattering measurements to be 18.2% on the Ti
sublattice and 9.0% on the oxygen sublattice at room temperature. Although it
had often been claimed that vacancies in Ti0 x form on both the titanium and
oxygen sublattices, there had been no experimental evidence supporting these
claims. Attempts have been made to describe the observed defect structure in
Ti0x using the pairwise-bonding model. It was found that this description can
be made to work only if appreciable (~5%) oxygen antistructure atoms are
present in Ti0a 1 0 8 .
The present neutron scattering measurements, however,
show that the concentration of antistructure atoms in Ti0 1 1 0 8 is less than
1%, if any. Thus the defect properties in Ti0 x cannot be understood within
the framework of the bonding model, where the bond energies are assumed to be
independent of vacancy concentrations.
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2.5.13

Structure of the Heavy Electron Compounds Ce(Cu 1 Al 1
Ce(CuIGa1 T >^

x

)5

and

S.M. Kim and W.J.L. Buyers, H. Lin (McMaster University) and E. Bauer
(Technische Universitat, Wien)
Neutron diffraction measurements have been made on the heavy electron compound
CeCu4Ga in order to determine the location of Ga atoms. The measurements were
made at 12 K, 150 K and 300 K with the 30-element detector array located at
the E3 spectrometer.
Rietveld analysis has been carried out on these and
previous data obtained in CeCu 5 , CeCu 4 Al, CeCu 3 Al 2 and CeCu 3 Ga 2 powders (PR-PPHS-P-9:6.12; AECL-10196) in order to determine the location of Al and Ga
atoms in these hexagonal (P6/mmm) compounds.
Apart from the effects of
increasing lattice parameter and Debye-Waller factor at higher temperatures,
the neutron diffraction profiles at 12 K, 150 K and 300 K were very similar to
each other in each specimen.
Rietveld analysis shows that Al atoms in CeCu4Al and CeCu 3 Al 2 , and Ga atoms in
CeCu 3 Ga 2 locate exclusively on the 3g sites.
For CeCu4Ga the results were
inconclusive mainly because the neutron scattering lengths in Cu and Ga are
very similar to each other. However, the striking similarity of the lattice
parameter changes when the Cu atoms in CeCu5 are replaced either by Al atoms
or Ga atoms, strongly indicates that the Ga atoms in CeCu4Ga also locate on
the 3g sites.
In order to determine whether the Al atoms on 3g sites in
CeCu4Al and CeCu 3 Al 2 are ordered or disordered, further Rietveld analysis has
been carried out.
It was found that the model with Al atoms completely
disordered is best. The R factor in CeCu 3 Ga 2 was insensitive to the orderdisorder of Ga atoms because of the very similr.r neutron scattering lengths in
Cu and Ga.
However, the fitted lattice parameter values in CeCu 3 Ga 2
corresponded very closely to those in the hexagonal structure, indicating that
the Ga atoms in CeCu 3 Ga 2 are also most likely disordered.
A paper on this
work has been submitted for publication.
2.5.14

Time-of-Flight Measurements of Residual Stress in a Deformed Plate

T.M. Holden, M. Bourke and J. Goldstone (LANSCE, Los Alamos National
Laboratory) and E. Flower (Lawrence Livermore National Laboratory)
Measurements have been made of strain gradients in an engineering component by
time-of-flight diffraction at the LANSCE spallation source at Los Alamos
National Laboratory.
The principal advantages of the time-of-flight method
are that the resolution is slightly (30X) higher than what is currently
available at Chalk River so that the precision of the measurements is greater,
and that intensity is collected simultaneously for many reflections providing
a more complete sampling of the strains in all grains oriented in the desired
direction. The disadvantage is that it is considerably more time-consuming to
set up the sample in the beam. Also data are collected in a 10° wide bank
about the 90° position so that the slits defining the gauge volume have to be
extremely close to the sample to prevent parallax errors. Measurements were
made of the residual strain in the hoop, normal and radial positions along a
radial locus perpendicular to the axis of the distortion. For the (111) and
(002) reflections, where a direct comparison is possible between our earlier
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work and the new time-of-flight data, the agreement between the two sets of
measurements is extremely good, within the quoted experimental errors. The
hoop strains as measured with I1 distinct reflections at each radial position
shov the effect of the elastic anisotropy very clearly.
The plot of strain
versus the elastic anisotropy parameter, A h k l , shows the expected linear
behaviour for most reflections (Fig. 1).
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The results in the radial and normal directions indicate strains which are
typically five times smaller than the hoop strains and reversed in sign. The
effect of elastic anisotropy is still present, although seen less clearly
since the absolute strains are much smaller.
The initial Chalk River experiment was carried out with a single detector and,
for a gauge volume of 25 mm 3 , the time taken to measure both the (111) and
(002) peaks with adequate statistics was 6 hrs. In the Los Alamos experiment
with a gauge volume of 32 mm3 the time taken for an adequate statistical
determination of 12 peaks was also 6 hrs.
The factor by which the
multidetector speeds up the experiment is about 5-6, so it appears that the
total time to get the same information is quite comparable. On the other hand
it may not be necessary to measure all 12 peaks to get a satisfactory
measurement of strain, in which case there is a time saving for crystal
diffraction.
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2.5.15

The Macroscopic Stress Field in a Compacted Iron Cylinder

T.M. Holden, S.B. Brown (MIT), and M. Bourke and J. Goldstone (LANSCE,
Los Alamos National Laboratory)
Many net shape fabrication technologies use powder compaction to form
components. Residual stresses, particularly tensile stresses, are one of the
major limitations to the manufacture of compacted components. The data are
critical for the validation of constitutive models of compaction.
Measurements were made on the HRPD on the Spallation Source at LANSCE of the
radial, axial and hoop strains in a cylindrical compact at three locations.
The results indicated that measurements by diffraction are feasible and that
the linewidth is not excessively broadened by the compaction of the powders.
There is a radial variation of the radial strain between the centre of the
compacted cylinder at midlength and a radial position of 5 mm from -2.7 x 10~ 4
to +0.4 x 10' 4 . To within the error there is no axial variation of the radial
strain.
The hoop strain is tensile, +3.7 x 10" 4 , and to within the error
there is no radial variation in its magnitude.
2.5.16

Residual Stresses in Stainless Steel Welds

J.H. Root and T.M. Holden, and S. Spooner (Oak. Ridge National Laboratory)
There is a need to evaluate the effectiveness of vibratory stress relief on
weldments. Measurements were made of the longitudinal (along the direction of
the weld) residual strain component in a multipass stainless weldment to
complete earlier work (PR-PHS-9P, P:6.3P) carried out on the transverse and
normal components. As in the earlier experiments a great deal of scatter was
observed in the weld metal.
Outside the weld the longitudinal strain was
tensile, originating in the longitudinal shrinkage of the weld with respect to
the metal on either side. The maximum longitudinal stress is 200 ± 50 MPa,
5 mm from the weld and this decreases smoothly to zero, 50 mm from the weld
centre and becomes compressive (-50 MPa) beyond this point. The transverse
stress is tensile with a value of 50 MPa outside the weld while the normal
stress is initially compressive near the weld and becomes tensile, 40 mm from
the weld centre.
Further work is required to establish the effect of
vibratory stress relief.
2.5.17

Residual Stress in Aluminum Reinforced With 5 volZ SiC (whiskers)

J.H. Root and H. Rack (Clemson University)
When a metal matrix is reinforced with ceramic inclusions, its strength
increases, but residual stresses develop on cooling from the fabrication
temperature because of mismatch in the thermal expansion coefficients.
In aluminum reinforced with 5 vol% SiC (whiskers), hardness and fracture
toughness increase with aging at 150°C up to about 120 hr and then decrease.
Residual stresses are expected to play a role, alongside the changes in the
microstructure due to aging.
Neutron diffraction measurements have indeed
shown a reduction of residual stress with age in both the matrix and the
whisker reinforcements. The greatest effect occurs along the long axis of the
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whiskers where a reduction of strain by 6 x 10' 4 corresponds to relief of a
compressive stress of about 260 MPa after 256 hr at 150°C.
Lesser tensile
stresses in the aluminum matrix are also relieved with aging.
2.5.18

Temperature Dependence of the Lattice Parameters of Zircalov-2

J.H. Root and A. Salinas-Rodriguez
Samples of polycrystalline, coarse-grained Zircaloy-2 which have been stressrelieved following 10% reduction by rolling, are likely to exhibit grain
interaction stresses.
Their texture greatly enhances the likelihood that
neighbouring grains have c and a lattice directions parallel.
Since the
coefficient of thermal expansion (CTE) of the c parameter is twice that of a,
an unavoidable residual tensile stress develops in the c direction on cooling
from 825 K to room temperature.
This tension and the corresponding
compression in the a direction superimpose on macroscopic stresses, and
prevent the fabrication of a truly stress-free reference sample.
Neutron diffraction measurements were made on Zircaloy-2 over the temperature
range 310 K to 825 K. It was expected that high temperature values of c and
a, where the grain interaction stresses are minimal, could be extrapolated to
obtain stress-free lattice parameters at room temperature through the CTE's of
single crystals.
Pure zirconium single crystal results by laser dilatometry (Lloyd et al.,
Phys. Rev. 144 (1966) 478) are denoted in the figures below as "Zr Single",
while our measurements are depicted by solid crosses.
In Fig. 2, the
polycrystalline a parameter ends in compression relative to the single crystal
line as expected at room temperature. However, in Fig. 1, the single crystal
line matches the polycrystalline c parameters over the entire temperature
range, with a curvature one would expect from grain interaction effects.
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Neutron diffraction results from an isolated grain of Zircaloy-2 (S.R. MacEwen
et al., Acta. Met, 37 (1989) 979) are also shown as circles. In Fig. 1, the
polycrystalline c parameter ends in tension relative to the "single crystal"
as expected but now Fig. 2 shows that the a parameters of both samples match.
The two single crystal behaviours are inconsistent with each other and neither
can be reconciled with the behaviour of the polycrystalline material given the
expected grain interaction effects. To develop a clear understanding of the
polycrystalline material, new measurements on reliable single crystals are
needed.
2.5.19

Ordering Kinetics in Cu-Hn

J.H. Root, R.B. Rogge and B.D. Gaulin (HcHaster University)
The study of the kinetics of phase transitions requires the simultaneous
collection of data over an extended and continuous Q-range, as structural
changes occur over a wide range of length scales. We have completed the first
furnace experiment on T3 to study the kinetics of phase separation in Cu-Mn.
The first part of the experiment was a novel study of the temperature
dependence of the morphology of the phase boundaries on heating a well-ordered
sample up to the critical temperature for phase separation. In the second
part of the experiment, the fully mixed-phase sample was quenched to below the
critical temperature for phase separation and time-resolved measurements were
made as phase separation proceeded.

L-I.Z.

When the Cu-Mn sample is quenched to belov its transition temperature, it
phase-separates over a period of time until equilibrium is reached. The two
phases of the sample have comparable volume fractions, so the system undergoes
spinodal decomposition where small, interconnected regions of each phase form
and progressively coalesce, forming larger extended interpenetrating regions
of each phase.
At early times (Fig. 1 ) , concentration within a domain
approaches its equilibrium value. The average domain size changes little and
thus the peak position remains somewhat fixed. At late times (Fig. 2 ) , the
concentration within a domain is near its equilibrium value, but the average
domain size increases and hence the peak shifts to lower Q. This results in
later-time data sets crossing over earlier time sets at sone 0, as opposed to
the early data sets where the intensity at any Q monotonically increases with
time.
Further data analysis is in progress with the goal of submitting a
paper by mid 1991.
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Examination of a Boule of Keusler Alloy

J.H. Root
Heusler alloy crystals are required for the monochromator and analyzer of the
polarized beam spectrometer of DUALSPEC. A boule of Heusler alloy material
was examined with the neutron diffraction texture apparatus to determine the
number of dominant crystals and their orientations with respect to the boule.
Both (111) and (002) reflections were investigated.
The intensity versus
direction in the boule is plotted on pole figures where the long axis of the
boule is normal to the page.
The maxima are consistent with three main
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grains, as labelled on the figures. Measurements are now planned to map out
the boundaries of these grains prior to extracting them from the boule.
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Roughening of Domain Walls in Dy(AsTY1 .r

J.T. Graham and D.R. Taylor (Queen's University), D.R. Noakes
(University of Alberta), and W.J.L. Buyers
Neutron scattering experiments have been carried out to study Bragg
diffraction peaks at high resolution in mixed single crystals of
Dy(AsxV1.]t)04.
The experiments examine the manner in which random strain
fields arising from As/V substitutions affect domain walls which develop below
the tetragonal-orthorhombic phase transition. In pure DyAsO4 and DyV04 the
domain walls separating the two orthorhombic orientations (twins) are
essentially flat {110} planes. The mixed crystals provide a realization of
the random-field Ising model, where the random fields pin and roughen the
domain walls and modify critical properties and dynamics.
Our studies of mixed crystals show additional broadening of Bragg peaks below
the transition temperature, in the transverse direction but not in the radial
direction with respect to the scattering vector (Fig. 1). This suggests a
type of mosaic broadening in the orthorhombic phase due to misalignment of
domains originating in the roughening of domain walls. The data for different
samples show a concentration dependence which is consistent with a simple
model relating transverse broadening to the roughening of {110} domain walls
(Fig. 2). This system appears to provide the first opportunity to study
roughening by random fields in a simple flat domain-wall case.
A more detailed account of these experiments has been accepted for publication
as a Physical Review B Rapid Communication (early 1991).
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Hagnetic Phase Diagram of UNi 7 Si,

H. Lin and H.F. Collins (McMaster University), L. Rebelsky
(Brookhaven National Laboratory), and W.J.L. Buyers
UNi,Si, is a somewhat heavy fermion system with a body-centered tetragonal
structure. In the previous progress report (PR-P-PHS-P-9:6.14; AECL-10196),
we reported on measurements in zero field that revealed three different
ordered structures as the temperature was varied. We have extended this work
to measure the structure in a magnetic field, using the L3 spectrometer and
the M2 horizontal-field cryostat. Figure 1 shows the structure in fields up
to 2.95 T along the crystallographic c direction. At low temperatures the
phase with a tripling of the period along c exists at all fields. Its
temperature range is extended from temperatures up to 53 K in zero field to
temperatures up to 75 K at 2.95 T. The temperature range of the simple boHycentered antiferromagnetic phase becomes smaller as the field increases. The
first-order phase transition at 103 K is not changed by the presence of fields
under 2.0 T.
Above this field the phase transition splits into two
transitions with an intermediate region where the low temperature phase
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reappears.
Figure 2 shows the intensity of the (1 0 1/3) Bragg peak
characteristic of the low temperature phase as a function of field at a fixed
temperature of 102.8 K.
The temperature range of the high-temperature
incommensurate spin density wave is not greatly affected by the presence of a
magnetic field.

