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The NR X reactor (pictured here) was the most power ful neut ron source in the world when it was const ructed in the 1940s. I t 

enabled Canadian scientists to pioneer the f ield of neut ron scattering, and launched the modern nuclear medicine indust r y, 

making isotopes: t wo f ields in which Canada has enjoyed over 50 years of excellence.
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Executive Summary 

I n "Planning to 2050", Canadian scient is t s describe 
mater ials research and development wit h neu t ron 

beams and recommend how to ma ximize i t s f u t ure value 
to Canada. The plan lays ou t t he prio r i t ies of t he com-
munit y of physicis t s, chemis t s, engineers, ear t h and 
resource scient is t s, and li fe scient is t s who use neu t ron 
beams in Canada. These prio r i t ies have resul ted f rom 
consul t a t i ve democra t ic processes t ha t have t aken 
place over more t han a decade.

The cent repiece of t he plan is t he cons t r uct ion of t he Ca-
nadian Neu t ron Cent re (CNC), a world-class neu t ron source 
wit h associa ted labora tor ies and inf ras t r uct ure. The CNC 
will surpass t he Nat ional Research Universal (NRU) reac-
tor—planned to be permanent l y shu t dow n in 2018—in 
t he product ion of neu t rons fo r mater ials research. In addi-
t ion, t he CNC could potent iall y cont inue t he NRU reactor’s 
f unct ions in nuclear energ y research or t he product ion of 
isotopes fo r indus t r y and medicine. 



projects driven by research groups from universities, indus-
try, and government laboratories across Canada and around 
the world.

Canada’s primary neutron source is the NRU reactor at 
Chalk River Laboratories. The CNBC operates six neutron 
beam instruments surrounding the NRU reactor. These in-
struments direct neutrons from the reactor onto materials 
of interest.

Canada’s neutron source is a highly valuable element of Can-
ada’s infrastructure for science and industry. Given that eight 
to ten years may be required to design, build, and license a 
new facility, a decision to secure a new neutron source is 
urgent.

Canada enjoys a strong history in research with neutron beams, starting with the Nobel 
Prize–winning work of Bertram Brockhouse in the 1960s and continuing today.

The Importance of Neutron Beams

Neutron beams are versatile and irreplaceable tools for mate-
rials research. They enable fundamental scientific exploration 
and education, and can be applied in many sectors, includ-
ing the aerospace, automotive, and manufacturing sectors, 
as well as in Canada’s four priority areas: energy, environ-
ment, health, and communications. Everything around us, 
even the human body, is made of materials whose behaviour 
needs to be understood. By improving our understanding of 
the way that materials work, we can have positive impacts on 
every aspect of our lives.

Canadian Research with Neutron Beams

Research using neutron beams in Canada is carried out at 
a large centralized facility, but consists of many individual 

Canada’s neut ron source is the NRU reactor at Chalk River Laboratories. This multipurpose facilit y suppor ts science and indust r y in three distinct areas: (1) it supplies 

neut rons for the Canadian Neut ron Beam Cent re (CNBC) for materials research across a host of scientif ic disciplines; (2) it s core provides a test environment for f uels and 

components for nuclear power technologies such as the CANDU reactor; and (3) it is the largest global producer of isotopes for applications in medicine and indust r y.
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Canada enjoys a strong history in research with neutron 
beams, starting with the Nobel Prize–winning work of Ber-
tram Brockhouse in the 1960s and continuing today. Inno-
vative neutron instruments developed in Canada have been 
replicated at every major neutron beam centre worldwide. 
These include the neutron stress scanner, developed by sci-
entists at Chalk River in the 1980s, and Brockhouse’s triple-
axis spectrometer (TAS). Today, the CNBC is a world leader 
in areas such as stress measurement for industry, powder dif-
fraction, and the study of quantum materials with polarized 
neutrons.

The Canadian community of researchers who employ neu-
tron beams maintains an international reputation for inno-
vation and for the direct engagement of industry clients.

Examples of impacts on industry and society include:

	 Helping the Canadian nuclear industry to 
	 manage the cracking of feeder pipes to ensure safe, 
	 reliable, and economical operations of power 
	 stations;

	 Helping automotive and aerospace companies to  
	 increase the reliability of materials and repair  
	 methods used in critical components such as  
	 engines;

	 Helping the oil and gas industry to improve the  
	 reliability of components subjected to high  
	 pressures during fracking operations, and to  
	 create inspection techniques to inform decision- 
	 making about replacing sections of pipeline; and

	 Helping to develop a technology now being  
	 commercialized to save substantially on the high  
	 energy costs of producing the main bleaching  
	 agent used by the paper industry. 

