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ABSTRACT

A world-class small angle neutron scattering (SANS) facility
is proposed for Canada. It will provide users from the fields
of biology, chemistry, physics, materials science and
engineering with a uniquely powerful tool for investigating
microstructural properties whose length scales lie in the
optical to atomic range.
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1. OVERVIEW

It is proposed to build a national Small Angle Neutron Scattering (SANS) facility at the NRU
reactor, Chalk River Laboratories. This would be a user facility, available to all scientists by
means of peer-reviewed applications for beam time. The Dual Beam Neutron Spectrometer
(DUALSPEC) model would be followed both with respect to accessibility and funding, which
would be shared equally between Natural Sciences and Engineering Research Council of Canada
(NSERC) and AECL. The instrument will be located initially at the D3 beam hole of NRU.
Data and operating experience will be gained prior to it being moved to the guide hall of the
Irradiation Research Facility (IRF) and upgraded to become a world class instrument at the new
national laboratory for neutron scattering research.

SANS probes length scales lying between atomic dimensions and the wavelength of light. Users
are found in biology, chemistry, physics, materials and engineering science. At neutron scattering
laboratories worldwide the SANS spectrometers are usually in the greatest demand. They can
probe precipitates, voids, biophysical objects such as vesicles, internal interfaces such as grain
boundaries, the superconducting vortex lattice, alloy kinetics, and polymer conformation, among
other structures. SANS will provide valuable data in support of the AECL programs for
Canadian industry in general, as well as for CANDU®* fuel and fuel channel research. SANS
research will therefore benefit universities, industry and AECL.

In Canada, SANS research has been carried out at the McMaster Nuclear Reactor (MNR), but
no facility has existed at the more intense source of neutrons at NRU. A few experiments have
been carried out at foreign sources by both university and AECL scientists. The wide range of
applications for neutron scattering, combined with the many advances in technology that have
occurred in recent years, now make a SANS spectrometer for NRU and its IRF successor both
timely and well suited to meeting Canadian needs. Uncertainties regarding the continuance of
a SANS program at McMaster also make this an opportune time to provide a new facility for the
excellent research programs that are in place, as well as for those that will develop once a high-
performance SANS is available.

The proposed SANS design at NRU will have a state-of-the-art, two-dimensional, position-
sensitive detector. The new instrument will have two orders of magnitude improvement in
sensitivity over the SANS at MNR, and its resolution on the detector will be twice as good as
detectors at most other facilities. Monochromatization by velocity selector, instead of by
monochromator, will give a gain in beam intensity as much as 30 over the MNR SANS, and the
source intensity at NRU is an order of magnitude more intense. The result is that the
performance of the SANS at NRU will be comparable with that of SANS facilities at other
thermal sources such as Oak Ridge; on transfer to the IRF, the SANS will be on a par with the

* ®"CANDU" is a registered trademark of AECL.



best facilities worldwide. The wavelength resolution may be varied from 10% to 30% by turning
the axis of the velocity selector, and coated neutron guides may be inserted to increase the
angular divergence when the highest throughput is needed.

An innovative feature, not found to date in SANS designs, is that the incident neutron beam will
be steered and focussed by means of the newly developed polycapillary optics (PCO), a bundle
of 10 micron diameter glass pipes that turn the neutrons through 8.5 degrees. This transmits 18%
of the useful neutrons and has the advantage of removing much of the background due to fast
neutrons and gamma rays, which are not steered. It also allows a longer and thus higher
resolution 12 metre SANS to be placed at the D3 beam hole of NRU by avoiding structural
limitations in the building layout. The SANS will be operated for most of its 30-year life at the
IRF, where it would be placed in the guide hall and would be lengthened to 30m to take full
advantage of the cold neutron source.

Recent advances in detector technology have allowed a detector to be specified with twice the
resolution of conventional SANS detectors. The 5 mm resolution over an area 640 mm by 640
mm gives 16 000 pixels of information that can be manipulated online to reveal the features of
interest. This improved detector resolution means that the proposed 12 m SANS will be capable
of realizing the same resolution as a 24 m conventional SANS for strongly scattering samples.

The schedule calls for funding by 1996 April 1, completion of major engineering drawings by
1996 December, procured items committed by 1997 January, manufacturing and assembly by
1997 December and installation and commissioning at NRU by 1998 September. The SANS will
operate at NRU until it is moved to the guide hall of the IRF. Total estimated cost is $3M, to
be shared equally between AECL and NSERC.

2. RESEARCH WITH A NATIONAL SANS FACILITY

Almost every neutron scattering laboratory around the world includes at least one SANS facility
in its suite of basic instruments. These instruments are generally oversubscribed because of the
wide range of applications by users from many different disciplines. Canada needs such an
instrument to serve the widest possible research community and to exploit the neutron source to
the maximum.

In biology, SANS reveals the structural details of cell organelles, such as mitochondria, to
improve our understanding of cell functions. It reveals the locations of drugs and preservatives
in model membrane systems, and provides insight into the structures caused by the interplay of
lipids, cholesterol and temperature.

The research and development of polymers benefits greatly from the information obtained by
SANS on the conformations of long-chain molecules, entanglements, and the ordering of co-
polymer units. The structural phases in liquid crystals and other soft-condensed matter systems
are observed and characterized by SANS. It is uniquely effective in the characterization of
colloids and gels, providing statistical distributions of interparticle separations under varying



conditions of pH and temperature. Particle-size distributions are obtained through SANS to
evaluate the homogeneity of microemulsions, micelles, and latex spheres.

SANS is a powerful probe to characterize the structures associated with precipitation, aggregation
and growth, as manifested in processes like pyrolysis of silica to make catalyst substrates,
hydration of cement, erosion of particulates on aging of composites, separation of phases in
alloys, and formation of hydrides in metals. SANS has also been applied to study the
microstructures of magnetic phase transitions and flux lattices in superconductors.

SANS is a technique to probe the microstructures of industrial materials. It complements
microscopical analysis methods in the length scales it can probe. The instrument that performs
the measurements is specially designed to resolve small angular deviations up to a few degrees.
Three fundamental classes of information are obtained by SANS:

1. Dimensions and shapes of inhomogeneities in a host matrix with length
scales of the order 0.001 um to 1 um. The inhomogeneities may be
particles of a minority phase in a two-phase solid, or particles suspended
in a liquid or gas, or holes in an otherwise uniform material.