10

30

50

70
90
TEMPERATURE (K)

110

130

Figure 1 Magnetic Phase of UNi2Si2. A longitudinal spin density wave (LSDV)
occurs that is commensurate at low and incommensurate at high
temperatures.
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Figure 2 Reappearance of the LSDW structure at high temperature under the
influence of a magnetic field along (001).
2.5.23

Critical Scattering in CsCoBr3

Z. Tun with B.D. Gaulin, Y.S. Yang and R.B. Rogge (McMaster University)
An inelastic neutron scattering experiment vas performed on CsCoBr3 to
investigate the nature of phase transition between the disordered paramagnetic
phase and the long-range ordered antiferromagnetic (AFM) phase below the Neel
temperature T N = 28.4 K. Similar to the AFM phase of CsCoCl3 only two-thirds
of the Co 2 + chains in CsCoBr3 are expected to be ordered just below T N while
the other one-third remain disordered. Consistent with this picture, soliton
scattering from the disordered chains was clearly observed as a central peak
underneath the resolution limited Bragg peak at 28.0 K (see Fig. 1 ) .

2-27

100r

S(Q,(O-O)
Monitor - 4 x 10 6

c

o

1

60 -

LL

<D

a

40 -

c
3

O

O
c

o
0

-Q1.18

Fig. 1

1.20

1.22

1.24

1.26

1.28

1.30

1.32

1.34

1.36

Neutron peak profile of CsCoBr3 near the 3-dimensional ordering wave
vector (4/3,4/3,1). The observed peak, shape can be represented by a
Gaussian (the Bragg peak) plus a Lorentzian (soliton scattering)
function.

Measurements above and below T N showed that the appearance of Bragg peak at
the ordering wave-vector was preceded by a divergence of soli ton scattering at
the same wave vector. No appreciable change of magnon frequencies was seen
across T N over the entire Q-space. The development of long-range order in
Ising-like AFM systems is therefore "soliton-driven" and not "soft-magnondriven" as in other types of magnetic materials.
2.5.24

Investigation of the Effect of Superconductivity on the Magnetic
Order in the Heavy Electron System DRu-,Si7

W. Wei, Z. Tun and W.J.L. Buyers, B.D. Gaulin and T.E. Mason (McMaster
University) and E»D. Isaacs (AT&T Bell Laboratories)
In recent years, the coexistence of the antiferromagnetic ordering and the
superconductivity in the heavy electron material URu 2 Si 2 has been an important
subject of investigation.
Initial magnetic neutron scattering experiments
found the structure to be antiferromagnetic below about 17 K (C. Broholm et
al., Phys. Rev. Lett. 58 (1987) 1467). However, it was not certain whether
the antiferromagnetic ordering coexists with the superconductivity at the
microscopic level, as the correlation length for antiferromagnetism along the
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tetragonal c axis was found to be short. A resonant magnetic x-ray scattering
experiment with synchrotron radiation (E.D. Isaacs, et al., Phys. Rev. Lett.
65 (1990) 3185) and a neutron scattering experiment (T.E. Mason et al., Phys.
Rev. Lett. 65 (1990) 3189) have been made on a new and high quality crystal of
URu 2 Si 2 . They proved that the antiferromagnetic order was long range and thus
settled the problem of the microscopic coexistence.
However neither
experiment showed whether the antiferromagnetic ordering changes below the
superconducting transition at 1.3 K. This is especially important since some
theories claim that it is the magnetic interactions that create
superconductivity in this type of exotic material.
We have therefore performed a neutron diffraction experiment on the same high
quality crystal down to 200 mK, well below the superconducting transition,
using a dilution refrigerator.
The neutron energy was 1.2 THz, and a
nitrogen-cooled Be filter was placed in the scattered beam to eliminate higher
order contamination.
As the temperature decreases, it was found that the
magnetic peak intensity first increases linearly consistent with previous
results, and below 3 K has reached a maximum value which remains constant to
1% down to the lowest temperature.
To this accuracy, there is no abrupt
change of the intensity on passing through the superconducting transition at
2.3 K.
The width of the Bragg peak remains narrow, the same as in previous
investigations at higher temperatures. An experiment with higher accuracy is
desired in order to further clarify the effect of superconducting transition
on the anti-ferromagnetic order.
2.5.25

Destruction and Creation of a Lock-in of the Magnetic Moment
Modulation Vector r, in Erbium in a Magnetic Field

W. Wei and T.M. Holden, and H. Lin and M.F. Collins (HcMaster University)
There has been a resurgence recently in the investigation of the magnetic
structure of rare earth metals. One important example is the appearance of
lock-in behaviour of the nominally incommensurate magnetic satellite
reflections into some commensurate values in Er, first discovered with high
resolution synchrotron radiation studies (D. Gibbs, et al., Phys. Rev. B 34
(1986) 8282). We have embarked on an investigation of the magnetic structure
of Er in a magnetic field by neutron diffraction.
The experiment was
performed in the (hhl) plane of Er, with a magnetic field along the c axis up
to 2.8 T, using the M2 horizontal field magnet. The measurements were made on
the N5 spectrometer at NRU with 3.52 TKz neutrons.
A graphite filter was
placed in the scattered beam to reduce higher order contamination. Both the
monochromator and the analyzer were Si(111).
Our results at zero field are essentially consistent with those from the
synchrotron radiation study.
We see steps clearly in the temperature
dependence of the magnetic modulation vector rn . For example, rm is locked
into a value close to 0.25 within a temperature range of about five degrees
above the phase transition from the conical structure to the structure in
which both the basal plane moment and the moment along the c axis are
modulated.
An applied field of about 0.2 T essentially removes the sharp
steps.
By about 1.0 T, all remnants of the steps have disappeared.
Surprisingly, when the magnetic field increases further above 1.5 T, the
temperature dependence of rm gradually develops a step at 0.25 again, but at a
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higher temperature. Thus the magnetic field first destroys the commensurate
steps and then creates a commensurate state at 0.25.
2.5.26

A Nuclear Quadrupole Resonance Study of the Pseudo-Spin Dynamics
in a Quasi One-Dimensional XY. System

V. Wei and R.L. Donaberger, and
Toronto)

S. Su and R.L. Armstrong

(University of

Previous nuclear quadrupole resonance measurements on PrBr3 and PrCl3 with the
dilution refrigerator at AECL (PR-PHS-P-9:6.22; AECL-10196) have been
analyzed.
In both PrBr3 and PrCl 3 , Pr ions form quasi one-dimensional XY
chains along the hexagonal c axis. The spin-lattice relaxation rate (T£1)for
the halide nuclei obtained from these experiments provide a significant test
of the dynamical properties of the one dimensional XY model- The relaxation
theory (S. Katsura et al., Physica 46 (1970) 47) for the magnetic interaction
is based on a rigorous treatment of the longitudinal dynamical correlation
function <SJ(t)S5(0)> of the electronic pseudo-spins S™ associated with the
crystalline electric field ground states.
Our Tx data are shown to be in
agreement with this theory.
The fits to the data yield the parameter A for
the hyperfine interaction between Pr moments and the halide nuclei, and the
exchange integral J for the coupling between Pr ions along the chain.
In
addition, the detection of a phase transition in PrBr3 at 125 mK, much lower
than expected, provides an explanation why earlier neutron scattering
experiments performed at higher temperatures could not see the transition.
2.5.27

Heutron Diffraction From Deuterium-Labelled Cannabinoid in
Multilayer Samples of Phospholipid Membrane

P. Hartel, A. Hakriyannis and T. Mavromoustakos (University of Connecticut),
and K. Kelly and K.R. Jeffrey (University of Guelph)
There is an increasing interest of late in the biophysical basis of
cannabinoid activity in the central nervous system.
Much of this interest
stems from a
recent article (L.A. Hatsuda et al., Nature 346 (1990) 561)
which suggests that cannabinoids occur naturally in the human brain.
This
conclusion follows from findings that there is a cannabinoid protein receptor
in human brain cell walls.
Another area of interest is purely pharmacological and relates to the
possibility of producing cannabinoid derivatives for therapeutic purposes.
Tetrahydrocannabinol (THC) derivatives or analogs could be useful as
antiglaucoma, antinausea, analgesic, anticonvulsant and antihypersensitive
agents. A review on the subject (R.K. Razdan, Pharmacol. Rev. 38 (1986) 75)
suggests that of over a hundred known derivatives, the ones that retain potent
activity invariably have an OH-group attached at the C-l position on the
phenolic ring of the molecule.
The importance of the present measurements
follows from the fact that we are able to locate the position of this hydroxyl
relative to the various structural components of a phospholipid membrane. The
short arrows in Fig. 1 indicate the oxygen atoms of the OH-group.
Following publication of the first neutron diffraction study on cannabinoids
in membranes (Martel and Ahmed, Chem. & Phys. Lipids 53 (1990) 331), CRL was
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approached by A. Makriyannis with an offer of deuterium (D) labelled
cannabinoids for model membrane studies. Such labelling permits location of
an intercalating species in membranes by difference fourier techniques to be
described below. Makriyannis and collaborators have recently used heavy atom
labelling to carry out difference fou; ier experiments with x-rays (Biochim. et
Biophys. Acta 1024 (1990) 336). The advantage of selective deuteration is
that a deuteron may perturb a biochemical system less than substitution of a
heavy atom like iodine for a molecular group such as CH 3 .
The cannabinoid selected for the present studies was A8-tetrahydrocannabinol
(A 8 -THC).
Deuteration was carried out it the 10a and 10b positions (shown
starred in Fig. 1) of the molecule by addition of DC1 gas followed by
elimination of the DC1 with potassium-tert-amylate (A.R. Banijamali et al.,
Jour, of Labelled Compounds and Radiopharmaceuticals 25 (1988) 73). Because
A 8 -THC is oxidizable, it was necessary to prepare dipalmitoylphosphatidylcholine (DPPC) multilayers, with 8.3 wt % cannabinoid, in an inert atmosphere
of nitrogen. The resultant mixture, dissolved in ethanol (0.2mg//xl) was then
spread out on quartz plates in the amount of 14 ixg/mm2 and the plates cycled
repeatedly between 39 and 46°C (cycle time ~1 h) while alternatively
humidifying and dehydrating the samples (cycle time -12 h) for several days in
a flow-through nitrogen gas system.
Neutron diffraction measurements were then carried out at the T3 spectrometer,
NRU reactor, with partially deuterated and fully protonated A 8 -THC hydrated
successively with pure H 2 0, pure D 2 0 and a mixture (50-50 by volume) of the
two.
The various hydrations permitted the phases (signs, either + or -) of
all structure factors, F(n), to be determined since they vary linearly with
replacement of light water by heavy water. The magnitudes of the structure
factors were derived from the measured integrated intensities, I(ri), by
evaluating: F 2 (n) = I(n).a(n).v(n).L(n), where a(n) is an attenuation
correction for the n t h order peak (N.P. Franks and W.R. Lieb, J. Mol. Biol.
1.33 (1979) 469), v(n) a correction arising from vertical divergence and use of
a linear detector (A. Saxena and B.P. Schoenborn, Acta. Cryst. A 33 (1977)
813) and L(n) = sin (n.20) when the projection of the sample width
perpendicular to the beam direction is less than the width of the incident
beam (the scattering angle cf the first order reflection is 2 0 ) .
The
scattering amplitude (fourier) profiles p(x) were then calculated using the
equation:

^ = 1 F(n).cos(27rnx/d),

(1)

where d is the Bragg repeat distance of the membrane bilayer and N is the
number of orders observed (= 4 for the present measurements).
The fourier profiles were then obtained for the two samples (one deuteriumlabelled and the other fully protonated) and the difference between the two
for T = 45°C and a relative humidity of 36Z is shown by the solid line in the
lower part of Fig. 1, the ordinate in the figure being in relative units (G.I.
King and S.H. White, Biophys. J. 49 (1986) 1047). This difference profile was
obtained after normalization of the two data sets in the methyl (central)
region (CH 3 -groups are large solid circles) and in the aqueous regions
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centered at ±30 A in the figure. The latter procedure was the same as that
employed by Mavromoustakos et al. (BBA 1024 (1990) 336) for the case of A 8 -THC
in dimyristoylphosphatidylcholine (DMPC). DMPC is structurally identical with
DPPC except that the former has its acyl chains shorter by two methylene (CH 2 )
groups. As with the x-ray measurements on DMFC the absence of a single strong
peak, in the difference profile obtained from the present measurements
indicated incomplete localization of the cannabinoid at temperatures below the
liquid crystal transition temperatures of the host lipid.
Referring to Fig. 1, it is clear that there is a large excess in the
difference profile near ±22 A (see large arrows). The intensity of the peak
is of the correct order of magnitude to account for the A 8 -THC present in the
samples.
This conclusion follows from strip-model calculations of the type
described by G.I. King and S.H. White (Biophys. J. 49 (1986) 1047) which
yielded the dotted line shown in the figure.
In these strip model
calculations the width of the water, headgroup, acyl and methyl regions were
found to be 9.5, 7.0, 13.0 and 10.5 A, respectively, and the A 8 -THC was
assumed to be in the headgroup strip. The locations of the A 8 -THC molecules
in the figure has been selected so as to have the deuterons (starred species)
straddling the centroid of the peak in the difference profile.
The
orientation of the A 8 -THC has been assumed to be the same as that found
previously for DMPC.
This assumption is in accord with previous NMR
measurements on DPPC above 41°C (Makriyannis et al., BBA 986 (1989) 141). We
note that the position of the A8-THC molecule is now somewhat further into the
headgroup region than it was in DMPC (cf BBA 1024 (1990) 336). It is also
slightly further in than previous low resolution neutron measurements (Martel
and Ahmed, op. cit.) and earlier computer modelling studies (Makriyannis et
al., NIDA Res. Monog. J9_ (1987) 123) would suggest.
Another interesting
feature is that the strip model calculations for membranes containing A 8 -THC
yield a water strip some 2 A thicker than similar calculations for pure DPPC.
This latter result confirms the suggestion in an earlier paper (Martel and
Ahmed, op. cit.) that cannabinoids tend to attract water into the
interlamellar regions.
The significance of the present measurements is as follows:
(1) The active site of the cannabinoid receptor is likely to be located in
the hydrophilic headgroup region of the membrane.
Therefore, although the
protein receptor possesses seven hydrophobic domains (Matsuda et al., op.
cit.) the present results suggest that the active site will be in a headgroup
region of the molecule.
(2)
The OH group of the A 8 -THC molecule may interact directly with the
phosphate group (centered on the solid circles of intermediate size). If not,
there will likely be coupling to at least one of two water molecules which are
strongly attached to the P0 4 group. (Oxygens in the diagram are depicted by
small solid circles.)
The ultimate aim of these experiments is to produce large quantities of the
protein receptor by recombinant DNA methods so that further difference fourier
measurements may be undertaken on receptor-impregnated membranes to fully
elucidate the nature of cannabinoid activity.
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DISTANCE (A)
Figure 1 Difference fourier profiles across the DPPC membrane. The
measured difference is denoted by the solid line. The dotted
line indicates the result of a strip model calculation2.5.28

Diffraction From Butylated Hydroxvtoluene (BHT) in Membranes

P. Martel and K. Kelly and K.R. Jeffrey (University of Guelph)
Analysis of previous neutron scattering measurements reported on in PS-P1:6.21; AECL-10332, has indicated that 45°C was not high enough in temperature
to permit BHT to become fully localized in dipalmitoylphoshatidylcholine
(DPPC) membranes. The reason is that the liquid crystal state is not fully
attained at 45°C when 20 mol£ of BHT is present. This state is normally
attained above 41 °C in pure DPPC. A more recent series of measurements has
confirmed that 45°C was not high enough and that temperatures in excess of
55°C are necessary. High relative humidities (Rh) are also necessary and an
increase in Rh-value from 36% to 66% was achieved to accomplish this by
keeping a reservoir of saturated NaN03 solution in the neutron scattering
chamber. Measurements at 62°C are currently underway.
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2.5.29

Spectrometer Control System

M.M. Potter and F. Chen, and G.H. Keech (Mathematics and Computation Branch)
The following changes have been made to the spectrometer control system:
The hardware and software for all spectrometer control systems has been
upgraded to the same level. This makes the maintenance of the systems much
easier. High resolution monochrome graphics terminals have been installed on
all systems. These terminals are designed to work in a multi-host environment
and are connected to both a spectrometer control computer and the central
MicroVAX node CM3. This makes it possible to plot data on a remote MicroVAX
as is being collected by the spectrometer control system.
Since the plot is
displayed on the spectrometer control console, this system provides on-line
plotting capabilities at all spectrometers.
A mouse-controlled system to
select and zoom in on areas of interest is also provided.
The MicroVAX
program SPLOT which plots the data is also useful for preliminary examinations
of the data, especially from remote sites since users have the ability to
access the system from terminals off-site. A PLOT command has been added to
the spectrometer control program to implement on-line plotting. This command
has parameters to select the data to be plotted.
Commands to control the
displaying of graphics and text on the control console have also been added to
the control program.
A full screen editor program CRYCAL has been written. It is used to create
and modify a data base of temperature sensor information for all cryostats.
This data base is used by the spectrometer control program during experiments
that control the temperature of the specimen.
2.5.30

DUALSPEC C2 Scattering Can and Loop Facility

H.F. Nieman
The empty C2 scattering can was installed in the C2-N2 through tube of the NRU
reactor during the August shut-down. The aluminum can with feed lines from
the N2 end was located above the end of the present C5 re-entrant tube.
Testing and final commissioning of the C2 heavy water loop (bypassing the
scattering can) took place during the months of October and November. Final
pressure testing and commissioning of the loop plus scattering can was
accomplished during the December shut-down.
The primary function of the C2 loop facility is to remove the heat generated
in the target of heavy water while the reactor is operating. The heavy water
is pumped from a surge tank through the target can in the reactor, a shielded
delay tank mounted on the N face, a heat exchanger and finally back to the
surge tank.
In the event of low flow (0.4 IGPM), very high temperature
(93°C), very high pressure (31 PSI at pump discharge), class 3B power failure
or time delay failure, the loop will dump. This means that the heavy water in
the can will be forced into the surge tank by helium. This places the loop in
a safe state but it may not be restarted until at least 15 minutes into a
reactor stiut-down.
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The complete C2 loop has been running successfully since its final
commissioning in early December.
The NRU Operations staff nov maintain and
operate the C2 loop.
2.5.31

Reactor Beam Hole Use

H.F. Nieman
The total NRU operating time was 126 days.
holes was as follows:

Beam
Hole
E3
L3
N5
T3

No. of
Experiments

No. of
Participating
CRL
Scientists

19
6
7
5

Utilization of the occupied beam

No. of
Participating
Non-CRL
Scientists

7
4
4
2

2.5.32

Sudbury Heutrino Observatory (SNO)

2.5.32.1

Project Overview

14
7
7
5

Efficiency {% of
Available Reactor
Operating Time Used
for Experiments')
95%
972
96%
92%

E.D. Earle, K.M. McFarlane, J.D. Hepburn and E.P. Bonvin
CRL hosted the only full collaboration meeting held during the reporting
period on September 14-16.
This was attended by scientists from the SNO
Collaboration, by the Monenco/Canatom Project Team, and by specialty
consultants.
Design of the laboratory, detector, and surface building have progressed.
Emphasis has been placed on the design of systems and components required
early in the construction process. The Design Requirements Document for the
deck structural steel has been prepared by Monenco/Canatom, along with some of
the detailed deck design.
Excavation shapes for the cavity and auxiliary
rooms were also refined. The surface building specification has been issued
to SNOI, and the tendering package completed.
The project, through Los Alamos National Laboratory, has placed a purchase
order with Hamamatsu of Japan for 11,000 photomultiplier tubes (PMT's). This
is a $5.6M U.S. contract and is one of the largest components to be purchased
for the laboratory.
Excavation by Inco (to the end of November, 1990) is shown in Fig. 1.
Initially excavation progress was slower than expected, but in October the
excavation had proceeded to the point where large equipment purchased
specifically for this project (a scissor lift, a 6 yd. scoop tram, and a
single boom jumbo) could be utilized. Monthly progress is now excellent. A
locomotive is also on order. The total capital purchase value for equipment
is S900K.
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2.5.32.2

Project Management

J.D. Hepburn, E.D. Earle and K.M. McFarlane
Three SNO management positions are occuj "ed by CRL staff: Associate Director,
Technical (E.D. Earle, 50%), Owner's Engineering Representative and Operations
Manager (K.M. McFarlane, 100%), and Detector Project Manager (J.D. Hepburn,
100%).
J.D. Hepburn has been posted to Queen's University, Kingston, since
1990 August 29, for a period of one year, renewable tr two.
Contributions by the Associate Director Technical include:
monitor and
comment upon technical aspects of R&D and designs, coordinate (with the
Owner's Representative) SNO review of technical documents, sign-off
engineering documents from the SNO technical point of view, and attend Design
Coordination and monthly Project Review meetings with the project management
firm, Monenco. Particular emphasis has been placed on the acrylic vessel.
The Owner's Engineering Representative interacts with Monenco's design team,
the Inco Project Team and SNO groups, comments upon engineering designs and
signs-off technical drawings and documents.
He attends Inco Coordination,
Design Coordination and monthly Project Review meetings.
As Operations
Manager, he must ensure that designs are reviewed for operability.
The Detector Project Manager has provided the continuity between all previous
work on costs and schedules, performed while acting as Interim Project
Manager, and the cost and schedule work now being done by Monenco. He is now
serving as Project Manager for all the tasks assigned to the scientists in the
SNO collaboration, including both R&D and provision of certain detector
components.
Additional work included:
expediting work by and information
flow among the project participants, getting data for monthly schedule updates
of physicists' activities, preparation of SNO material for the i.-onthly
progress reports, setting agendas for and writing minutes of the Technical
Management Committee meetings, attending Design Coordination and monthly
Project Review meetings, writing sections of the Project Procedures Manual,
and working on Quality Assurance Program for the physicists' activities. One
major task was to summarize the work packages and deliverables for all
physicists' activities, as part of a reassessment of all physicists' work,
carried out by SNO group leaders on December 3 and 4.
2.5.32.3

Acrylic Vessel Design

E.D. Earle and K.M. McFarlane
Primary responsibility for the design of this critical item rests with the
Monenco/Canatom Design Team and their Special Components Engineer, Phil Cumyn.
Cumyn is Chairman of a committee comprised of Peter Doe of LANL, Jerry
Stachiw, an acrylic consultant hired by SNO and CRL's Ken McFarlane and Davis
Earle.
This committee has met with two material suppliers and five
fabricators in Europe and the U.S.A.
There are at least two excellent
candidates for the material and for the fabrication.
A Design Criteria
document and procedures for the selection of suppliers have been written.
Finite element analysis of various designs have been performed under contract
by Swanson Ltd., Calif. The support mechanism for the spherical vessel has
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been modified from a rigid acrylic collar extending up to the deck of the
observatory to a design whereby the vessel is hung from 10 kevlar ropes.
Quest Ltd. has been contracted to calculate the potential of vessel damage due
to sloshing of the water bath in which the vessel is to be submerged. This
sloshing may arise from natural or mining induced seismic activity.
Rock
bursts are considered the most significant.
2.5.32.A

Water Flow Calculations

K.M. McFarlane
The SNO detector consists of an acrylic vessel containing 1,000 tonnes of D 2 0
suspended in a tank of 7,000 tonnes of H 2 0 and surrounded by a spherical array
of photomultiplier tubes (PMT's) directed towards the vessel. Contaminants in
the H 2 0 , particularly inside the PMT surface, are a source of background
signals.
It is expected that most of these contaminants will be introduced
into the H 2 0 from sources outside (or behind) the PMT surface.
Water flow
characteristics in the H 2 0 tank must be established and the circulation and
cooling systems designed to minimize this potentially significant background.
Advanced Scientific Computing (ASC) of Waterloo, Ontario, have performed
numerical modeling of the flow characteristics.
A specification for these
calculations was prepared in consultation with M. Carver ar.d A. Banas (Thermal
Hydraulics Development Branch), and D. Sinclair (Centre for Research in
Particle Physics (CRPP), Ottawa).
This group has interacted with ASC on a
frequent basis during the course of the calculations.
A thorough report
summarizing the results with recommendations was issued by ASC in December.
These calculations have provided guidance for the design of several key
systems, including the required PMT support structure flow impedance and the
unexpected requirement to separate the cooling and contaminant removal
functions of the H 2 0 purification system.
2.5.32.5