The CNBC has an excellent record of training highly quali-
fied people. It also helps to connect Canadian scientists to 
a global network of neutron laboratories, thereby fostering 
collaborations with scientists from over 100 institutions in 
20 countries.

Canada’s Need for a New Neutron Source

Canada’s NRU reactor has been operating since 1957. Al-
though the NRU reactor was the world’s best research re-
actor when it was built, Canada’s capabilities have fallen 
behind in some areas—most notably in its lack of a source 
of cold neutrons, which are in the highest demand because 
they are especially useful for nanotechnologies and for 
health and life sciences.

In February 2015, the Government of Canada announced 
[1.1] that Canadian Nuclear Laboratories (CNL) will oper-
ate the NRU reactor until March 31, 2018, subject to reli-
censing. At the conclusion of this period, the reactor will be 
placed in a state of storage with surveillance until decom-
missioning. 

With the upcoming permanent closure of the NRU reactor, 
the Canadian neutron scattering community is faced with a 
grave challenge. Without a domestic neutron source, Cana-
da will be on the verge of losing its competency in neutron 
scattering science and technology. Relying on foreign facili-
ties for access to neutron beams has major disadvantages and 
limitations. From similar experience in other countries, it is 
certain that attempting to maintain a ‘virtual neutron beam 
centre’, without a domestic neutron source, will result in the 
loss of neutron beam expertise. Challenges include: costs as-
sociated with securing access; difficulties in attracting and 
retaining expertise and in training highly qualified person-
nel; an unclear role in supporting the user community; diffi-
culty with performing proprietary research; and an inability 
to direct the research and facilities toward Canada’s strategic 
needs. Given that eight to ten years may be required to de-
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sign, build, and license a new facility, a decision to secure a 
domestic neutron source is urgent.

Canada is not alone. Many foreign neutron facilities are also 
approaching the end of their lifespans. In fact, the total ca-
pacity of neutron sources in OECD countries will decrease 
over the next ten years, even though the global demand for 
neutron facilities is growing and several new foreign facilities 
are being built. 

Our Vision for a New Canadian 
Neutron Centre (CNC)

We envision a new world-class facility, referred to as the 
Canadian Neutron Centre. Whether the neutron source is 
multipurpose or single-purpose, a reactor or a spallation 
source, the CNC would be designed to surpass the capabili-
ties of today’s facility to a time horizon of about 2050.

The proposed CNC would be a vital part of Canada’s infra-
structure for science and industry. While a facility dedicated 
to materials research using neutron beams would maximize 
its scientific output, Canada’s rich experience with the NRU 
reactor shows us that a single, multipurpose reactor can per-
form each of these three missions: (1) materials research us-
ing neutron beams; (2) materials testing in the reactor core 
for the development of nuclear power; and (3) isotope pro-
duction for industry and medicine.

Through the materials research mission, the CNC will:

	 Reassert Canada’s international leadership in  
	 research using neutron beams by enhancing areas  

	 in which Canada is strong but in which it  
	 currently lags, such as the application of neutron 
	 beams to the study of nanotechnologies and life  
	 sciences;

	 Retain and expand Canada’s national hub that  
	 fosters innovation in the application of neutron  
	 beams, in order to respond to Canada’s research  
	 priorities while evolving according to national  
	 goals and policies;

	 Educate and develop skills for thousands of  
	 highly qualified people, while also attracting  
	 highly qualified people to Canada;

	 Sustain and increase proprietary neutron research  
	 by Canadian industries, in order to develop new  
	 industrial materials and products and to access  
	 wider markets;

	 Support tens of thousands of individual science 
	 projects over its lifetime; and

One benefit of a national cent re for research using neut ron beams—in this case, a facilit y that can accommodate visiting groups of scientists, professors, and students—is 

the role it plays in the education and t raining of highly qualif ied people. The CNBC hosts regular summer schools. The presence of a national neut ron cent re with a st rong 

mandate for education and out reach encourages the development of a lively scientif ic communit y in Canada, in a way that access to foreign neut ron sources alone does not.
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	 Foster scientific exchange in the global research  
	 community as part of a worldwide network of  
	 facilities for materials research.