2. The roughness of interfaces between two phases. Inter-phase boundaries
may be smooth, highly branched or three-dimensionally interpenetrating.

3. Characteristic spacings of periodic or correlated amorphous structures with
length scales of the order 0.001 um to 0.1 um.

The unique properties of neutrons make SANS the best probe of microstructure to complement
image analysis methods. Foremost is the zero charge of the neutron, which allows neutron beams
to penetrate through centimetres of material. By averaging over a large volume of material
(billions of times more than one can examine in a microscope), SANS automatically provides a
statistically representative sampling of the microstructure. Results are not sensitive to the surface
conditions of the specimen, so minimal sample preparation is needed for fully quantitative SANS
measurements. Moreover, the measurements, unlike those of electron microscopes, are non-
destructive and fast. Neutron beams easily pass through the walls of equipment that controls the
environment of the specimen. As a result, it is relatively straightforward to study the response
of materials to parameters, such as temperature, load, pressure, humidity, electric fields and
magnetic fields. Measurements can be made in real-time and in realistic conditions to gain a
clear picture of how microstructures evolve. Coupling the straightforward control of specimen
conditions with the high data acquisition rate of SANS enables the study of dynamic systems,
such as growth of precipitates, erosion of particulates, void formation in turbulent flow, sol-gel
transitions and phase-separation in complex fluids or alloys. In many systems, meaningful
specimens for Scanning Electron Microscope (SEM) or Transmission Electron Microscope (TEM)
image analysis are difficult or impossible to prepare. Because neutrons can penetrate through
most supporting matrix materials, SANS can provide microstructural information for colloids,
gels, membranes, liquid crystals, microemulsions and in ceramic or composite materials.



Neutrons interact with atomic nuclei through the nuclear and magnetic forces. The nuclear force
is isotope-dependent. This property is exploited in a wide variety of biological, polymer and soft-
condensed matter projects where hydrogen is present. The scattering amplitudes of neutrons for
the two hydrogen isotopes, protons and deuterons, have the opposite sign. The isotope fractions
can often be varied in particular sub-structures of a complex biomolecular system, or in the
solvent of a colloid, or in one species of a block co-polymer. The "contrast" of the isotope-
substituted species can thus be adjusted. Its contribution to the small angle scattering pattern can
thus be varied: it may be maximized or even made to vanish. Adjusting the contrast of certain
microstructural features is analogous to highlighting specific features by staining or etching.
Contrast-adjustment techniques have provided insights into the conformations of polymer chains,
and the statistical structures of micellar solutions. In aqueous systems with two suspended
species, the scattering properties of the solvent can be adjusted to match that of each individual
species, thereby removing its contribution from the SANS signal. Magnetic scattering provides
a unique opportunity to track magnetic microstructures, such as the flux lattice that forms in
superconductors in an applied field.

3. EXISTING AND FUTURE CANADIAN NEUTRON SCATTERING FACILITIES

3.1 The Past and Present

Neutron scattering in Canada is carried out principally at the intense neutron source of the NRU
reactor, at the Chalk River Laboratories of AECL. There, six spectrometers are operated by
AECL for the benefit of researchers from Canadian universities, industries and AECL. The
spectrometers include DUALSPEC, which was jointly funded by AECL and NSERC. AECL
provides the neutron beams free of charge for non-commercial work that will be published in the
open literature. The local support for visiting scientists consists of management, nine scientists
and seven technicians dedicated to neutron scattering, together with design and skilled labour on
an as-needed basis. NSERC provides one technician, through a major facility access grant held
by McMaster University in support of the operation of the DUALSPEC facility. The AECL
investment in neutron instrumentation is of order $15M replacement cost, and the NSERC
investment is of order $2.2M, largely represented by a half share of DUALSPEC funded in 1986.

The program encompasses high-resolution and real-time structural and phase determination of
chemical compounds and alloys, surface and interface studies with reflectometry, dynamics of
vibrational and magnetic excitations, residual strain and texture in engineering components, and
membrane and lipid structures in biology. Apart from the highly specialized membrane
spectrometer at T3 that has a linear detector, there is no capability for examining the small angle
scattering from materials that are inhomogeneous on a mesoscopic length scale.

A smaller program has existed at the MNR, but has been limited by the lower neutron flux,
approximately 5% of that of NRU. Experiments that are possible have been chosen, such as
radiography, powder neutron diffraction, SANS and crystal alignment. The SANS program has
produced several excellent results in the field of biophysics as well as high-temperature
superconductors. In recent years, support for the SANS program has been unavailable, following



a failure of the area detector in 1994, and the research program has been unable to continue. It
is probable that the reactor will be shut down in 1996. It is therefore important to provide a
facility by means of which these and other excellent research programs may be accommodated.

The absence of a world-class SANS in Canada has severely hindered the application of this
method to a number of fields of research that would benefit from its use. Large numbers of
researchers in France, Germany, the United Kingdom, Japan and the United States have applied
SANS with vigour to the solution of problems in polymer science, alloy microstructure and
precipitates, clays and concrete, biology and other areas (see for example, Kostorz (1988),
Hayter (1988), Zaccai (1986)). In Canada, of those scientists whose research would benefit from
SANS, only a few have overcome our domestic lack of facilities and sought the help of scientists
in other countries to carry out their program. This has meant that the level of Canadian
involvement in a technique that is generally accepted as the workhorse in these fields has been
sorely limited for lack of a first-class facility. The proposed National SANS is intended to
redress this lack and provide Canadian researchers with the facility and local support that they
need.

3.2 The Future

14 -2 -1
With a flux similar to that of NRU (4x10 n-cm -s ), the IRF is expected to replace NRU
beyond the end of the decade. AECL needs this facility to carry out research on fuels and alloys
to keep the CANDU business competitive both at home and abroad. The IRF has been designed
as a facility to be shared with Canada's neutron beam community represented by the Canadian
Institute for Neutron Scattering (CINS). The IRF will provide, for the first time in Canada,
intense beams of long-wavelength neutrons obtained by cooling the neutrons in a cryogenic
moderator. Their wavelengths are optimal for high resolution, high-throughput SANS. Moreover,
cold neutrons for the SANS will be delivered by a neutron guide, so that the instrument may be
located far from the reactor in the low background of the cold neutron guide hall.