Electrodeionizer Evaluation

E.D. Earle and S.K. Sengupta (Waste Management Systems)
An Ion-pure electrodeionizer purchased from Millipore Ltd. for desalination of
D ? 0 has been evaluated. The results indicate that the module could be used to
desalinate water from 2500 ppm to 0.1 ppm in a sequence of four stages in
series. The four stage train will be required due to inherent mass transfer
limitations which exist at the resin sites and at the membrane interface in
the Ion-pure system.
A sophisticated feed and bleed recycle loop with a
feedback process control, will be necessary to maintain the concentrate stream
in each system at a prescribed upper limit as determined from a combination of
mass transfer considerations and overall mass balances. A bleed stream will
be required off each system to ensure that separation can proceed within the
mass transfer constraints placed on the system.
An alternate process strategy could employ a Reverse Osmosis rig situated
upstream of a twin 2-stage series/parallel CDI electrodeionization rig. The
cost of such a plant is $1.1M, and would require four working weeks to process
the heavy water inventory at Sudbury Neutrino Observatory.
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Details of this process scheme and of the Ion-pure module evaluation are
contained in a year-end report prepared by Waste Management Systems.
2.5.32.6

Trace Analysis of Th and U in Acrylic

E.P. Bonvin, E.D. Earle, R.J.E. Deal, R.H. Martin, G.M. Milton, F.C. Miller,
W.J. Edwards and A.J.M. Hurteau
The trace analysis of Th and U in acrylic continues on three fronts: i) Alpha
Spectroscopy; ii) Mass Spectroscopy, and iii) Neutron Activation.
(I)

Alpha Spectroscopy

The chief changes in analytical procedure during this period were longer
plating times for thorium, increased refluxing of the purified uranium and
thorium with H 2 0 2 - HNO3 prior to plating, and adjustment of the pH of the
0.01M Na2EDTA eluant for Ba-Ra separation to 8.25. Improvements in recoveries
following these changes are as follows:

U
Th
Ra

Prior to
Changes

Following
Changes

39.4 + 1.1%
66.0 ± 3.7%
45.8 ± 4.1%

68.9 ± 4.9%
80.0 ± 4.5%
66.0 ± 6.8%

A portion of the acrylic prepared by the Los Alamos group, in which a spike ^f
232
Th was incorporated prior to polymerization, was volatilized and divided
for analysis by mass spectrometry and alpha spectrometry.
The Th content
measured by alpha spectroscopy (AS) was 139 ng.g" 1 , or 104% of the amount
added.
(The yield factor of 80% used here may be a little low, since
recoveries are known to improve when appreciable quantities of 2 3 2 Th are
present.) It would appear that no significant loss of thorium results from
acrylic volatilization.
During this period, a second sample of stores acrylic as well as one supplied
by Rohtn Ltd. have been analyzed by AS. Results are as follows:
Sample

U fpg.g'M

Th ( p g . g M

Stores

0.52 + 0.12 (234=238)
0.33 ± 0.09 (230)
1.09 ± 0.20 (226)

4.1 ± 0.56 (232)
2.4 ± 0.43 (228)

Rohm

1.06 ± 0.13 (avg. 234, 238)
<0.4 ± 0.10 (avg. 230, 226)

1.4 ± 0.30 (avg. 232, 228)

Over the past two years a number of samples of the vegetative standard Canmet
CLV-1 have been analyzed in order to test the reproducibili ty of our
procedures. The recoveries and variances reported for thorium and uranium are
acceptable for the analysis of this difficult matrix. However the data for
radium would indicate that some possibility exists that this element can be
lost during high temperature volatilization of organics. Unfortunately the
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generally poor recoveries in these analyses make it difficult to prove this
hypothesis.
It would be highly advantageous to analyze Ra-spiked acrylic,
prepared in the same manner as the Th-spiked sample referred to earlier in
this report. LANL is in the process of preparing such a sample.
(II)

Mass Spectroscopy

Many 1 kg samples from two suppliers have been vaporized and analyzed by mass
spectroscopy with emphasis on measuring the Th concentrations. The following
results are given in pg.g'1 or ppt:
Polycast acrylic: 10, 16, 27, 32, 10, 12.
Polycast acrylic, previously measured by NAA at Guelph:
Polycast monomer: 1.3, 1.5, 3.6, 2.8.

12, 6, 8, 6, 6, 6.

Five samples of acrylic made and spiked at LANL have also been analyzed with
the following recovery efficiencies: 89%, 95%, 95%, 78%, 84%.
(III)

Neutron Activation

The neutron activation analysis is now performed almost entirely at CRL, since
a low background Ge-well detector has been installed and placed in a Nal
anticompton shield, surrounded by 10 cm of Pb. Its background at 312 keV is
0.6 c/hour/keV, allowing detection of 1 ppt Th concentrations in 30 g
activated samples. The following results (in pg.g' 1 ) have been obtained by
NAA on Polycast materials:
Acrylic: 20, 23.
Acrylic core: 3.A, 4.6.
Acrylic surface: 10, 16.
Monomer: 1.9, 2.4, 3.0, 6.3, 38, 1.9, 3.0, 7.0, 1.2.
Rohm acrylic cannot be checked by NAA because of its high phosphor content.
All these results show good agreement between the various techniques and
reinforce our confidence that the methods are adequate to determine ppt levels
of thorium in acrylic samples.
The following
acrylic:

scenario

may describe

the observed Th

levels

in

Polycast

a)

The monomer and the core of acrylic samples have 1-<\ ppt of Th.

b)

Random contamination during either the manufacturing of acrylic and/or the
handling prior to measurements contribute in a major way to the higher Th
concentrations observed in acrylic.
This contamination is randomly
distributed on or near the surface.
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2.5.33

Hultiwire 3 Ka Neutron Detectors

G.A. Sims, J.J-?. Bolduc, D.C. Tennant, H.C. Spenceley, J.G.V. Taylor
and B.M. Powell
(1)

13 Wire Detectors
(a)

HAC-1-9-13
The LEMO connectors on the SF6 box of this detector have been
replaced with a vacuum-pressure sealed model.
The detector
tests at T3 are pending.

(b)

MA-2-9-13
This detector still demonstrates excellent performance and
reliability without any noticeable degradation in efficiency,
background, resolution or long term stability.

(c)

MS-1-8-13
Modifications to the body of this detector have been
completed.
It is dimensionally similar to other 13-wire
detectors but the body is constructed of type 304 stainless
steel and the window is 1.4 m
m zircaloy.
Metal seals
(HELICOFLEX) are incorporated into the design. This detector
i s intended for use in t e s t i n g different
electrode
configurations but, if necessary, could be used as a
replacement for other detectors in this series.

(d)

MA-3-9-13 (DUALSPEC)
The vacuum-pressure sealed LEMO connectors and a hermetically
sealed SHV connector have been installed on the SF 6 box.
After an extensive cleaning and vacuum-baking procedure, this
detector showed excellent energy resolution with a test
filling.
With the operating filling (820 kPA3 H e + 227 kPA
CF 4 ) and a bias of 2 kV, the energy resolution was < 8% FWHM
(Figure 1). The shoulder on the low energy side of the peak
is from regions of lower gain at the ends of the wire and
should disappear when a collimated beam is used.
Background
and position resolution tests have yet to be made.
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Fig. 1
(2)

MAB-1-0-80 (80-Wire Curved Detector)
All components for this detector have been fabricated either at CRL
or at the Science Technology Centre (STC) of Carleton University.
The various components have been thoroughly cleaned using the newly
acquired ultrasonic cleaner. They are now undergoing a vacuum bake
at 110-120°C to liberate the gases and vapours from the detector
materials. The detector will be assembled early in the new year.

(3)

MAXY-l-O-36 (XY Detector)
Tentative specifications have been drawn up for a prototype XY (two
dimensional) position-sensitive detector.
Mechanical:
Cell dimensions: 4 mm x 4 mm
Efficiency: 74% at 2 Angstroms
Window area: 15 cm x 15 cm
Window thickness: ^10 mm
Body: <30 cm O.D.
Anode and cathode assemblies to be wire grids.
Electronic:
Individual amplifiers and discriminators for each channel.
Common anodes operating at a positive high voltage.
Output signals from near ground potential cathodes.
Decoding logic similar to the 80 wire detector (MAB-1-0-30).
Live XY display on a colour monitor.
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2.5.34

Multiwire Detector Electronics

J.J-P. Bolduc and D.C. Tennant, and M.J. Shea (Civil and Electrical Design
Branch)
Circuits incorporating four complete channels with all five stages
(preamplifier, amplifier, discriminate , pulse-vidth control and differential
line-driver) on a single board worked well and were compact but tended to
exhibit signs of feedback and crosstalk that might have been troublesome at
low discriminator settings. It was found that these effects could be avoided
and the lay-out made more convenient with better power supply decoupling if
multichannel stages were packaged separately. The current design for 13-vire
detectors (11 active channels) has all the (25 x 40 mm) preamplifier boards
mounted on a 160 x 60 mm mother board in one package.
The amplifiers,
discriminators and shaper/drivers are laid out for installation in three
separate NIM modules, 16 channels per board. Only 11 channels are wired for
the smaller detectors but a module count of 16 was chosen for use with the 80wire and future detectors to match decoding logic being designed in Civil and
Electrical Design Branch.
2.5.35

Spherical Fast-Neutron Proportional Counters

G.A. Sims, H.C. Spenceley, J.J-P. Bolduc and J.G.V. Taylor, and
M.J.P. Fynn (Manufacturing Branch)
Spherical proportional (proton-recoil) counters are needed in fast neutron
dosimetry to obtain an isotropic response. A set of four counters, three of
5 cm diameter and one of 15 cm diameter are being constructed for a commercial
contract. Design, construction of jigs and the making of parts for the 5 cm
detectors were completed during the period. The first 5 cm detector has been
assembled ready for testing.
Initial problems encountered in forming 15 cm
diameter stainless steel hemispheres have been overcome and construction of
the larger counter can now begin.
2.5.36

Ultrasonic Cleaner

G.A. Sims and J.J-P. Bolduc
A large ultrasonic cleaner has been installed to clean the larger components
of the new detectors under construction or being designed. The tank of this
40 kHz cleaner has interior dimensions of 52 cm x 46 cm x 46 cm with a
capacity of -115 1. This unit should accommodate all detector components that
are planned for the foreseeable future.
2.5.37

Ge Detector Servicing

J.J-P. Bolduc
Six Ge detector systems were restored during the period, five for BTF (Fuel
Engineering Branch) and one for Dosimetric Research Branch.

2-43

A questionnaire was circulated to 24 branches to find out the number, size,
age and manufacturers of Ge detectors currently in use at CRL. The replies
listed a total of about 70 detectors of which 25 are usually maintained by
TASCC staff. A computer listing will be prepared to help gather reliability
statistics and estimate the needs for future servicing, spare parts and
special tools.
2.5.38

AST 80386 Computer Systems

R.H. Martin
The 40 MB fixed disk drive in the AST desktop computer has been replaced with
a 120 MB unit. The increased capacity allows more efficient file management.
In addition, a 5.25" high-capacity floppy drive has been added to allow
interchange of disks with the other personal computers in the building.
2.5.39

8a

Y Standardization

R.H. Martin and J.G.V. Taylor
A primary standardization of 8 8 Y has been completed.
For Ge detector
calibration, this electron-capture nuclide is valuable because it emits a
high-energy (1836 keV), high-intensity (>99Z) gamma-ray and has a simple decay
scheme with a useful half-life (107 d ) . Measurements were made in the 4?r/?-7
coincidence system where the hn proportional counter detected principally KAuger electrons. For this nuclide, the K-x-ray energies are too high and the
L-Auger electron energies too low to be detected with high efficiency in this
counter.
Consequently, the highest 4n counter efficiencies attainable are
about 40% and many data points taken over a range of efficiencies are required
to obtain good precision in the efficiency extrapolation. To get efficiencies
ranging from 12 to 432, the 4n counter gas gains were varied with a
programmable high-voltage bias supply.
A total of 576 points were obtained
from measurements on six sources. The statistical uncertainty in the final
result was 0.19%. The quadratic sum of this and other sources of uncertainty
was 0.27%, equivalent to one standard deviation.
The stock solution had
1585.2 ± 4.3 Bq-mg"1 at reference time 1990 Nov. 1 @ 12h EST.
2.5.40

ICRM Detector Survey

R.H. Martin
Survey forms were received from the Finnish Centre for Radiation and Nuclear
Safety in accordance with an action planned at the 1989 ICRM meeting.
The
purpose is to evaluate the reliability of full-energy peak efficiency
calculations for Ge detectors according to the method described 6y Moens et
al. (in Nucl. Instr. and Methods 187 (1981) 451). These forms were completea
with the relevant Ge detector dimensions and performance specifications a;
well as efficiency calibration data for our nominal 10% detector and then
returned to the organizing laboratory.
A second stage in this survey will
return calculated volume source efficiencies to the participants by 1991 March
15.
The third stage will require each participating laboratory to make and
submit experimental volume source efficiency measurements by 1991 April 15. A
preliminary report will be presented at the ICRM meeting in Madrid, Spain, in
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1991 May. A final report will be prepared by the Finnish Centre by 1991
November 1.
2.5.41

Standards Issued

R.H. Martin
(a)

Standard Sources (by Branch)
57

Co

60

Co
Y
94
Nb
109
Cd
133
Ba
Xil
Cs
241
Am
88

(b)

(2)
(1)
(2)
(2)
(2)
(1)
(2)
(2)
(1)

Standard Solutions (by Branch)
60

Co
Ba
137
Cs
144
Ce
147
Pm
133

(c)

General Chemistry
Nuclear Physics
General Chemistry
General Chemistry
General Chemistry
General Chemistry
General Chemistry
General Chemistry
Radiation and Industrial Safety