Should Canada decide to continue other missions beyond 
neutron scattering, a multipurpose facility can achieve an 
excellent balance of economics and performance by serving 
these additional functions:

	 Providing commercial research and development  
	 (R&D) services for the nuclear power industry to  
	 support the international fleet of CANDU  
	 reactors, as well as Canada’s own nuclear industry,  
	 which has an estimated economic impact of over  
	 $6 billion per year, by enabling the testing of fuel  

	 and components under conditions representing a  
	 power reactor;

	 Enabling Canada to develop more advanced  
	 nuclear power technologies and to effectively  
	 participate in the Generation IV International  
	 Forum; and

	 Providing commercial irradiation services for  
	 non-nuclear industries, such as doping materials  
	 for computer chips and producing materials for  
	 the medical diagnosis and treatment of patients  
	 in Canada and around the world.

The Chalk River Laboratories site on the Ottawa River was established as a national laborator y for the nuclear sciences in the 1940s by the National Research Council. The 

lab was cent red around t wo of the world’s most intense neut ron sources, the National Research Experimental (NR X) and NRU reactors, enabling a wealth of research and 

knowledge generation that has launched indust ries and helped Canada play a prominent role in science internationally. Through the presence of this t rue national cent re 

for neut ron scattering, scientists in universities and indust ries across Canada have had access to the ver y best scientif ic tools. Today, Canada has an historic oppor tunit y 

to once again establish a world-class national laborator y that supersedes the aging facilit ies at Chalk River Laboratories.

An Environment for Science at the CNC

Science is a human endeavour. It is not just about facts, 
tools, and facilities. Science thrives on curiosity about nature 
and the free exchange of ideas between individuals. 

We will create an environment that attracts highly qualified 
people, that strongly contributes to their education, and 
that facilitates the needs of their research. It will foster the 
exchange of ideas and knowledge between staff and visiting 
scientists who will continuously flow through the centre. To 

accommodate scientists who travel from across Canada and 
around the world to participate in experiments, the CNC 
will operate at full power on a reliable schedule. If a multi-
purpose facility, the CNC will need a governance arrange-
ment that respects the needs of each user community.

The Neutron Source: The CNC must include a neu-
tron source that delivers world-class neutron flux into many 
beam lines. A major advance will be a source of cold neu-
trons, which are in high demand worldwide for the study of 
life sciences, soft materials, and nanotechnology. A flexible 
design will allow the addition of beam lines in the future.
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Neutron Beam Halls and Instruments: To perform 
many simultaneous experiments, a suite of neutron beam 
instruments will be housed in neutron beam halls. The reac-
tor hall will be adjacent to the reactor in order to allow maxi-
mum neutron flux by being near the source. One or more 
guide halls in nearby buildings will increase the number of 
instruments possible by reducing instrument crowding at 
the source, although a high neutron flux to each instrument 
will be achieved using state-of-the-art neutron guiding tech-
nology. The planned suite of instruments will offer world-
class performance and will introduce capabilities that are 
currently unavailable in Canada.

Attached Facilities: The CNC complex will include 
much more than the reactor and instruments. There will be 
office spaces and meetings rooms to enhance scientific col-
laboration; laboratories for on-site preparation of specimens 
by visiting scientists; workshops and working areas for the 
design, construction, testing, maintenance, and repair of 
specialized equipment; and a modern data acquisition, net-
working, and control centre that is able to adapt to future 
technologies.

Conclusion

Canadians contribute significantly to the world’s knowledge of materials, and Canada receives much knowledge in return. Thanks to the 
contributions of industry, academia, and government, Canada reaps a wide array of benefits that range from health to wealth to well-be-
ing. As our domestic neutron source, the new CNC will be a versatile and irreplaceable part of the future of materials research in Canada. 

The CNC will yield high value to Canada by planning for the human side of science, as well as by providing world-class scientific in-
struments. It will be an environment designed to generate ideas and promote the exchange of information. On behalf of the Canadian 
neutron beam user community, “Planning to 2050” outlines ways to maximize the new CNC as a world-class facility for materials 
research—one that will deliver impacts across the spectrum from discovery to innovation. 