The SANS is intended to be placed at NRU at the earliest opportunity and then transferred to the
IRF. All the essential components of the SANS will be usable after transfer to the IRF. These
include the filter, reactor face shield, velocity selector, guide section and shielding, sample tables
and environment, detector tank and detector. The PCO bender will be applied in the thermal hall
of the IRF as a background reducer. On transfer to the IRF, the SANS will be lengthened to 30
metres. This enlargement is expected to be carried out with IRF project funds. At the IRF, the
SANS will gain a further factor of 20 in performance from the cold source enhancement and the
elimination of the PCO as a result of the availability of direct geometry.

The proposed SANS is the first instrument for the IRF. Construction of a 12 m SANS is
appropriate now, because it will a) be a very useful and perfectly adequate SANS facility for a
large majority of experiments in the fields of polymer, alloy and biological science as well as for
research into CANDU materials and fuels, b) provide a facility for Canada's existing SANS
programs, c) provide valuable operating experience for optimization of the SANS at the IRF, and
d) build the user community for the IRF SANS by having it available at least five years before



the IRF is expected to operate. Moreover, the higher resolution detector of the Canadian SANS
makes it comparable with much larger instruments elsewhere. The proposed SANS will provide
a first-rate facility for Canadian researchers now as well as in the first decades of the next
century.

4. USER COMMUNITIES FOR SANS FACILITY

The Canadian SANS facility will be a cost-effective investment that will benefit many scientists
from the fields of biology, chemistry, materials science and physics. The experimental
throughput of this instrument will be very high at NRU, and enhanced further when it is
transferred to the cold source of the IRF. Many visitors at a SANS facility may use the
instrument for only a fraction of a day. Thus, the SANS instrument must be accessible; there
must be manpower to support users; it must be simple to mount specimens; and the facility must
include user-friendly software for instrument control and data analysis from both local and
internet sites.

The SANS facility will attract visiting scientists from all parts of Canada and throughout the
world. It will stimulate scientific and technical activity, and contribute to the development of
new materials and processes. As a user centre, it will serve as a node in a number of scientific
networks and will function as a focal point for multidisciplinary projects.

4.1 Use by AECL

SANS is a probe of microstructures on length scales of the order 2 nm to 100 nm. Neutrons are
scattered by inhomogeneities in the material, such as voids, minority phases and rough
boundaries. SANS provides a volume-averaged measure of the shapes and density of
inhomogeneities. Because neutrons penetrate easily through CANDU materials, this
microstructural information is a true bulk average of the specimen, in contrast to the information
that is obtained with microscopy from carefully prepared surfaces. Also, neutrons penetrate
through a variety of specimen containers, such as shielding assemblies for radioactive specimens
and furnaces for studies of CANDU materials in reactor-operating conditions. The intensity of
the signal is enhanced if the difference in neutron scattering cross sections of the background
material and the inhomogeneity is large. There is no measurable small-angle scattering if the
inhomogeneities are larger than 0.5 um, so the typical particle and grain structures of CANDU
materials have no significant influence on the quantities measured by SANS. This means that
smaller scale structures may be readily detected.

Applications to Reactor Materials

Hydride precipitation is a concern in CANDU fuel-channel components, where embrittlement and
delayed hydride cracking may shorten the lifetime of Zr-2.5Nb pressure tubes. SANS offers an
opportunity to determine the critical temperatures for dissolution and precipitation of hydrides as
functions of total hydrogen concentration, microstructure of the material and thermal history.
Fong and Spooner (1994) demonstrated the effectiveness of small angle scattering in deuterided



and hydrided specimens of CANDU pressure-tube materials. Their results clearly revealed the
different plate-like and needle-like morphologies of hydrides after furnace cooling and ice-
quenching, respectively. Also, the hydrides were observed to dissolve within the metal matrix
on heating. Accurate measurements of the terminal solid solubility temperature (on dissolution)
were obtained, consistent with the Kearns relationship.

The data acquisition rate of SANS is much higher than can be achieved by diffraction, so low
hydride concentrations can be investigated (less than 5 ppm). Studies of the kinetics of
precipitation are also made possible by the high data collection rates of SANS. While microscopy
and diffraction identify the inhomogeneities as hydride precipitates, SANS provides the most cost-
effective way to vary the conditions of the material and determine the effects on the hydrides in
CANDU pressure-tube and calandria-tube materials.

CANDU alloys contain a variety of precipitates, such as concentrated niobium and iron-
zirconium. The precipitate densities and morphologies evolve as the materials are aged at reactor
operating temperatures in a radiation environment. SANS provides an opportunity to detect and
characterize precipitates at the early stages of formation. The results may be correlated with
other material properties, such as fracture toughness, strength or delayed hydride cracking
susceptibility, with the aim of improving the performance of CANDU fuel-channel components.

Applications to Fuel Materials

Irradiated fuels contain fission products that form gas bubbles throughout the bulk, and coincide
with swelling of the material. After a high level of burnup, these bubbles have coalesced
sufficiently to be detected by optical metallography or scanning electron microscopy. A review
of SANS by Kostorz (1979) confirms that a volume fraction of 1 ppm of small voids can be
detected in metal single crystals. Also, in fatigued single crystals, small vacancy clusters with
diameters of about 20 nm and a volume fraction of 15 ppm have been detected. Thus, SANS
provides an opportunity to quantify bubble density and dimensions at very early stages of
burnup, as bubbles are first formed. With a collimated incident beam, it would be possible to
characterize bubble concentration as a function of radial or axial position in a fuel pellet. The
study of bubble formation and growth by SANS is expected to be of value both in CANDU oxide
fuels and in the U3Si:Al and U3Si2:Al composite fuels that are fabricated for research-reactors
such as NRU and the IRF.