Waste Management Operations
Waste Management Operations
Waste Management Operations
Dosimetric Research
Dosimetric Research

(3)
(3)
(3)
(1)
(1)

Special Standards

Two 1 3 3 B a - i n - c a r b o n standards were prepared for Radiation and
I n d u s t r i a l Safety Branch.
One 1 5 2 Eu " G E L " - i n - s t a i n l e s s - s t e e l
standard was prepared for Fuel Engineering Branch.
2.5.42

Glassblowing Laboratory

D.A. Doering
Work completed during the period is listed by branches.
Chemical Operations ("Mo Production^
Seventy-four alumina columns were built.
System Chemistry and Corrosion
Eighty-four thin walled NMR ampoules and thirty-six medium-walled NMR ampoules
were fabricated for use in the tandem accelerator, NMR ampoules were required
because they have the very uniform wall thickness needed to measure the effect
of LET on heavy water solutions irradiated with 27 MeV deuterons at
temperatures up to 180°C.
The medirm-walled ampoules will be used for
irradiations up to 300°C.
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Sixteen degassing bulbs were built
degassed solutions.

to allow the filling of ampoules with

These experiments are part of a study of the radiation chemistry of CANDU
reactor coolant.
General Chemistry
Five complete sets of reaction apparatus were made for the analysis of acrylic
being tested for the Sudbury Neutrino Observatory project.
Six condenser assemblies were fabricated to allow the analysis
samples for the Municipal Industrial Sewage Abatement Project.

of water

Twenty-two quartz ampoules were made to allow H 2 and D 2 to be extracted from
zirconium pressure-tube samples by levitating the zirconium samples in an
induction furnace.
Environmental Research
Six double-walled quartz furnace tubas were constructed for the volatilization
of lead samples.
Chemical Engineering
Six new quartz plasma tubes with tangential entrances were built for the
decomposition of H 2 S in feasibility studies of sulphur recovery. Three larger
double by-pass reduction furnace tubes were fabricated.
Accelerator Physics
Twenty-two different samples of ceramic materials were core drilled for the
dielectric measurement group for high temperature dielectric studies. Sample
holders were made from low-OH contents high-purity fused silica which allowed
measurements on ceramics up to 1100°C with adequately low dielectric loss.
This success resulted in a set of six quartz sample holders being sold to a
group in Britain.
In a search for an even lower loss material, it was
suggested to the customer that a new product, Suprasil F-300, be tried.
Sample holders from this material proved to have dielectric losses at least as
low as those of low-OH fused silica and tests are continuing.
Neutron and Solid State Physics
Four Suprasil furnace tubes were made for the pyrolysis of acrylic being
tested for use in the Sudbury Neutrino Observatory. The annealing furnace in
the glassblowing shop was used to reduce Vectran rope to ash for analysis.
The annealing furnace was also used to shape ceramic strips to a 1.5 m radius
for anode supports in an 80-wire neutron detector.
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Nuclear Physics
Five new quartz water-cooled aerosol generators were constructed to fit a
temperature-controlled vacuum oven in the ISOL gas transport system at TASCC.
This system allows the measurement of half-lives in the millisecond region.
Eleven quartz aerosol generators were repaired during the ISOL experiments.
Two glass target chambers were constructed to measure the hold-up time in
transporting gas with smoke as a tracer.
A study of eddy-current patterns
will help the design of an improved chamber.
Dosimetric Research
Thirteen centrifuge cold-finger traps were fabricated for tritium analysis of
bioassay samples, glove materials and animal tissue.
Six ion-exchange columns were made to be used for HPLC analysis of urine and
water samples.
Two vacuum pumping manifolds were constructed to allow vacuum drying of
samples and six vacuum chambers were built to dry blood and fecal samples for
analysis.
Nordion
The following is a list of glassware fabricated for Nordion International to
enable them tc keep the production of radioisotopes on schedule:
Fifty-one modified Buchner funnels, eighteen " M o product headers, seven " M o
300 ml headers, six " n o 500 ml waste headers, six 500 ml holding headers,
four 1000 ml four-necked " M o boiling flasks, one " M o flow indicator, three
131
I flanged domes, and three 1 3 1 I product reservoirs.
2.5.43

Mechanical Laboratories

H.C. Spenceley and L.E. McEwan
During the period the work in the Building 116 laboratory was divided as
follows:
multiwire detector components (curved 80-wire and DUALSPEC), 75%;
spherical fast-neutron proportional counters, 15£; glassblowing laboratory
tools, 5%; and small jobs for SNO and CMP, 5%.
Much of the time devoted to the spherical detectors was spent on the design
and development of various jigs and fixtures for manufacturing and assembling
the components.
The single bent silicon (111) monochromator is now complete and ready for
testing. The vertical tilt has been designed and built and both drive motors
have been mounted.
The monochromator stacks for DUALSPEC were both redesigned and rebuilt and are
now completed and being installed.
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The wedge actuating mecharisms for DUALSPEC were partially redesigned and
rebuilt. Two are complete and are now being tested while the third is near
completion.
A large aluminum chamber was designed and manufactured together with a heavy
duty cart to support it. These are for the SANS spectrometer at T3. Two
laser mounts were designed, manufactured and aligned to replace the old
damaged unit.
Six cassettes, three vanadium cans and five crystal mounts were made. Other
work completed includes replacement of the cooling tubes on the furnace,
manufacture of two dovetail mounts and a storage tank, scattering can.
2.6

PUBLICATIONS AND LECTURES

2.6.1

Publications

ANTIFERROMAGNETISM AND SUPERCONDUCTIVITY IN URu2Si2
T.E. Mason, H. Lin, M.F. Collins, W.J.L. Buyers, A.A. Henovsky and J.A. Mydosh
Physica B 163 (1990) 45-48
HALDANE-GAP MODES IN THE S = 1 ANTIFERROMAGNETIC CHAIN COMPOUND CsNiCl3
Z. Tun, W.J.L. Buyers, R.L. Armstrong, K. Hirakawa and B. Briat
Phys. Rev. B 42, 4677 (1990)
X-RAY MAGNETIC SCATTERING IN ANTIFERROMAGNETIC URu2Si2
E.D. Isaacs, D.B. McWhan, R.N. Kleiman, D.J. Bishop, G.E. Ice,
P. Zschack, B.D. Gaulin, T.E. Mason, J.D. Garrett and W.J.L. Buyers
Phys. Rev. Letters 65 (1990) 3185
NEUTRON SCATTERING MEASUREMENTS OF LONG RANGE ANTIFERROMAGNETIC ORDER IN
URu2Si2
T.E. Mason, B.D. Gaulin, J.D. Garrett, Z. Tun, W.J.L. Buyers and E.D. Isaacs
Phys. Rev. 65 (1990) 3189
TEMPERATURE DEPENDENCE OF CRITICAL NEUTRON SCATTERING IN
Cr+ 0.2 AT .5V AND CHROMIUM
D.R. Noakes, T.M. Holden, E. Fawcett
J. Appl. Phys. 67 (1990) 5262
CRITICAL SCATTERING IN Cr+ 0.2 AT .Z V AND IN CHROMIUM
D.R. Noakes, T.M. Holden, E. Fawcett and P.C. de Camargo
Phys. Rev. Lett. 65 (1990) 369
CELLULOSE STABILITY AND DELIGNIFICATION AFTER ALKALINE
HYDROGEN PEROXIDE TREATMENT OF STRAW
P. Martel and J.M. Gould
J. of Applied Science 39 (1990) 707-714
DYNAMICS OF LAYERED ADENINE MOLECULES
P. Martel, V. Frank and M. Hennion
Phys. Rev. A 4J. (1990) 7006
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NEW INTERPRETATION OF THE QUASIPARTICLE WEIGHT Z(Q) FOR SUPERFLUID 4He
A. Griffin and E.C. Svensson
Physica B 165&166 (1990) 487
ORDER-DISORDER BEHAVIOUR IN THE TRANSITION OF PbTiO3
R.J. Nelmes, R.O. Piltz, W.F. Kuhs, Z. Tun and R. Restori
Ferroelectrics 108 (1990) 165-170
THE RANGE OF THE DYNAMICAL COULOMB INTERACTION IN JUNCTIONS OF
THIN DISORDERED FIL"~
G. Bergmann and W. Wei
Physica B 165&166 (1990) 313
ELECTRONS AND PHONONS IN NON-EQUILIBRIUM IN DISORDERED THIN NARROW FILMS
G. Bergmann, W. Wei, Y. Zou and R.M. Mueller
"Phonons 89", ed. by S. Hunklinger, W. Ludwig and G. Weiss
(World Scientific, Singapore, 1990) Vol. 2, p. 1281
COLD NEUTRON SOURCE, PROJECT DEFINITION DOCUMENT
V.F. Sears and E.C. Svensson
AECL Report CS-1 (1990)
INDUCED RADIOACTIVITY FROM INDUSTRIAL RADIATION PROCESSING
M.A. Lone
Nucl. Instru. and Methods in Phys. Res. A29 (1990) 656-660
2.6.2

Lectures

NEUTRON SCATTERING AND INTERMOLECULAR DYNAMICS
B.M. Povell
Dynamics of Condensed Matter, Dalhousie University, Halifax, Nova Scotia
1990 July 15-21
INELASTIC INCOHERENT NEUTRON SCATTERING SPECTRA OF CRYSTALLINE AND
AMORPHOUS PHASES OF ICE
E.C. Svensson, V.F. Sears, J.H. Root, C. Szornel, D.D. Klug, E. Whalley
and E.D. Hallman
Symp. on Dynamics of Condensed Matter at the 73rd Canadian Chemical Conf.
and Exhibition, Halifax, Nova Scotia, 1990 July 15-21
NEUTRON SCATTERING AND INTERMOLECULAR DYNAMICS
B.M. Povell
XVth Congress and General Assembly of the Int. Union of Crystallography
Bordeaux, France, 1990 July 19-28
NOVEL APPLICATIONS OF NEUTRON DIFFRACTION
T.M. Holden
International Crystallography Congress, Bordeaux, United Kingdom
1990 July 28
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ACCELERATOR NEUTRON SOURCES FOR RADIOGRAPHY
M.A. Lone
Proceedings of the first Int. Topical Meeting on Neutron Radiography System
Design and Characterization
Pembroke, Canada, 1990 August
S(Q,w) FOR LIQUID "He: WHAT MORE DO WE NEED TO KNOW?
E.C. Svensson
NATA Advanced Research Workshop on Excitations in 2D and 3D Quantum Fluids
Exeter, United Kingdom, 1990 August 10-15
ACCELERATOR NEUTRON SOURCES FOR RADIOSCOPY
M.A. Lone and B.G. Chidley
1st Int. Topical Meeting on N.R. Systems Design and Characteristics,
Pembroke, Ontario, 1990 August 22
ACCELERATOR NEUTRON SOURCES FOR RADIOSCOPY
M.A. Lone and B.G. Chidley
1st Int. Conference on Neutron Radioscopy, and Science Characteristics,
Pembroke, Ontario, 1990 August 31
NUCLEAR DATA NEEDED FOR INDUSTRIAL NEUTRON SOURCES
M.A. Lone
Int. Conference on Nuclear Data for Science an^ Technology, Julich, Germany
1990 September
SOME ASPECTS OF HYDROGEN BONDING IN THE PHASES OF WATER
E. Whalley, D.D. Klug, Y.P. Handa, E.C. Svensson, J.H. Root and V.F. Sears
International Symposium on Hydrogen Bond Physics
Torino, Italy, 1990 September 11-14
NEUTRON DIFFRACTION MEASUREMENT OF TEXTURE VARIATIONS NEAR
A WELD IN A Zr-2.5% Nb PLATE
J.H. Root and A. Salinas-Rodriguez
Proc. of the Int. Conference on Textures of Materials, Societe
Francaise de Metallurgie, Avignon, France, 1990 September 17-21
DATA NEED FOR ACCELERATOR-BASED NEUTRON RADIOGRAPHY SOURCES
M.A. Lone
Proceedings of the IAEA Advisory Group Meeting on Intermediate Energy Nuclear
Data for Applications, Vienna, Austria
1990 October 9-U
NON-DESTRUCTIVE EVALUATION OF INDUSTRIAL COMPONENTS BY NEUTRON DIFFRACTION
ASME/TMS Conference, Detroit, Michigan
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3.2