Conclusion
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Scientists employ a great number of probes to aid them in understand-

ing, characterizing and improving materials. However neut ron beams are 

a par ticularly impor tant and ir replaceable par t of the ‘scientif ic toolkit’. The 

impor tance of neut ron scattering methods for materials research is a conse-

quence of the special way that neut rons interact with matter.  
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1.1  The Impor tance of Materials Research

1. OVERVIEW1. OVERVIEW
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By improving our understanding of the way that materials 
work, we can generate positive impacts on every aspect of 
our lives, for one simple reason: everything is made of ma-
terials. That includes people, food, energy technologies, the 
Earth and our environment, and infrastructures to transport 
water and goods. It also includes buildings, computers, air-
planes, and cars, as well as devices for medicine, communi-
cation, entertainment, and everything else.

Materials are pervasive, although we may be unaware of 
their presence, let alone their evolution. However, when a 
fundamental discovery is made about materials, technolo-
gies are revolutionized and the effects are felt across society.

LED lights are an example of success in materials research, 
providing us with energy-efficient and environmentally 
friendly light sources. The invention of a key enabling tech-
nology, the blue light–emitting diode, was honoured with 
the 2014 Nobel Prize in Physics.

Other recent Nobel Prize in Physics awards illustrate how 
materials research underpins our everyday experiences. The 
2009 prize honoured the inventions of fibre optics and CCD 
sensors, which are the backbones of broadband internet and 
digital cameras. The 2007 prize honoured the discovery of 
a phenomenon that enables computer hard drives, called gi-
ant magnetoresistance (GMR). The 2010 prize honoured 
ground-breaking experiments with graphene, a new material 
expected to lead to breakthrough applications in computers 
and touch screens; when combined with plastics, it may also 
be used to create new super-strong yet lightweight materials.

Materials research has been leading to transformational ad-
vances for centuries. In the 19th century, materials devel-

opment was fundamental to steam-powered locomotion, 
which pushed the limits of materials to withstand certain 
temperatures and pressures and to support trains on thou-
sands of kilometres of steel rails. The steam engine made 
possible the rapid expansion of North America and enabled 
people to travel so quickly that ‘local time’ could no longer 
be measured practically with reference to noon as the local 
solar zenith. In fact, Canadian Sir Sandford Fleming defined 
time zones to enable the orderly scheduling of the trains, 
and ‘jet lag’ was born!

In the mid-20th century, vacuum tubes were the unit of 
logic and the precursors to today’s computers. At that time, 
engineers envisioned building vast computers to perform 
calculations. However, a fundamental shift occurred with 
the development of the transistor, which could be made ex-
quisitely small and yet perform the same function as vacuum 
tubes. Mastery of the production of high-purity silicon, the 
controlled addition of specific atoms, and an underlying 
knowledge of electronics in the solid state—all instances of 
materials research—were also necessary steps towards the 
new technology. Today’s computers out-perform the com-
puters in the wildest dreams envisioned at that time, and 
now include handheld packages that play movies on de-
mand, let you call work from anywhere, help you navigate 
your way home, and enable you to access your bank from 
the other side of the planet.

We hardly realize it, but our human experience has been 
shifted tremendously by materials research and develop-
ment, which has continually produced advances to bring us 
into the information age of today.

In this document, references to ‘materials’ should be under-
stood to include the following: (1) structural materials (e.g. 
metals, alloys, ceramics, or composites that are used to build 
machines and infrastructures); (2) functional materials (e.g. 
nanostructures that store gases, help chemical reactions to 
occur with less energy, or filter toxins from air and water, 
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as well as crystal structures that change shape or magnetic 
alignments, which can be exploited in batteries, information 
storage, and other useful applications); and (3) soft materials 
(e.g. plastics, membranes, proteins, gels, and complex fluids 
like milk and blood). 