The fabrication method for the composite fuel is designed to minimize the reaction of the fuel
material with the metal matrix. However, at reactor operating temperatures, there are solid-state
reactions between the two components of the composite. This reaction is accompanied by
roughening of the phase boundaries, a structural effect that has been characterized by SANS in
previous work on phase-separation in alloys Gaulin, Spooner and Morii (1987). SANS provides
an opportunity to quantify the kinetics of reaction between the phases of composite fuel, separate
from the effects of irradiation. Because neutrons can penetrate through the walls of a furnace,
measurements of phase-boundary roughening can be performed on a single specimen as a
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function of time at a realistic reactor operating temperature. Such measurements would provide
improved insight into the factors that affect the thermal stability of composite fuels.

4.2 Use by Universities

Underlying Research

AECL researchers will collaborate with university colleagues on fundamental research as detailed
below. The current users of the neutron scattering facilities at NRU are listed in Appendix B.
An expanded academic community will use SANS for biology, polymers, materials science and
physics. A more complete description of the university involvement is given in the proposal to
NSERC by Gaulin et al. (1995) for the National SANS Facility.

Biologically Relevant Materials

Small angle scattering from solutions is of exceptional importance, because of the ability to
replace hydrogen atoms in proteins and in the surrounding water with deuterium atoms. SANS
from randomly oriented molecules in solution gives information about their overall shape and
interactions. Recently, using biologically relevant conditions, macromolecules were oriented with
the aid of ferromagnetic fluid particles and a modest magnetic field. Scattering from the oriented
macromolecules, combined with contrast matching the scattering length density of the deuterated
particles to a D2O solvent, greatly enhances the amount of structural information that can be
obtained. Some of the molecules ordered and studied using this latter method are: tobacco
mosaic virus, rattle virus and chromatin fibres.

In lipid bilayers, the structure of the hydrocarbon chains can be determined as well as the overall
shape of vesicles. Using covalently bonded deuterium, the orientation of the phosphorylcholine
headgroup can be obtained. Most recently, there has been great interest in determining the
location of various types of molecules, and their sites of potential biological importance, in
bilayer systems. Cholesterol and various antioxidants have been studied in this fashion. Use of
the large detector area can add to the sensitivity with which guest molecules may be studied in
an oriented sample, and give information on the correlations along the bilayer as well as across
the bilayer. Larger objects, such as vesicles, composed of one or several closed bilayer surfaces,
are also well suited for study by SANS.

Polymer Science

SANS plays an important role in determining the configuration of large molecular aggregates and
in polymer conformation. The very different scattering cross-sections of hydrogen and deuterium
("contrast") are of particular importance for the investigation of mesoscopic phases involving
polymer conformation and in sol and gel science.



Some Canadian polymer scientists carry out the neutron part of their program with the help of
colleagues in the United States or France. Availability of a SANS for polymers in Canada will
stimulate this field and build the community for polymer research with neutrons to a level
comparable to that in other countries.

Materials Science

Neutron diffraction from the atomic planes has proved to be of enormous use for probing at depth
the internal stresses and texture of engineering materials. Many of the basic properties of
materials depend on larger-scale microstructures that can only be seen by SANS. These include
internal interfaces in the intergrowth of different phases, alloy kinetics in quench and annealing
studies, aggregation and segregation, precipitates, and voids. There is a large community of
scientists in metals, mining and materials science departments, most of whom have not had the
opportunity to apply neutrons to their research. It is expected that a large number of scientists
will include SANS in their portfolio of research tools once a Canadian facility is available.

Physics and Chemistry

Chemists will use SANS to study internal surfaces of catalysts and porous structures. The surface
roughness is seen in the asymptotic angular dependence of the scattering profile. Physicists have
used SANS to study the vortex structure in superconductors. Time-resolved studies are possible
in certain cases, such as phase separation in binary alloys.

4.3 Use by Industries

SANS has application in the study of voids and defects in engineering components. For the oil
industry, it can give information on the internal pore structure of oil sands and of other minerals.
Industries also need information on chemical structures, such as zeolites used for filtration or
catalysis. Work in other countries has demonstrated that the polymer industry finds SANS a
powerful tool; for example EXXON maintains a SANS facility at the NIST reactor in Maryland
for its polymer and oil-related research.

5. PERFORMANCE OF SANS FACILITY

The performance of the National SANS Facility is described in detail in Appendix A. In
summary, it will be a 12 metre instrument at NRU (30 m at the IRF), taking advantage of a
recently developed, 16 000 pixel area detector, with improved 5 mm resolution and high count-
rate capability. The velocity selector will give a fractional wavelength band that may be varied
between 10 and 30%, to suit the experiment. At NRU a polycapillary focussing optic will bend
the beam, reducing line-of-sight background and improving sensitivity. Simple resolution change
by insertion of a neutron guide section, combined with irises, will make the instrument flexible
and easy to use. Incident and scattered flight paths will be evacuated. The sample environment
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permits temperature, humidity and other sample variables to be controlled. Space is available to
bring in rotary tables for mounting standard cryostats, magnets and furnaces.

The highest detector resolution will be Qres = 0.0012 A'1, the minimum wave vector clear of the
incident beam will be Q^,, ~ 0.005 A'1, and the maximum wave vector will be Q,^ = 0.46 A"1.
At the IRF the resolution will be five times better.

The National SANS in its initial phase at NRU will be comparable to SANS instruments at other
laboratories. For its maximum wavelength band it will have an intensity about 100 times better
than the SANS at MNR, and of the same order as the Oak Ridge SANS. When moved to the
cold source of the IRF and lengthened, it will have a better performance, resolution and intensity
combined, than all currently operating SANS facilities at reactors, with the exception of those at
ILL, Grenoble.

6. OPERATION AND ACCESS SUPPORT FROM AECL AND NSERC

The SANS spectrometer will be operated as a national facility following the model used for
DUALSPEC. The equal sharing of construction costs between NSERC and AECL will result in
equal beam time being available to the two institutions. Experimental proposals for the instrument
may be submitted by users at any time. If the proposal will lead to data that will be published
in the open literature, and thus falls within the NSERC/University allotment of time, the proposal
will be peer reviewed by a Proposal Review Committee appointed by CINS. If the proposal is
accepted, beam time will be assigned to the user. The instrument scientists for the spectrometer
may be called upon to assist the user in the measurements or the analysis of the data. The AECL
allotment of beam time will be used to carry out measurements for its own programs, and these
will usually be of a proprietary nature. Any time not taken up by AECL for its own use may be
added to the NSERC/University share of beam time, or vice-versa.