OVERVIEW/ACCOMPLISHMENTS

The research programs in the Theoretical Physics Branch have been greatly
strengthened through the arrival of three new members in 1990 September:
• Frank Marsiglio, an acknowledged expert in the theory of superconductivity,
has joined the staff to provide theoretical support for the Condensed Matter Physics program. Frank is presently engaged in extensive Monte Carlo
and analytical calculations for simple model systems aimed at improving our
theoretical understanding of high-Tc materials such as the newly-discovered
cuprates and bismuthates.
• Nancy Schmeing, who has joined the branch as a Research Associate on a
half-time basis, will provide theoretical support for the TASCC Program.
She is currently performing shell model and other calculations to help
understand new effects that have been seen in gamma-ray measurements with
the 8n spectrometer.
• Peter Leivo, who has had a very fruitful collaboration with Paul Lee for
many years, including a six-month visit to CRL in 1989, has returned as a
Research Associate to work with Paul en the theory of Hopf algebras and
other aspects of Field Theory. He is alt>j completing some earlier work on
the Ashtekar formalism for gravitation.
Ian Towner has been appointed Adjunct Professor of Physics at Queen's University, Kingston.
In connection with this appointment, he gave a series of 20
lectures at Queen's last fall on the theory of weak interactions for the particular benefit of the people at Queen's who are working on the Sudbury Neutrino Observatory (SNO) project.
Towner was also chairman of the organising committee of the extremely successful TASCC Workshop, which was held at Chalk River during 1990 July 17-19.
Paul Lee spent a very fruitful two-week period last August as visiting scientist at the Physics Institute of Academia Sinica in Taiwan.
Varley Sears was honoured by his election as a Fellow of the American Physical Society on 1990 October 28 "for contributions to the theory and practice
of thermal-neutron scattering in condensed matter research and in fields of
neutron optics and fundamental neutron interactions".
Sears has been invited to write a chapter entitled "Interaction of Neutrons
with Condensed Matter" for inclusion in the forthcoming Handbook of Neutron
Scattering to be published by Springer-Verlag, Berlin.
He was also very
active, in collaboration with E.C. Svensson and others, in writing the Project Definition Document for the CRL Cold Source.
In addition, he was Convener of the Physics and Health Sciences Safety Committee and is the TP and
NSSP representative on the Physical Sciences Computing Committee.
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3.3

TOPICAL REVIEW - HIGH TEMPERATURE SUPERCONDUCTIVITY

The discovery in 1986 of superconductivity near 30 K by Bednorz and Miiller in
a mixed phase La-Ba-Cu-0 compound ignited an unprecedented amount of research
activity in the superconducting oxides. Within six months of the publication
of this new discovery, the superconducting critical temperature Tc had
reached 90 K in the Y-Ba-Cu-0 system.
Ongoing research has since produced
compounds with confirmed critical temperatures of 125 K. Unconfirmed reports
continue to abound, with papers in the literature citing "discoveries" of
compounds with Tc as high as 240 K.
Besides their high critical temperatures, these oxides also display unusual
physical properties. Most of them have a structure which includes quasi-twodimensional planes of CuO , a feature which many workers consider the crucial
material property for high Tc. These compounds also have unusual magnetic
properties.
For example, La CuO is an antiferromagnetic insulator which,
2

4

upon doping with holes, either by substitution of Sr for La, or through
removal of oxygen, becomes superconducting.
The proximity of these two
phases, along with some of the unusual normal-state properties in these
materials, prompted many theorists to speculate that magnetic correlations
give rise to a new kind of superconducting condensate, unlike the conventional condensate described by the BCS (Bardeen, Cooper, and Schrieffer)
theory which so successfully describes the properties of most previouslyknown superconductors. An intriguing proposal is that upon doping the parent
compound; the itinerant holes acquire special properties which are governed
by fractional statistics.
Such particles have been named "anyons", since
their phase can acquire any value between 0 and 1. (Fermions have phase factor unity; bosons have phase factor zero.) Unfortunately thus far, muon-spin
resonance experiments (performed at TRIUMF) along with optical dichroism
experiments do not support this idea, although there is still some controversy here.
Many other theories of high temperature superconductivity have been proposed
over the last four years. They can roughly be divided into two categories.
One starts from the full structure of the compound (13 atoms per unit cell in
YBa Cu 0 ! ) and attempts to describe normal-state properties along with the
superconducting instability in some approximation scheme, usually the localdensity approximation, within the density functional formalism.
Thus far,
this approach has had limited success. The major problem remains that strong
correlation effects are not treated properly so that, for example, the theory
predicts La CuO to be a metal when, in fact, it is an antiferromagnetic
insulator.
The second category reduces the complicated unit cell to a model structure,
usually a two-dimensional square lattice with single overlapping orbitals at
each site due to either outer oxygen-2p orbitals or an effective hybridized
Cu-0 complex. Strong correlation effects are then included for this simple
system using a variety of techniques, ranging from approximate to exact.
Examples of exact techniques are direct diagonalization and Quantum Monte
Carlo simulations. The price one must pay to solve a system exactly is that
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its size must be relatively small (4x4 up to 16x16 lattice sites in two
dimensions) so that finite-size effects become an issue.
Work in the Theoretical Physics Branch has concentrated on predictions of the
hole mechanism of superconductivity, a theory of the oxides that falls into
the second category.
This model suggests that the crucial feature of the
high-temperature oxides is that an underlying oxygen lattice has effectively
formed a metal, through doping with holes.
Its virtues are two-fold:
Firstly, it is universal, describing all superconducting oxides, not just
cuprates (Ba K BiO
is a recently discovered high Tc compound with
Tc = 30 K which has no copper) and, secondly, the theory makes many predictions so that it is immediately testable.
Unfortunately, critical experiments (such as tunneling) have been difficult
to perform on these new materials, so that results so far have been inconclusive. However, these difficulties may only be due to materials-science problems and, as procedures for producing better single crystals improve,
results will become more reproducible.
Then, as always, experiment will
point to the right theoretical framework, and the understanding this gives
will lead to the synthesis of new materials with even higher superconducting
critical temperatures.
3.4

SUMMARIES

3.4.1

Condensed Matter Theory

The work on high-Tc superconductivity during this period falls into four
areas, all of which pertain to newly discovered oxides of copper and bismuth.
It is shown (3.5.1) that many unusual properties of these materials - such as
their Hall coefficients and the effects of pressure and magnetic impurities
on Tc - can be explained by assuming two electron bands at the Fermi surface,
one hole-like which drives the superconductivity and one electron-like which
gets dragged into the superconducting condensate through interactions with
the other band.
The Holstein model, describing an interacting system of electrons and ions,
has been solved for small two-dimensional lattices using quantum Monte Carlo
techniques (3.5.2) to test the accuracy of various levels of perturbation
theory and to understand more fully the competition between the superconducting (pairing) correlations and the charge-density wave (CDW) correlations.
It is found that the CDW correlations suppress the pairing correlations.
The Eliashberg theory of electron-phonon interactions has been extended
(3.5.3) to the very-strong coupling regime and applied to the interpretation
of experimental results for high-Tc oxides.
To understand the competition between antiferromagnetism and superconductivity in the new copper oxide materials, a simple two-dimensional model has
been developed, and calculations have been performed (3.5.4) using diagrammatic perturbation theory. The results are in excellent agreement with exact
diagonalization studies for small lattices.
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A general-purpose Fortran program has been written (3.5.5), based on the conventional multiphonon expansion of S(Q,w) and an iterative algorithm, to
determine the velocity spectrum f(w) self-consistently from neutron scattering measurements at an arbitrary temperature T. The program has been used in
the analysis of neutron measurements on methane in D 0 clathrate (3.5.6),
where the quantized rotational motion of the CH

molecules tias been observed
4
for the first time, and in the analysis of experiments on Dianin's compound
(3.5.7) where the velocity spectrum of the H atoms in the host lattice has
been determined.
A simple analytical model has been devised (3.5.8) for calculating the DebyeWaller factor at an arbitrary temperature.
To the extent that the lattice
vibrations are harmonic (or quasi-harmonic), the accuracy of the model is
limited by the available data for the phonon density of states which are used
to determine the coefficients in the model, and is about 2 to 3%.
These
coefficients have been calculated for 43 elements with the fee, bec, hep, and
diamond structures.
3.4.2

Nuclear Theory

The deformed shell model is being used to help understand the recent observation that some superdeformed rotational bands in nuclei in the mass 150
region (3.5.10) have identical moments of inertia to within about 0.1%. The
particle-rotor model of Bohr and Mottelson, which has also been used to
interpret these results, is being investigated (3.5.11) to establish its
limits of applicability.
Finally, a computer code is being set up (3.5.12)
to study some recently-discovered superdeformed and soft-deformed bands.
Corrections to the impulse approximation in elastic magnetic electrondeuteron scattering due to meson-exchange currents and retardation effects
have been calculated (3.5.13), and the resulting calculated scattering is now
in very good agreement with the experimental results. Some theoretical problems with extensions to the theory are still unresolved.
Work on radiative corrections to superallowed beta decay is continuing and
should be completed shortly (3.5.14).
The discrepancy between this work and
that of Marciano and Sirlin, mentioned in the previous report, has now been
resolved.
Gamow-Teller beta decays and Ml gamma decays between 3/2 and 1/2 states in
the s,d shell are being surveyed (3.5.15) in an attempt to resolve a current
discrepancy between theory and experiment in ^-forbidden decays in the A=39
system.
3.4.3

Field Theory

The main achievement in the Field Theory Program during this period has been
the discovery (3.5.17) of a "tangle theorem" which relates a class of topological objects (tangles with two open fixed ends) to a class of quantum group
invariants.
This theorem has important implications for topological field
theory and for exactly-solvable statistical models.
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The relation between the tangle invariants and holonon.y in the Chern-Simons
theory is being investigated (3.5.18).
In addition, parafermionic representations have been discovered (3.6.19) of a new quantum group which naturally
describe physical systems obeying fractional statistics.
It has been shown (3.5.20) that fractional statistics in geometric quantization can be understood in terms of flat connections on quantum bundles. Work
is proceeding (3.5.21) on an attempt to derive, for quantum groups, quantities analogous to the Casimir operators in Lie algebras.
These quantities
are important because they represent the conserved quantities for the system.
Solutions of the braid relations have been obtained (3.5.22) for representations at a root of unity with one free parameter. The corresponding quantum
R matrices were then obtained by means of the new "Baxterization" process.
A new geometrical parametrization of the Ashtekar formulation of general relativity for the case of spherical symmetry has been derived which expresses
the theory in a surprisingly compact form.
Work continues to see whether
this reflects some underlying fundamental property (3.5.23).
3.4.4

Accelerator Theory

Work on the effective-edge representation for motion through dipole-magnet
fringing fields has been completed and is being prepared for publication
(3.5.24).
A computer program, based on the methods of differential algebra, is being
developed (3.5.25) for calculating ion trajectories in the TASCC cyclotron in
order to gain a better understanding of the motion of ions through this
machine.
3.5

INDIVIDUAL REPORTS

3.5.1

Hole Mechanism of Superconductivity
F. Marsiglio (with J.E. Hirsch (UCSD, La Jolla))

Following the discovery of high-Tc superconductivity (Bednorz and Miiller, Z.
Phys. B 64 (1986) 189), many theories have been advanced to explain this phenomenon.
In 1988, J.E. Hirsch (Phys. Lett. A 1_34 (1989) 451)proposed that
the anionlc character of the underlying lattice of oxygen ions was responsible for high Tc. Immediately following this proposal, Hirsch and Marsiglio
worked out a pairing theory for the newly derived interaction. A convenient
summary is given by them in Phys. Rev. B 41 (1990) 6435. We have now carried
out further work on this model aimed at explaining several key results and
discovering new properties.
The existence of hole-like bands at the Fermi
surface is crucial to our theory. The so-called "electron-doped" superconductor Nd
Ce
CuO _ has a positive Hall coefficient, indicating holeX.85

0.15
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K

e

like carriers at the Fermi surface, in agreement with the requirements of our
theory. However, the pressure dependence of Tc '.s quite different from the
other so-called "hole-doped" superconductors. On the basis of this measurement and our theory we have made a prediction regarding the pressure
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dependence of the lattice spacing in the Nd-Ce-Cu-0 compound.
Since Tc is
less sensitive to pressure, our theory predicts that the change in lattice
spacing in this latter material must be much smaller than in the hole-doped
(BiPb)SrCaCuO compound, for example. This work has recently been published
in Physica C 172 (1990) 265.
In most high-Tc oxides, and even several conventional superconductors, the
Hall coefficient has a very peculiar temperature dependence as the material
in question enters the superconducting phase. It is generally positive above
Tc (indicating hole carriers) but actually changes sign below Tc, before
going to zero in the superconducting state. On the basis of these experimental findings, we have generalized the hole mechanism to include two electron
bands at the Fermi surface, one hole-like - which drives the superconductivity according to our mechanism - and one electron-like, which would prefer
not to go superconducting, but gets "dragged" into the superconducting condensate through interactions with the other band.
In a magnetic field, the
weaker of the two bands moves out of the condensate, yielding a negative Hall
coefficient below Tc in agreement with experiment.
This work will be published in the January issue of Physical Review B.
Finally, experiments have been performed where both normal and magnetic
impurities have been substituted for the Cu atoms in the quasi-twodimensional CuO lattice which exists in most of these materials. The authors
find the surprising result that both kinds of substitutions decrease Tc very
quickly, in contrast to the predictions of the conventional theory where magnetic impurities should diminish Tc, and normal impurities should have little
or no effect. We have investigated the effects on Tc of both kinds of impurities within the hole mechanism discussed above and find that our theory can
also explain these anomalous results. A paper is in the final stages of preparation and will be submitted to Physical Review B.
3.5.2

Pairing and Cnarge-Density-Wave Correlations in the Holstein Model
F. Marsiglio

The Holstein model describes conduction electrons interacting with ions located on a lattice and undergoing harmonic oscillations.
This model can be
solved directly for small lattices using Quantum Monte Carlo techniques, and
can also be treated in an approximate fashion using diagrammatic perturbation
theory. Our motivation is therefore two-fold: firstly, to assess the accuracy of various levels of perturbation theory ("unrenormalized" and "renormalized" Migdal-Eliashberg theory), using the Quantum Monte Carlo results as a
benchmark and, secondly, to understand more fully the competition between
pairing correlations (which lead to superconductivity) and charge-densitywave (CDW) correlations (which lead to an insulating CDW groundstate).
In
particular, it was earlier believed that CDW correlations would enhance pairing correlations, and that this is the cause of high T superconductivity in
Ba K
x l-x

BiO , for example.