Similarly, references to ‘materials research’ should be under-
stood to encompass a full range of scientists and scientific 
disciplines, a few illustrations being:

	 Biophysicists investigate the nanostructures that  
	 occur naturally in cells and tissues in order to  
	 provide fundamental clues that may offer more  
	 accurate directions for research on life processes,  
	 diseases, and therapies than is possible from  
	 large-scale clinical studies alone;

	 Condensed matter physicists are trying to track  
	 down some of the challenging phenomena at  
	 the frontiers of knowledge, which could  
	 introduce a new technological revolution through 
	 advances in such things as high-temperature 
	 superconductivity and other highly correlated  
	 electronic systems;

	 Structural chemists are tuning the performance  
	 of materials for energy management, such as  
	 hydrogen storage or lithium-ion batteries;

	 Materials engineers seek to understand what is  
	 really happening when we manufacture  
	 components at high or low temperatures, the  
	 reasons why some materials fail prematurely, and  
	 how to make stronger, tougher, and more reliable 
	 materials cost-effectively;
 
	 Earth scientists acquire a firm understanding of  
	 the temperature and pressure responses of  
	 minerals, which enables conclusions to be made  

	 about geological history and the condition of  
	 planet Earth; and

	 Polymer chemists develop thin film coatings that  
	 make medical implants safe and reliable, as well as  
	 new organic electronics, membranes for fuel cells,  
	 and much more.

The importance of materials research is that materials un-
derpin every aspect of the human experience. Indeed, dis-
coveries of new materials or refinements of existing materials 
constitute the essential building blocks for advancements in 
technology, industry, and society.

  
 
 
Scientists employ a great number of probes to aid them in 
understanding, characterizing, and improving materials. 
Notably, neutron beams are a particularly important and 
irreplaceable part of the ‘scientific toolkit’. For example, 
materials engineers need the penetrating power of neutron 
beams to examine the stresses deep inside critical industrial 
components that x-rays cannot penetrate. Biophysicists 
need the gentle probing of neutron beams to unravel the 
structures within biological membranes under lifelike condi-
tions. Chemists need the sensitivity of neutrons to hydrogen 
to develop fuel cells and hydrogen storage materials. Physi-
cists need the electrically neutral and magnetic properties of 
neutrons to better understand superconductivity (SC) and 
the magnetic structures of materials.

The world science community recognized the great impor-
tance of neutron beams when it awarded Bertram Brock-
house and Clifford Shull the Nobel Prize in Physics in 1994 
for pioneering the use of neutron beams to probe materi-
als. The place of neutron beams as valued scientific tools is 
manifested today in a global network of about 20 national 
neutron beam facilities operating around the world. These 
points are explored further in later sections.

1.2  The Impor tance of Neut ron Scattering  
       for Materials Research
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Neutrons are neutral, spin-½ sub-atomic 
particles that interact with the nuclei of  
atoms through the short-ranged strong 
interaction, and with the magnetic fields  
associated with unpaired electrons in 
atoms.  Neutrons propagate as waves, 
being so small that their quantum-
mechanical, wave-particle duality is 
strongly evident.  The typical wave-
lengths of neutrons are of the order of 
the atomic radius, 10,000 times the 
size of any atomic nucleus.  Therefore, 
from the viewpoint of the neutron, the 
atomic nucleus is a truly tiny target, a 
so-called “point scatterer”.

Neutron beams are irreplaceable for materials research be-
cause of the special way that neutrons interact with mat-
ter. All matter is made of atoms, which can be arranged 
either in orderly (crystalline) solid structures or in random 
(amorphous) structures in the solid, liquid, or gaseous states. 
Neutrons are sub-atomic particles that interact (1) with the 
nuclei of atoms and (2) with atomic magnetic fields.

The unique aspects of atom–neutron interactions open up 
scientific possibilities that are simply not accessible by other 
probes such as nuclear magnetic resonance (NMR), micros-
copy, ultrasonics, muon spin resonance, or electromagnetic 
radiation (e.g. laser light, x-rays, or gamma rays). This is not 
to diminish the importance of these other techniques, but to 
highlight that neutron beams provide another window for 
investigating materials—a window that sometimes reveals 
complementary information that is essential for the final 
understanding of how materials behave. 

The way neutrons scatter from atoms (i.e. by changing their 
direction, energy, or magnetic polarization) provides direct 
knowledge of the structures and dynamics of materials at the 
level of atoms, molecules, and nanostructures. Neutron scat-
tering techniques include diffraction, spectroscopy, reflec-
tometry, and small angle scattering. These techniques enable 
research (1) in all kinds of materials, such as metals, miner-
als, ceramics, composites, polymers, lipid membranes, and 
peptides; (2) in all kinds of states, such as crystals, powders, 
liquids, gels, and colloids; and (3) in all kinds of applica-
tions, such as aerospace, automotive, energy, environment, 
medicine, communications, manufacturing, fundamental 
scientific exploration, and education.