Maintenance of the SANS instrument will be carried out by the user support group of AECL's
Neutron and Condensed Matter Science Branch. This group of seven technicians and nine
scientists, dedicated to supporting the neutron scattering programs, will provide expertise in
vacuum and cryogenic technologies, in the design and implementation of control and data
acquisition software and hardware, and in the electronic skills necessary to maintain the detector
at optimum performance.

To operate the National SANS facility with its very high throughput will require two instrument
scientists and one technician, in addition to the support of local technical specialists. The
operating costs are to be shared, analogous to the DUALSPEC model. AECL will fund the cost
of the neutron beams, provide general ancillary equipment, such as furnaces and cryostats,
dedicate one scientist to SANS and, on an as-needed basis, provide a share of their user support
group. NSERC will fund an instrument scientist and a technician through a Major Facilities
Access Grant. The instrument scientists will be responsible for the overall performance of the
instrument, ensuring that it is always in optimum operating condition for the users, and assisting
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users if necessary. They will oversee the ongoing maintenance of the facility and suggest the
upgrades that will continue its performance as a forefront SANS instrument worldwide.

7. SCHEDULE, COST AND FUNDING PROFILE FOR AECL AND NSERC

The following tables show the total project cost, its division into labour and materials, a list of
procured items, and the funding profile from 1996 April 1 until project completion in
1998 October. The cost sharing between NSERC and AECL shown in the final table indicates
that the NSERC funds will be used primarily for purchase of the capital items, and AECL funds
will be used for design, custom manufacture and project supervision.
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NATIONAL SMALL ANGLE NEUTRON SCATTERING FACILITY

AECL/NSERC COST SUMMARY

ESTIMATE TYPE: Budget ESTIMATE BY: Sid Davis, AECL 1995 September 20

DESCRIPTION

Engineering and Design
Totals From Detail Estimate Sheets
Add Contingency @ 20%

TOTAL ENGINEERING AND DESIGN 18%

Manufacturing
Totals From Detail Estimate Sheets
Add Contingency @ 20% Labour 25% Material
Taxes on Material GST @ 8%

TOTAL MANUFACTURING 26%

Procurement
Totals From Detail Estimate Sheets
Add Contingency @ 10%
Taxes on Materials

TOTAL PROCUREMENT 40%

Construction/Installation
Totals From Detail Estimate Sheets
Add Contingency @ 20%
Taxes on Materials GST @ 8%

TOTAL CONSTRUCTION/INSTALLATION 9%

Project Support
Project Management
Safety and Licensing
Quality Control

Subtotal Project Support Costs
Add Contingency @ 20%

TOTAL PROJECT SUPPORT COST 7%

PROJECT TOTAL ESTIMATED COST

MATERIAL

0
0

0

230,076
46,015
18,406

294,497

1,009,457
100,946
80,757

1,191,160

10,000
2,000

800

12,800

0
0
0

0
0

0

1,498,457

LABOUR

440,473
88,095

528,568

417,658
83,532

501,190

0
0

0

207,547
41,509

249,056

139,460
15,960
15,960

171,380
34,276

205,656

1,484,470

TOTAL

440,473
88,095

528,568

647,734
129,547
18,406

795,687

1,009,457
100,946
80,757

1,191,160

217,547
43,509

800

261,856

139,460
15,960
15,960

171,380
34,276

205,656

2,982,927

Notes 1. Exchange rate DM = 0.94; $ US = 1.368 2. Labour @ 90% overhead
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NATIONAL SMALL ANGLE NEUTRON SCATTERING FACILITY

PROCUREMENT

DESCRIPTION

PCO Bender
Velocity Selector
1-1.8 metre Neutron Guide (Ref. Osmic budgetary quote 1995 Aug. 18)
Sample Table (Franke 830 mm)
XY Table (AECL built)
Specimen Manipulator (Huntington)
Dry Vacuum System (1 lg and 1 sm Pump etc.)
Detector (Ref. Ordela Quotation 1701 1995 Aug. 1)
Control and Data Acquisition System (Mel Potter)

TOTAL PROCUREMENT

$ EXT.

157,205
132,000
108,000
34,216
12,000
9,429

22,000
378,742
155,865

1,009,457

SANS FUNDING PROFILE FOR 1998 OCTOBER COMPLETION ($ THOUSANDS)

Design

Manufacturing

Procurement

Construction/
Installation

Project Management
and Support

TOTALS

1996
AECL

300

200

0

0

70

570

April
NSERC

0

0

668

0

0

668

1997
AECL

200

500

0

0

70

770

April
NSERC

0

0

523

120

0

643

1998
AECL

29

20

0

37

66

152

April
NSERC

0

76

0

105

0

181

AECL

529

720

0

37

206

1492

Total
NSERC

0

76

1191

225

1492

1) Required by 1997 January 1 for long delivery components, PCO bender, velocity selector, detector.
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Appendix A: Technical Performance of the National SANS Facility

Al. Overall Components

The SANS consists of a collimator, a nitrogen-cooled filter composed of 50 mm bismuth and
250 mm beryllium, a polycapillary optic bender 25 mm in diameter, a velocity selector, a
changeable iris, a removable evacuated neutron guide to vary resolution, a second changeable iris
before the sample, a small and large sample stage 5.5 m from the first iris, a large vacuum tank
and a 5 mm resolution, 640 mm by 640 mm individual wire helium-3 area detector.

A2. Irises, Neutron Guides and the PCO Bender

The SANS will provide several resolution modes to allow the users to tailor the SANS to their
specific needs. In high resolution mode, distance collimation through the use of a pair of
neutron-absorbing irises limit the angular divergence of the incident beam. The resolution will
then be varied by inserting a pair of appropriate-size irises at either end of a 4 m section of the
flight path between the velocity selector and the sample. New irises can be manufactured as
required.