We have shown that the opposite is, in fact, true.

3

CDW correlations actually suppress pairing correlations (at least in this
model).
This work will be published in Oaxtepec Conference Proceedings
(1991). We have also shown that the Migdal-Eliashberg theory with renormalized phonon pr-r>agators is far more accurate than previously thought.
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3.5.3

Conventional Electron-Phonon Theory for Very Strong Coupling
F. Marsiglio (with J.P. Carbotte (McMaster University))

The conventional electron-phonon theory, where the electron bandwidth enprgy
scales are much larger than the other energy scales in the problem, goe^ by
the name "Eliashberg theory".
We have continued an on-going program of
investigating the very-strong coupling regime of this theory using numerical
techniques to see if improved agreement with some of the experimental properties of the high-Tc oxides can be obtained. Results on the electron density
of states and the gap function are given in a paper to be published in the
February 1991 issue of Physical Review B. Thus far, our results are somewhat
inconclusive due to the lack of reproducible experimental data from tunnelling measurements.
3.5.4

Fermi-Liquid Behaviour vs. Antiferromagnetism in the High-Tc Cuprates
F. Marsiglio (with A. Ruckenstein (Rutgers), and S. Schmitt-Rir.k and
C. Varraa (ATST Bell Laboratories))

Whereas several of the oxides (e.g. the bismuthates) have a CDW and a surerconducting ground state in close proximity to one another (motivating the
study in Sec. 3.5.2) most of the newer materials (the cuprates) have a spindensity wave (SDW) and a superconducting ground state in close proximity to
one another - the crossover in either case being achieved through doping.
Thus, one would like to understand the competition between antiferromagnetism
and superconductivity within the context of a simple model.
We have therefore started with a two-dimensional square lattice, having an
electron at each site (half-filling). The ground state in this case is well
known to be antiferromagnetic.
If the Coulomb repulsion between two electrons on the same site is large, conduction will not occur. However, if we
remove one electron the situation is significantly altered.
We have found
that a Fermi surface with "hole pockets" enclosing certain momenta in the
Brillouin zone is formed and leads to conductivity. Our calculation was carried out using diagrammatic perturbation theory, but we first compared our
results with exact diagonalization studies on small lattices. The agreement
was found to be excellent.
The calculation suggests that the picture in
which holes hop by emitting and absorbing nonlinear spin waves is correct. A
paper has been accepted for publication by Physical Review B.
We hope to
extend some of these results to a finite concentration of holes and thereby
investigate the SDW-superconductivity competition more closely.
3.5.5

Determination of Velocity Spectra from Incoherent Neutron Scattering
Measurements
V.F. Sears

The scattering function S(Q,«) that characterizes the incoherent scattering
of thermal neutrons in condensed matter is, in general, determined by the
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velocity spectrum f(w), i.e. the Fourier transform of the velocity autocorrelation function of the scattering atom.
For a cubic harmonic crystal with
one atom per unit cell (e.g. a bcc or fee structure) f(w) is simply equal to
the phonon density of states, but for other harmonic crystals it is weighted
by the phonon polarization vectors.
A general-purpose Fortran program has been written, based on the conventional
multiphonon expansion of S(Q,w) and an iterative algorithm, to determine f(w)
self-consistently from neutron scattering measurements at an arbitrary temperature T. This replaces our earlier program which was written to analyse
neutroi data for crystalline and amorphous ice (PR-PHS-P-8:7.2 (AECL-10102))
and was restricted to T = 0.
The program was tested using the Debye model for f(o>) by verifying that the
multiphonon expansion of S(Q,w) converged to the impulse approximation at
large Q as it should.
It has been applied in the work discussed in Sees.
3.5.6 and 3.5.7 below.
3.5.6

Quantized Rotation of Methane Molecules in D2O Clathrate at 5.1 K
V.F. Sears (with B.M. Powell (NSSP Branch) and J.S. Tse (NRC Ottawa))

D 0 clathrate is a form of ice characterized by an open lattice of water
molecules containing large cavities, or "cages", each of which can house an
impurit' molecule (in this case CH ) which can move freely within it.
The
4

neutron scattering by this system is due almost entirely to incoherent scattering by the H atoms in the methane molecules so that neutron inelastic
scattering measurements allow one to study the translational and rotational
motion of the methane molecules in their cages.
The experiments were performed on the N5 spectrometer at the NRlf reactor with
Q = 2.14 A"1 and the sample at a temperature of 5.1 K where 95% of the CH
4

molecules are in their ground rotational states (J = 0 ) . The data were analysed to determine the velocity spectrum flu) for the H atoms, using the program described in Sec. 3.5.1, and self-consistency was achieved after three
iterations.
The CH distance in methane is r = 1.093 A so that Qr = 2.34 and, since
Qr > 1, the scattering is dominated by the rotational motion of the molecules.
The experimental velocity spectrum f(w) is found to consist of a
series of lines at frequencies close to those for the rotational transitions
0->J in the free molecule. The 0^1 line has a FWHM of 0.16 TH7 which is only
slightly larger than the instrumental width (0.13 THz). The frequency of
this line is 0.26 THz, which is smaller than the value 0.315 THz for a free
molecule, perhaps because of an increase in the CH distance arising from
attractive interactions with the host lattice. The 0-»2, 0->3, and 0->4 lines
are also observed, but with rapidly increasing width, indicating that the
damping of the rotational motion in the clathrate increases with increasing
J. As far as we know, this is the first observatior of quantized rotation in
clathrate compounds.
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3.5.7

Phonon Density of States In Dianin's Compound
V.F. Sears (with B.M. Powell (NSSP Branch) and M.A. White
(Dalhousle University))

Dianin's compound (C H 0 ) is another cage-like structure that has recently
18 20 2

been studied by neutron inelastic scattering on the N5 spectrometer at NRU
with Q = 5.00 A . Experiments were performed at room temperature (298 K ) ,
with both ethanol and carbon tetrachloride adducts, and also with the emptycage compound. The observed scattering was dominated by incoherent scattering by the H atoms in the host lattice, and was the same for the empty as for
the filled samples.
The data were again analysed to determine the velocity spectrum f(w) for the
H atoms using the program described in Sec. 3.5.5, but the method did not
converge to a self-consistent result, mainly because the high-frequency wings
of the distributions were not determined with sufficiently high statistical
precision. Nevertheless, we believe that a reasonable first approximation to
fio>) was obtained, wherein it consists essentially of two broad peaks centred
at 2.5 and 7.5 THz. At small frequencies it has the w behaviour characteristic of acoustic phonons in a three-dimensional lattice.
3.5.8

Debye-Waller Factor for Elemental Crystals
V.F. Sears and S.A. Shelley

The Debye-Waller factor, which describes the effect of the lattice vibrations
on Bragg-peak intensities, is not accurately known - even for the commonest
crystals - in spite of the fact that its importance in crystal-structure
determinations has been appreciated since the beginning of x-ray crystallography. In situations where an approximate estimate of the Debye-Waller factor is required, one normally uses the familiar Debye model. However, this
model does not provide accurate values over a wide range of temperatures; if
the Debye temperature has been chosen to give a good fit at low temperatures
then the model fails badly at high temperatures, and vice versa.
During the past 30 years, accurate phonon densities of states have been
determined for many crystals by neutron inelastic-scattering measurements at
Chalk River and elsewhere in the world.
Within the quasi-harmonic
approximation, these results allow one to obtain a much more reliable
estimate of the Debye-Waller factor than is possible using the Debye model.
The purpose of the present work is to summarize this data in a form that will
allow one to determine the Debye-Waller factor at an arbitrary temperature
without the need for a lengthy numerical calculation.
In particular, we have devised a simple analytical model for the Debye-Waller
factor which is based on the familiar high- and low-temperature expansions of
this quantity.
To the extent that the lattice vibrations are harmonic (or
quasi-harmonic), the accuracy of the model is limited by the available data
for the phonon density of states, which are used to determine the
coefficients in the model, and is about 2 to 3%.
These coefficients have
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been calculated for 43 elements with the fee, bec, hep, and diamond
structures. This work has been accepted for publication in Acta Cryst.
3.5.9

Interaction of Neutrons with Condensed Matter
V.F. Sears

At the invitation of the editor, W. Glaser, a review article with the above
title is being written for inclusion in the "Hancioook of Neutron Scattering"
to be published by Springer-Verlag, Berlin.
3.5.10

Identical Bands for Nuclei in Superdeformed States
N.C. Schmeing

Gamma radiation spectra from certain nuclear states, published in 1990 by the
Chalk River 8rc experimental group and others, indicate that for nuclei in the
mass 150 region ( Dy and neig'.bors), there are prolate superdeformed rotational bands (with axis ratio ~2 to 1) which, despite being i;i different nuclei and having different mass number, have the same moment of inertia. Thus,
their gamma ray spectra are identical or related by a simple formula. Similar effects observed in the mass 190 region ( Hg) had earlier been interpreted as possibly coincidence, due to several compensating causes. Now, it
is clear that a common principle is operating.
We have been investigating this problem using a deformed shell model that has
been refined to give detailed theoretical understanding of nuclear structure
in the mass 150 region. Much of the justification for this model lies in the
rotational wave functions and energies which we derived some years ago (Ann.
Phys. (NY) 63 (1971) 443). The mean field and single particle (or quasiparticle) motion assumed in the model are good app/oximations and Nilsson-type
diagrams are reliable guides to nuclear configurations.
A theory of the
cause of the identical bands is emerging.
However, to explain the extreme
accuracy (about 0.1%) of the band matching remains a lively challenge.
3.5.11

Particle-Rotor Model
N.C. Schmeing

One of the venerable, successful models in nuclear physics is the particlerotor model of Bohr and Mottelson.
Despite many attempts, the connection
between the model and microscopic nuclear motion has never been clearly established.
Because this model has been invoked to help explain the identical
bands in Sec. 3.5.10, we have begun an investigation of the assumptions of
that model. In particular, we consider the Hilbert space of angular momentum
states |IM > for the nucleus, which is a tensorial product cf the respective
Hilbert spaces of angular momentum states

|RM > for the rotating core and
R

states |jm> of an extraneous set of particles. In the derivation of the particle-rotor model, the eigenvalue of the Casimir operator for the core is
eliminated using the operator expression:
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R 2 = I2 + f

- 21-j .

We have developed group theoretical arguments showing that the above expression is unfounded and, in fact, found counterexamples which prove that this
expression is in general not valid.
The particle-rotor model agrees well
with experiment because its Hamiltonian contains physically relevant terms.
It is usually solved approximately and phenomenological parameters can compensate for deficiencies in the derivation.
We are working on a derivation which shows more clearly the origin of the
terms in the particle-rotor Hamiltonian.
3.5.12

Structure of Rotational Bands
N.C. Schmeing

The Chalk River 8n experimental group has been active in finding interesting
new superdeformed and soft-deformed bands.
We have started to set up
computer codes to perform spectroscopic calculations in support of the group.
3.5.13

Elastic Magnetic Electron-Deuteron Scattering
I.S. Towner (with P.G. Blunden (University of Manitoba))

Data on magnetic electron-deuteron scattering show unequivocally that calculations based on one-body operators alone (impulse approximation) are inadequate and that correction terms from meson-exchange currents are required.
For the deuteron case, the principal correction comes from the pn^-graph
which, in the past, has only been computed in a nonrelativistic limit to
leading order in q/M. Here q is the momentum transfer in the scattering and
M the nucleon mass. We have evaluated this graph to next order, viz. q /M ,
and compared the results to a recent fully relativistic calculation (E.
Hummel and J.A. Tjon, Phys. Rev. C 42 (1990) 423). Our calculation reproduces
the main features of the relativistic calculation, yet is much simpler to
implement, involving double integrals instead of five-dimensional integrals.
In addition, retardation terms omitted for expediency in the relativistic
calculation are calculated by us and found to give a significant contribution. The sum of the leading-order impulse approximation and the prcy-graph
contributions reproduce the experimental data very well.
However, this
agreement is completely spoiled if another meson-exchange process, the
wcry-graph, is included as well. Work is continuing on this problem.
3.5.14

Radiative Corrections to Superallowed Beta Decay
I.S. Towner

The rationale for studying radiative corrections to superallowed decays is
discussed in the last two progress reports, PR-PHS-P-8:7.9 (AECL-10102) and
PR-PHS-P-9:7.8 (AECL-10196). The Feynman diagram of interest has been evaluated in a nonrelativistic limit resulting in expressions for one-body and
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two-body operators whose matrix elements will be evaluated with shell-model
wavefunctions. The discrepancy in the evaluation of the one-body operator of
approximately a factor of two between our work and that of Marciano and
Sirlin (Phys. Rev. Lett. 56 (1986) 22), mentioned in the last progress
report, has been resolved and relates to the use of vertex form factors in
the latter work. Our expressions for the two-body operators take a different
form from those given by Jaus and Rasche (Phys. Rev. D 41 (1990) 166), where
a factorisation is used to express the result as a product of two one-body
operators. The Oak Ridge shell-model code has been modified to compute the
expectation values of two-body operators, and numerical results for the radiative correction should be completed shortly.
3.5.15

l-Forbidden Gamow-Teller and Ml Transitions in the s.d-Shell
I.S. Towner (with T.K. Alexander (Nuclear Physics))

Gamow-Teller and Ml transitions between single-particle d3/2 and si/2 states
are forbidden, to leading-order, in the impulse approximation because of a
selection rule that does not allow any change in the orbital angular
momentum.
In practice, there are corrections to the leading-order theory
involving configuration mixing and meson-exchange currents that permit the
transition, but the observed rate is usually strongly retarded.
A detailed
investigation in the A=39 system shows a serious discrepancy between theory
and experiment (T.K. Alexander et al., Nucl. Phys. A 477 (1988) 453). In an
attempt to get a better feel for this problem, we are currently surveying all
known Gamow-Teller beta decays and Ml gamma decays between 3/?.* and 1/2*
states ir the s,d-shell.
Data are being compared with current best shellmodel configuration-mixing calculations to see if there are any systematics
to the discrepancies.
3.5.16

Lectures on Weak Interactions
I.S. Towner

As part of his adjunct professorship responsibilities at Queen's University,
Towner gave 20 lectures on weak interactions to a graduate class in the Fall
term. The course was intended as background for the Sudbury Neutrino Observatory project. Among the topics covered were neutrino absorption by nuclei,
neutrino-electron scattering and neutrino-proton scattering - all of which
are relevant for the heavy-water detector to be used for solar neutrino
detection.
3.5.17

Invariants of l)<j,s{ql{2;C); 1) and the Alexander-Conway Link Polynomial
H.C. Lee

An ambient isotopy V [T] for (1,1)-tangles T is constructed on an irreducible
representation n e End(V ) where V

is the vector field of a quasitriangular

Hopf algebra A of a quantum group.