Neutrons are neutral, spin-½ sub-atomic particles that inter-
act (1) with the nuclei of atoms through short-ranged strong 
interaction, and (2) with the magnetic fields associated with 
unpaired electrons in atoms. Neutrons propagate as waves, 
being so small that their quantum-mechanical, wave-particle 
duality is strongly evident. The typical wavelengths of neu-
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trons are of the order of the atomic radius, 10 000 times the 
size of any atomic nucleus. Therefore, from the viewpoint of 
the neutron, the atomic nucleus is a truly tiny target (i.e. a 
so-called ‘point scatterer’).

Neutrons are penetrating but non-destructive

The typical energies of thermal neutrons are measured in the 
milli-electron volt (meV) range; their energies are a million 
times less than x-rays of corresponding wavelengths in the 
range of 1-10 angstroms (Å). Although these neutron ener-
gies are very low, neutrons penetrate easily through many 
centimetres of most materials, so that truly representative 
sampling of bulk materials is possible, completely non-de-
structively.

Neutrons are magnetic

Neutrons have a magnetic moment that interacts with the 
magnetic electrons in atoms. The interaction is simple and 
well known, making neutron beams the absolute reference 
technique for determining the structure and dynamics of 
magnetic materials.  
 
Neutrons are sensitive to isotopes

Neutrons interact directly with the nucleus of the atom, and 
thus determine the centre of mass of an atom that is free of 
electronic influences. The strength of the interaction varies 
from one nucleus to another but is similar in magnitude, 
making it as easy to see light atoms (e.g. hydrogen, lithium) 
as heavy atoms (e.g. manganese, uranium). Most notable is 

Because Canada const ructed the world’s most power ful neut ron sources in the 1940s and 50s there were 

oppor tunities for imaginative young scientists to make signif icant impacts in various f ields. That was the 

period in which Canada launched the modern f ield of nuclear medicine. I t was also the time when Ber t 

Brockhouse developed new methods and inst rumentation for studying materials with neut ron beams. In 

recognition of that pioneering cont ribution to world science Brockhouse and Shull were awarded the Nobel 

Prize in Physics in 1994. By that time, materials research using neut ron beams had been recognized as an 

essential scientif ic tool internationally with national facilit ies operating around the world.
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the huge difference between light hydrogen and heavy hy-
drogen (i.e. deuterium), a property that can be exploited to 
unravel the complex structures of biological materials and 
polymers in which hydrogen is a major constituent. By 
substituting varying amounts of deuterium for hydrogen, 
the ‘contrast’ of particular features of a molecular structure 
can be adjusted to make them readily observable, or else to 
eliminate them from the signal through means such as ‘con-
trast-matching’ the particular feature with the surrounding 
solvent.

 

In 1994, Canadian scientist Bertram Brockhouse shared the 
Nobel Prize in Physics for pioneering the method of neutron 
scattering to reveal the internal energy states of solid materi-
als. His triple-axis spectrometer (TAS), developed at Chalk 
River Laboratories in the 1960s, has been replicated at neu-
tron beam research centres worldwide, and it continues to 
serve as a primary instrument for exploring the frontiers of 
condensed matter physics. In the mid-1980s, Canadian re-
searchers developed the neutron stress scanner, which again 
has been replicated at neutron beam research centres world-
wide because it has been recognized as the most effective 
method to probe stresses non-destructively within industrial 
components. The information arising from neutron stress 
scanning has direct consequences for public safety, regula-
tory practices, and industry competitiveness.

Today, our national centre for neutron beam research is situ-
ated at Chalk River Laboratories and is now called the Ca-
nadian Neutron Beam Centre (CNBC). As a piece of our 
national science infrastructure, the CNBC is accessible to 
the research community that is represented by the Canadian 
Institute for Neutron Scattering (CINS), which includes 
established users as well as students and first-time users. 
Over the three-year period from 2011 to 2013, about 240 

researchers from industry, government laboratories, and aca-
demia (i.e. 70 university departments spread across 30 Ca-
nadian universities in 7 provinces) participated in research 
dependent on access to the CNBC’s 6 neutron beam lines. 
The CNBC enables industrial research in sectors such as 
nuclear energy, aerospace, automotive, oil and gas, defence, 
and primary metal production. 