A switch from high to low resolution mode will be achieved by replacing the distance-collimating
irises with a guide section between the velocity selector and the sample. Neutron guides are used
to transport neutrons over long distance without incurring great losses. The transport of neutrons
is accomplished by reflection from the coated guide walls. Total reflection occurs at glancing
angles smaller than the critical angle 0C = ycX,, where X is the neutron wavelength and yc depends
on the coating material; eg. 20.5 mrad/nm for 58Ni. The technology of supermirror (SM) guides
has evolved to the point where 0C can, to some degree, be tailored for the specific application.

The incident beam will be bent through 8.5° (i.e., out of the line-of-sight of the reactor) to
significantly reduce fast-neutron and gamma-ray backgrounds at the sample and detector, thus
improving sensitivity. As an additional benefit at NRU, the redirected flight path will bypass an
obstructing structural pillar, providing a longer SANS, with higher resolution. Various
technologies exist to bend a broad-spectrum beam: full beam-channel sized guides, so-called
stacked microchannel guides [1], and polycapillary optics (PCO) [2]. Spatial constraints and the
requirement for a high resolution mode limited our options to a PCO bender. The PCO device
is made of many thousands of -10 pm sized glass capillaries close-packed in a fibre of ~1 mm
hexagonal cross section. Neutrons are carried down the fibres just as they are with guides, but
the capillaries are not coated, therefore, yc = 11 mrad/nm for glass. The fibres can then be
assembled in a variety of configurations to bend, split, and focus neutron beams.

In low resolution mode, the bender and guide section thus form an integral, pre-sample, optical
system. Various designs have been considered and compared based on the combined cost and
the intensity delivered to a 25x25 mm2 sample while limiting the divergence. The SANS will
have a focusing PCO bender (focal length = 2.5 m) directing all transmitted neutrons into the end
of a 25x25 mm2, 1.8 m long, parallel-sided SM guide. The focusing PCO bender is expected to
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provide a transmission of 18% relative to incident neutrons within an included cone angle of
9.3 mrad. Significant intensity gains could be achieved by initially gathering neutrons from a
larger PCO bender input aperture and directing them into the same guide section, but this
approach is too costly.

1. AA. van Well, V.O. de Haan and M.Th. Rekveldt, Neutron News, 2, 30 (1991).
2. QJF. Xiao, H. Chen, VA. Sharov, DP.R. Mildner, G. Downing, N. Gao and DM. Gibson, Rev. Sci.

Instrum., 65, 3399 (1994).

A3. Velocity Selector

The velocity selector is a high-speed rotating device, consisting of cartwheel-shaped aluminum
discs coated with neutron-absorbing Gd2O3. The discs are mounted on a common axle in such
a way that the spokes of successive discs form helices. A built-in electric motor drives the axle
at a selected speed, up to the maximum of 12 000 rpm. The assembly is enclosed in an
evacuated drum 33 cm long and 54 cm diameter, and the overall unit weights -75 kg. Two
neutron windows on the drum provide a path for a neutron beam to travel along the direction of
the axle.

The velocity selector is mounted on a firm table located just outside the biological shield. The
table could be turned about a vertical axis by approximately 12°. This adjustment, combined
with variable rotation speed below 12 000 rpm, allows variation of selected wavelength A, and
wavelength resolution AA.. The performance parameters of the velocity selector, designed
specifically for the cold-neutron spectrum of the IRF, but also applicable for the thermal spectrum
at NRU, are as follows:

Peak Transmittance 76% (Monte Carlo simulation for 1° beam divergence)
minimum AA (FWHM) 0.5 A
minimum A, 4.0 A
maximum A (fixed AA/A) unlimited (or limited only by cold neutron flux)
maximum X (fixed AA,) 5.5 A at AA, = 0.5 A
AA/A- range 11% to 30%

A4. Sample Environment

Two types of sample environment will be provided. In one, suitable for solutions and comparison
experiments, an evacuated chamber with top access will enable insertion of sample changers for
standard spectroscopy cuvettes or multiple samples. Temperature-controlled inserts operating
between -10°C and 80°C may be mounted on a flange. A gate valve permits a continuous
vacuum between sample and detector chamber without intervening windows. The sample
chamber will accommodate a Huntingdon precision manipulator that provides translational,
angular and rotational positioning of the sample. In other experiments, a table carrying shear
cells, stress devices, cryostats, magnets, furnaces or shielded cells will replace the evacuated
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chamber, and vacuum extensions on flanges from the presample side and from the detector side
will envelop most of the air path.

A5. High-resolution Area Detector

The detector chosen is a large-area, two-dimensional, position-sensitive helium-3 detector newly
developed by ORDELA, Inc. Its thin front window is covered by a pressurized helium-4 dome,
to keep it flat when placed in the vacuum of the detector tank. Most current SANS detectors use
resistive-wires with separate anode and cathode wire planes for position encoding. They have
typically 10 mm position resolution and their counting rates are limited to a few thousand per
second. Moreover, position calibration must be carefully performed at regular intervals, because
of drifts inherent in the detection method.

The new design incorporates a high-count-rate individual-wire detector capable of recording 105

neutrons per second at an efficiency of 80% for 5 A. An amplifier per wire gives reliable and
stable position encoding at high count rates. Moreover, the position resolution of 5 mm by 5 mm
is twice as good as in conventional SANS detectors. The active counting volume, a square 640
by 640 mm, contains -16 000 pixels of data that can be collected during the progress of a count.

Resolution can be changed by translating the area detector on rails within the vacuum tank. The
high-intensity, low-resolution configuration brings the detector to 1.3 m from the sample, where
the corners subtend an angle of 19°. At 4.5 A this corresponds to a maximum wave vector
transfer of Qmax = 0.46 A'1 and an unganged pixel resolution near the centre of the detector of
0.22° or Qres = 0.0054 A"1. The active volume is only 25 mm deep, so that parallax distortion
is small for all but the shortest distances, where it amounts to about 1 pixel at the periphery of
the detector area. In the high-resolution mode, the sample-to-detector distance is increased to 6
m to give a resolution of 0.048° or Qres = 0.0012 A'1 at 4.5 A. Estimating that the unavailable
area with a 5 mm incident beam extends 20 mm from the direct beam path, the minimum
accessible wavevector will be Q,,^ = 0.005 A'1. Structures with length scales of order 2n;/Qmin

- 0 . 1 micron may be investigated.