A theorem is proved showing that V [T] is
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proportional to the unit matrix so that its eigenvalue is an invariant of the
quantum group as well as a link invariant. The theorem is used to derive a
hierarchy of link polynomials from the fundamental representations of the two
parameter quantum group U

(ql[2;C);l) at q

= e

", where m = 2,3...,

q,s

and s is continuous.
Conway polynomial.
3.5.18

The simplest nontrivlal case, m = 2, is the Alexander-

Tangle Invariants of Uq,s(gl(N;C);L) and Holonomy in SU(L|N-L)
Chern-Simons Theory
H.C. Lee

The two-parameter quantum group U

(a£(N;C);L) is studied and used to dis-

q,s

cuss the relation between the tangle theorem explained in Sec. 3.5.17 and a
conjecture motivated by that theorem and by Witten's theory on the relation
between Wilson lines and link invariants: i.e., in an irreducible representation p € EndCV ), where G is the gauge group of the 3D Chern-Simons theory,
C Adx
the expectation value <* > = <p(PeJ
)> is proportional to a link invariant
* [K] times the unit matrix.
The theorem shows that the Markov trace
P
P n tK] = Q^lK]Tr (h), where heA is uniquely defined by the R-matrix, and the
conjecture yields the result that the Wilson line W [K] = <j> [K]Tr (1). The
P
P
P
conjecture permits the identification of the two sets {G,p,<¥ >,* ,W } and
{A.w.V ,Q ,P } as two objects in a category of functors that respectively map
links to the Chern-Simons
theory and
G = SU(L|N-L), A be the Hopf algebra of U
respectively
be
their
W [K] ~ * [K] ~ P IK] ~ Q [K]
p
p
n
7i
N = 2L,

* [K] ~ Q [K]

is

to the quantum group.
Let
(<j£(N;C);L) at q 2 =-l, and p and n

fundamental
NxN
representations,
is the HOMFLY polynomial when N*2L.

the

Alexander-Conway

polynomial

but,

then
When
because

Tr (1) = Tr (h) = 0, W [K] and P [K] are trivial polynomials that map every
link to zero.
The implication of the existence of the category has been
investigated. Efforts to prove the above conjecture are underway.
3.5.19

Parafermionic Representations of Uq,s{ql(2;C); 1)
H.C. Lee

The additional degree of freedom arising from the presence of the extra U(l)
factor
in gtl2;C) causes the representations of the quantum
group
U
(g£(2;C);l), as opposed to its traceless counterpart U (<x£(2;O), to have
q

q,s

properties associated with physical systems composed of fields that are nonbosonic and/or nonlocal, such as supersymmetry and fractional statistics. It
is shown that U
(g*(2;C);l) at q 2 = e
", m = 1,2... and s generic over a
q,s

purely bosonic vector space V nevertheless has fundamental

representations
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describing paraferraions, or 'emions', that obey spin-l/m statistics.
The
spin-1/2 system is supersymmetric.
In comparison U (af(2;O), which is
q

isomorphic

to U

(qt(2;C);1), has

only

integral-spin

bosonic

representa-

q.q

tions.
Work to clarify the relation between the parafermionic representations and conformal field theories of parafermions is in progress.
3.5.20

Flat Connections on Quantum Bundles and Fractional Statistics in
Geometric Quantization
Z.Y. Zhu and H.C. Lee (with Y. Yu (Instlt-ite of Theoretical Physics,
Beijing))

It is shown that in the geometric quantization formulation, fractional statistics in a quantized system of N indistinguishable particles in two spatial
dimensions arise from the nontrivial cohomology of the flat connection on the
quantum line bundle as well as from the nontrivial homology of the configuration space.
The propagator of a nonrelativistic interacting system with
fractional statistics has been derived.
3.5.21

Centre of Quantum Groups
H.C. Lee and H.P. I eivo

We are working towards constructing an ambient isotopy V for (n.n)-tangles
T
on the quasitriangular Hopf algebra A of a quantum group.
Here,
V:T<n)->A®n and V[T
] is an invariant for JLlnks. From V we intend to identify the centre of the subalgebras A cA
induced by the coproduct of A,
.(1)

that is, A

»( 2 )

= A, A

*^*\

, # ~

^

.( n )

= A(A), and for n^2, A
. (m)

A

,„

„

.

= ( 1 ® 1 ®...®1
1

2

m-2

.( n — 1 ) / . \

= A
.

.

(A), where

. (ra-1)

a A)A

The anticipated result of the exercise is that, corresponding to every
ambient equivalence class of T " , there is a central element S[T
] e A
given by V[T " ] to within a permutation of the labels of the factors of
. (n)
A
Such central elements to the quantum group are like the Casimir operators in
a Lie algebra. They represent conserved quantities in a physical system having the symmetries of the quantum group. The fact that there is an infinite
number of distinct classes of (n.n)-tangles would imply - if the proposition
is true - that the physical system has an infinite number of conserved quantities.
We believe this might be the fundamental reason why statistical
models with quantum group symmetries are exactly solvable.
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3.5.22

Braid Group Representations and Quantum R Matrices Associated with
Representations of Ug(a£(2,O) at Roots of Unity
M. Couture

Representations of quantum groups in the case where the deformation parameter
is a root of unity are of interest in conformal field theory, solvable statistical models, and knot theory.
Starting with representations of
U (&£(2,C)) where q = 1 , which are characterized by one free parameter, we
have derived some solutions of the braid relations. The corresponding quantum R matrices (these matrix elements are the Boltzman weights of solvable
models in two dimensions) were obtained through Baxterization. A letter discussing these results has been accepted for publication in J. Phys. A: Math.
Gen. Further studies of these representations and their implications in the
field of two dimensional solvable models in statistical mechanics is in
progress.
3.5.23

Ashtekar Formalism for Gravitation
H.P. Leivo

A manuscript is in preparation pointing out the existence of a geometrical
parametrization of the Ashtekar formulation of general relativity in the case
of spherical symmetry.
The conventional parametrization uses the arbitrary
coefficients of a set of independent solutions of the linear equations
expressing the spherical symmetry, up to gauge transformations.
That new
parameters can be introduced so as to express the theory in a compact, vectorial form is surprising.
Work is underway to see if this reflects an
underlying fundamental property of the theory - such as the fact that
Ashtekar's formulation is a priori metric-free (i.e. Euclidean) - and whether
it generalizes to other symmetries.
A paper on the coupling of topological matter to gravity in 2+1 dimensions in
the Ashtekar/Chern Simons formalism appeared in a recent issue of Physics
Letters (Gegenberg, Kunstatter and Leivo, Phys. Lett. B 252 (1990) 381) and
further calculations are underway.
3.5.24

Motion Through Dipole-Magnet Fringing Fields
G.E. Lee-Whiting

The work on the effective-edge representation described in PR-PHS-P-9:7.14
(AECL-10196) has been completed and is being prepared for publication.
It
was found that the expressions for many of the second-order matrix elements
could be reduced to elementary functions; a number of simple relations
between pairs of second-order matrix elements were also discovered.
All
these formulae, and also those for first-order matrix elements reported earlier, were tested by means of extensive numerical calculations.
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3.5.25

Magnetic Field Model for the TASCC Superconducting Cyclotron
G.E. Lee-Whiting (with G.D. Pusch (TASCC ASD), W.G. Davies (Nuclear
Physics), and S. Douglas (Mathematics S Computation))

See PR-TASCC-1: 3.2.21 (AECL-10337).
3.5.26

The l-Forbidden Ml Decay of the 2522 keV Level in

39

K

I.S. Towner (with T.K. Alexander, G.C. Ball, and J.S. Forster
(Nuclear Physics Branch), J.R. Leslie and H-B. Mak (Queen's
University), J.K. Johannson, J.A. Kuehner, and J.C. Waddington
(McMaster University))
See PR-TASCC-1: 3.1.6 (AECL-10337).
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FIRST- AND SECOND-ORDER MOTION THROUGH THE FRINGING FIELD OF A BENDING MAGNET
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PREDICTION FOR THE CHANGE IN LATTICE CONSTANTS OF ELECTRON-DOPED HIGH Tc
SUPERCONDUCTORS UNDER HYDROSTATIC PRESSURE BASED ON THE OBSERVED PRESSURE
DEPENDENCE OF Tc
J.E. Hirsch and F. Marsiglio
Physica C 172 (1990) 265
PAIRING AND CHARGE-DENSITY-WAVE CORRELATIONS IN THE HOLSTEIN MODEL AT
HALF-FILLING
F. Marsiglio
Phys. Rev. B 42 (1990) 2416
HOLE SUPERCONDUCTIVITY IN THE DILUTE LIMIT
F. Marsiglio and J.E. Hirsch
Physl .-.-i C H i (1990) 554
3.6.2

Lectures

HOLE SUPERCONDUCTIVITY AND PSEUDOPOTENTIALS
F. Marsiglio
Invited paper at the Summer Institute for Theoretical Physics: "Pairing in
Condensed Matter and Nuclear Physics: High Tc Workshop", Queen's University,
Kingston, 1990 July 16-22
SUPERCONDUCTIVITY: A SPACE AND TIME EFFECT
F. Marsiglio
Colloquium given at McGill University, Montreal, 1990 October 1
PHONON SELF-ENERGY EFFECTS IN MIGDAL-ELIASHBERG THEORY
F. Marsiglio
Invited paper at the Symposium on the Manifestations of the Electron-Phonon
Interaction in CuO and Related Superconductors, Oaxtepec, Mexico,
1990 December 11-14
PHONON SELF-ENERGY EFFECTS IN MIGDAL-ELIASHBERG THEORY
F. Marsiglio
Invited paper at the conference on "Applications of Quantum Monte Carlo and
Molecular Dynamics Methods to Condensed Matter Systems", University of
California, Davis, 1990 December 20-21
REPORT ON THE PANIC XII CONFERENCE
I.S. Towner
CRL Colloquium, 1990 August 23
RIGHT-HAND CURRENTS IN WEAK INTERACTIONS
I.S. Towner
Colloquium given at Queen's University, Kingston, 1990 October 19
THEORY OF WEAK INTERACTIONS
I.S. Towner
20 lectures given at Queen's University, Kingston, 1990 September-November
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NEW SOLUTIONS OF THE YANG-BAXTER EQUATIONS AND THEIR BAXTERIZATION
M. Couture
Presented at the XIII International Colloquium on Group Theoretical Methods
in Physics, Moscow, 1990 June 4
SOLUTIONS OF THE YANG-BAXTER EQUATIONS ASSOCIATED WITH REPRESENTATIONS OF
U (at(2,O) AT ROOT OF UNITY
q

M. Couture
Colloquium given at Laval University, Quebec City, 1990 December 17,
and at the Universite du Quebec, Montreal, 1990 December 21
QUANTIZATION OF <?£(N;C) AT ROOTS OF UNITY AND PARAFERMIONS
H.C. Lee
Invited paper at the International Conference on High Energy Physics,
Singapore, 1990 August 1-8
KNOT THEORY AND PHYSICS
H.C. Lee
Colloquium given at the National Taiwan University, Taipei, Taiwan,
1990 August 10
INTRODUCTION TO QUANTUM GROUPS
H.C. Lee
Colloquium given at the Physics Institute, Academia Sinica, Nankang, Taiwan,
1990 August 12
TANGLE INVARIANTS AND CENTRE OF THE QUANTUM GROUP
H.C. Lee
Invited paper at the International Conference on Knots, Osaka, Japan,
1990 August 14-19
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