A6. Data Acquisition and Control

The Control and Data Acquisition System will consist of an AlphaStation connected to the
control hardware by a CAMAC crate. This hardware will interface with stepper motors, encoders
and neutron counting systems to provide automated control of the SANS. The AlphaStation will
be networked to PC-based systems used to control the ORDELA position-sensitive proportional
counter, the Dornier velocity selector, and the sample temperature.

The SANS will be controlled by entering commands on the AlphaStation console, or,
alternatively, it can be controlled remotely from a user's home base by a terminal connected to
the Internet. Data for off-line analysis will be stored on the AlphaStation, and remote users will
have TCP/IP access to their data.
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The PC control system for the ORDELA position-sensitive proportional counter includes a live
display of the data. The display functions include region-of-interest (circular or rectangular)
analysis and integration, slicing and projections. The automated data acquisition functions of this
system will be controlled from the AlphaStation.

The velocity selector is controlled by a PC system supplied by Dornier. This PC will
communicate with an AlphaStation by an RS232 link.

The PC-based temperature control system has inputs for up to six temperature sensors. The
system includes a precision current source, multiplexer and digital multimeter to read the sensor
voltages, and a power supply to provide heater current. The temperature can be controlled by
commands entered on the PC keyboard, or from the AlphaStation by commands sent to the PC
over an RS232 link.
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Appendix B: External Collaborators

(Excluding Students)

PHYSICS

ORGANIZATION

1. McMaster University
Prof. MJF. Collins
Prof. B.D. Gaulin
Prof. J.P. Carbotte
Prof. J.E. Greedan
Dr. M. Mao
Dr. O. Petrenko
R.L. Donaberger
J.D. Garrett

2. University of Toronto
Prof. E. Fawcett
Prof. T.E. Mason
Dr. S.J. Mentink
Prof. M.B. Walker
Dr. W. Que

3. University of British Columbia
Prof. I. Affleck
Dr. Y. Gan

4. Queen's University
Prof. D.R. Taylor

5. McGill University
Prof. M. Sutton
Prof. W B . Muir
Prof. Z. Altounian
Prof. L. Taillefer

6. Universite de Montreal
Prof. R.W. Cochrane

7. Concordia University
Dr. R. Akis

ACTIVITIES

Structure and dynamics of glasses.
Studies of one-dimensional magnetism,
heavy fermion superconductors,
high-temperature superconductors,
kinetics of alloy growth, phase
transitions in alloys and incommensurate
systems, magnetic structures, frustrated
magnetic structures and magnetic order of
synthetic multilayers.

Dynamics of itinerant antiferromagnets.
Heavy fermion superconductors.

Quantum magnetism and the Haldane gap.
Kondo lattices.

Random fields and magnetic order.
Structural phase transitions.

Multi-layer structures from reflectometry.
Spin glasses.
Heavy fermion superconductivity.

Multi-layer structures from
reflectometry.

High temperature superconductivity.

8. Laurentian University
Prof. E.D. Hallman

9. Dalhousie University
Prof. D. Tindall

Lattice vibrations, structure of
alloys.

Phase transitions in rare-earth metals.
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10. St. Francis Xavier University
Prof. M. Steinitz

Phase transitions in rare-earth
metals.

11. Universite de Sherbrooke
Prof. M. Pokier

12. Hahn-Meitner-Institut
Dr. F. Mezei

13. University of Delaware
Prof. H. Glyde

14. University of California, San Diego
Prof. IE . Hirsch

15. Delft University of Technology
Prof. L.A. de Graaf
Prof. I.M. de Schepper
Dr. P. Westerhuijs

16. Oxford University
Prof. R.A. Cowley

17. Keele University
Prof. W.G. Stirling

18 University of Amsterdam
Dr. A.A. Menovsky

19. Los Alamos National Laboratory
Dr. H. Nakotte
Dr. R. Robinson
A. Purwanto

20. Kammerlingh Onnes Laboratorium
Leiden
Dr. J.A. Mydosh

21. Rutherford-Appleton Laboratory
Dr. C.J. Carlile
Dr. M. Harris
Dr. M. Adams
Dr. W. Montfrooij

22. Ris0 National Laboratory
Dr. J.K. Kjems
Dr. K. Clausen
Dr. D. McMorrow

Superconductivity.

Structure and dynamics of glasses.

Liquid helium.

High temperature superconductors.
Phase transitions in highly correlated
electron systems.

Liquid helium, binary gas mixtures.

Rare earths, superlattices.
Magnetic structures in triangular
antiferromagnets.

Liquid helium.

Heavy-fermion magnetism and
superconductivity.

Magnetism in uranium intermetallics.

Heavy-fermion magnetism and
superconductivity.

Liquid helium, frustrated magnets.

Heavy-fermion magnetism.
Neutron polarizers.
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23. CENG.CEA, Grenoble
Dr. B. Fak

24. Rockefeller University
Prof. E.G.D. Cohen

Liquid helium.

Liquid helium.

25. Technical University, Munich
Dr. K. Karrai

Kohn theorem in superconductors.

26. Institute of Physics of Metals,
Ekaterinburg
Dr. A.Z. Menshikov

Spin waves in FeGe2.

27. Centro de Fisica, Caracas
Dr. R.E. Parra
A.C. Gonzalez

Polarised magnetic clouds in
PtCo alloys.

28. University of Edinburgh
Dr. A. Harrison

29. Florida State University
L.P. Gor'kov

30. BATAN, Indonesia
E. Kartini

Magnetic structures in triangular
antiferromagnets.

Heavy Fermion spin ground states.

Structure and dynamics of glasses.

MOLECULAR SCIENCE

ORGANIZATION ACTIVITIES

1. Queen's University
Prof. R.J.C. Brown
Dr. R. Peterson

2. University of Waterloo
Prof. B.H. Tome
Dr. O. Binbrek
Prof. L. Nazar

3. Dalhousie University
Prof. M.A. White

Anomalous temperature dependence
of scheelite structures.
Site ordering in minerals.

Molecular structures and dynamics
SANS measurements of colloids.
Molybdenum oxide-organic structures.

Dynamics of inclusion compounds.

4. Universite d'Ottawa
Dr. G. Lamarche
Dr. A.M. Lamarche
Dr. J. Woolley
Dr. D. Rancourt

Magnetic structures.

5. Royal Military College
Prof. R.D. Weir

Temperature dependence of anti-
fluorite structures.
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6. Memorial University
Prof. H. Kiefte

Ferroelastic phase transitions.

7. University of New Brunswick
Prof. RL. Armstrong

8. National Research Council
Dr. E. Whalley
Dr. D.D. Klug
Dr. J.S. Tse

Structural phase transitions involving
molecular rotation.

Structures and dynamics of amorphous
and crystalline ice. Structure and
dynamics of clathrate hydrates.

9. Laurentian University
Prof. E.D. Hallman

10. Universite du Quebec a Chicoutimi
Prof. M. Farzaneh
M. Hamel

Structure and dynamics of amorphous
and crystalline ice.

Ice grown in electric field.

11. University of Manitoba
Prof. F.C. Hawthorne

Structure of phyllosilicates.

12. McMaster University
RJL. Donaberger

13. University of California, Santa Barbara
Prof. A.K. Cheetham
Dr. L.M. Bull

Ice grown in electric field.

Structure of zeolites.

14. Universite de Savoie
Prof. J. Bouillot
Prof. Y. Teisseyre

15. Universita di Palermo
Prof. G. Deganello
Dr. M.A. Floriano
Dr. A.M. Venezia

Structure of ice grown in electric
field.

Neutron diffraction and SANS
measurements on catalysts.

16. Cambridge University
Dr. M.T. Dove

17. Birmingham University
Dr. C. Line

18. Rutherford-Appleton Laboratory
Dr. M. Harris
Dr. W. Montfrooij

19. A. Mickiewicz University
Dr. B. Mroz

Structures and dynamics of orienta-
tionally disordered solids.

Structures and dynamics of orienta-
tionally disordered solids.

Model mineralogical systems.
Structure and dynamics of amorphous
and crystalline ice.

Ferroelastic phase transitions.
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20. Keele University
Dr. M. Haven

Orientational disorder in minerals.

21. CNEA - Buenos Aires
Dr. Z. Gamba

Orientational disorder in molecular
solids.

SOFT CONDENSED MATTER

ORGANIZATION ACTIVITIES

1. University of Guelph
Prof. K.R. Jeffrey
Prof. F.R. Hallett

2. Memorial University
Prof. M. Morrow

Head group orientation and
steric interactions. Liposomes
as drug delivery systems.

Liposomes under high pressure.

3. CNRS - Paul Pascal
Dr. E.J. Dufourc

Lipid multilayers and peptide structure.

4. University of California, San Diego
Prof. R.S. Prosser

Location of peptides in lipid bilayers.

5. Indiana University
Dr. M. Mosior

Protein kinase c in lipid bilayers.

6. University of Leipzig
Dr. S. Funari
Dr. F. Volke

Oriented excess water multilayers,
hydration properties of lipid phases.

MATERIALS SCIENCE

ORGANIZATION ACTIVITIES

1. McGill University
Prof. S. Yue
Prof. J. Szpunar
Prof. R. Guthrie
Prof. R. Drew
Dr. J. Savoie
Dr. P. Gangli

2. Queen's University
Prof. D. Atherton
Dr. Lynn-Ann Clapham
Dr. D. Boyd
Dr. T. Krause

Phase transformations in steel.
Magnetic texture, Co-Zr multilayers,
oxidation of steel, ceramic-metal
interfaces, texture of extruded
aluminum, texture relationships
of hydrides in Zr-2.5Nb.
Metal-ceramic joints.

Pipelines under load.
Residual stress in metal-matrix
composites.
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3. Simon Fraser University
Prof. J. Dahn

Lithium manganese spinels.

4. McMaster University
Prof. D. Embury
Prof. G. Weatherly
Prof. D. Wilkinson

Phase interaction stresses in Mg
alloys. Ceramic-ceramic composites.
Plastic deformation of Mg alloys.

5. University of British Columbia
Prof. I.U. Samarasekera
Prof. EJB. Hawbolt
Prof. J.K. Brimacombe

Hot deformation textures of Al.
Residual stress in quenched steel bars.

6. University of Manitoba
Prof. N. Bassim

Plastic zones near crack tips.

7. Alcan Research and Development,
Kingston
Dr. S. MacEwen
Dr. D. Lloyd

8. NRC Industrial Materials Research
Institute (Boucherville)
Dr. B. Marple
Dr. J. Bussiere
Dr. A. Moreau

Texture and residual stress development in
deformed aluminium.

Residual strain in the fracture
toughened ceramic, alumina
infiltrated with mullite.
Ultrasonic NDE techniques.

9. Iowa State University
Prof. RJB. Thompson
Dr. A. Anderson

Ultrasonic texture measurements.

10. Studsvik National Laboratory
Dr. R. Lin

Residual stress in aircraft support
structures.

11. University of Osaka Prefecture
Prof. M. Kogachi

12. Universite de Neuchatel
Prof. D.G. Morris

13. Clem son University
Prof. H. Rack

14. K.U. Leuven
Prof. P. Van Houte

Long-range order and vacancies in NiAl
alloys and Al3Ti-X intermetallics.

Long-range order and vacancies in
Al3Ti-X, Fe3Al-X intermetallics.

Stress relaxation in Al-SiC metal matrix
composites.

Fe-cementite stresses.

15. Oak Ridge National Laboratory
Dr. S. Spooner

Residual stress in metallic and
ceramic components. Retained
phases in weldments.
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16. University of Salford
Dr. P. Webster
Dr. G. Mills
Dr. X-D. Wang

17. Purdue University
Prof. K. Bowman

18. Laboratoire Leon Brillouin
Dr. A. Lodini

19. Cambridge University
Dr. P. Withers

Investigations of the principles
of residual stress measurements,
railway rails, welds, extruded bars.

Texture evolution of AIN-SiC
composites.

Residual stresses in ZrO spray
coatings. Shot-peening stresses.

Residual stresses near cracks in
metal-matrix composites.
Tensile testing of Ti composites.