Industry accesses neutron beams for materials research be-
cause the resulting knowledge often impacts safe, reliable, 
and economic operations. A primary example was an ex-

tended research program in partnership with Atomic En-
ergy of Canada Limited (AECL) and the CANDU Own-
ers’ Group (COG) over a ten-year period to manage the 
cracking in feeder tubes in CANDU nuclear reactors. The 
research program followed two forced outages of the Point 
Lepreau Nuclear Generating Station in 1997 and 2001, 
which together cost over $50 million. Stress analyses using 
neutron beams made key contributions to several outcomes, 
including: (1) the regulator was assured during these out-
ages that the station could be restarted safely, thus avoiding 
further unplanned down-time costs; (2) China was assured 
that it could continue with the $4 billion construction of 
two reactors at Qinshan without the need for costly mid-
construction design changes; (3) New Brunswick Power was 
able to make informed decisions regarding the timing of its 
$1 billion project to refurbish the Point Lepreau station in 
2008 and regarding its ongoing management activities of 

The Canadian world-f irst demonst ration of neu-

t ron holography was prominently published in 

leading scientif ic journals. This new tech-

nique may unlock new areas of knowledge 

on the materials of life: membrane-asso-

ciated proteins.

1.3 Canadian Neut ron Beam Research 
     – Stature and Status
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the cracking, which cost as much as $5 million per year; (4) 
the broader nuclear power industry gained sufficient knowl-
edge to assure the regulator that the feeder cracking was 
manageable at all stations, and also saved substantial time 
and resources during outages either by focusing the scope 
of the feeder inspections or by establishing other means to 
manage the cracking; and (5) the industry was able to de-
velop materials and maintenance methods to provide high 
confidence that the observed feeder cracking will not be a 
significant concern at any new reactors or at any existing 
reactors after they are refurbished.

Further examples of the CNBC’s recent impacts on industry, 
society, and research at the leading edge of science and tech-
nology include the following instances:

	 Hydro-Quebec’s research institute (IREQ)  
	 accessed the CNBC to understand a new  
	 cathode material used to produce sodium chlorate  
	 for the paper industry, and is now  
	 commercializing technology that is expected to  
	 save substantial amounts of energy for the  
	 industry, estimated at over $6 million per year;

	 Major automotive companies in partnership with  
	 university teams have accessed the CNBC to  
	 improve the reliability of materials in lightweight  
	 vehicle engines while reducing manufacturing  
	 costs;

	 Major aerospace companies have accessed the  
	 CNBC to improve the reliability of jet engines by  
	 examining stresses in turbine discs and blades 
	 made using new welding methods;

	 Schlumberger, a multinational oil and gas  
	 company, accessed the CNBC recently to  
	 improve the reliability and reduce the costs of  
	 fracking by examining stresses in prototype fluid  
	 ends—a key component that must withstand  
	 harsh conditions and that is costly to replace;

	 Defence Research and Development Canada has  
	 accessed the CNBC for several projects to  
	 advance national defence, including qualifying a  
	 new repair method for large ship propellers and  
	 assessing the structural integrity of submarine  
	 hulls to support the life-extension of our fleet;

	 Several research groups from Canadian and  
	 foreign universities access the CNBC to make  
	 fundamental discoveries about superconductivity,  
	 which could lead to energy-saving technologies.  
	 (Notably, one such group has been recognized  
	 with the Brockhouse Canada Prize for  
	 Interdisciplinary Research in Science and  
	 Engineering);

	 Researchers from Queen’s University are  
	 accessing the CNBC to build a fundamental  
	 understanding of magnetic Barkhausen noise  
	 (important as a non-destructive, high-speed  
	 indicator of defects in buried gas pipelines) to  
	 evaluate fitness-for-service, to inform decisions  

“The Canadian science community has 
lived up to the expectations of the federal 
government, who invested in the NRU 
reactor in 1950. We have exploited the 
NRU’s full potential for materials re-
search, ranging from exploratory science 
and education to problem-solving for 
industry. Now, a new neutron facility is 
needed so that our new generation of scien-
tists can continue to deliver benefits across  
Canada’s innovation system in the coming  
decades.”
	       - Prof. B.D. Gaulin (McMaster),
	         Past-president of CINS



17

P
L

A
N

 to 2050
P

L
A

N

	 about costly maintenance activities, and to help  
	 avoid catastrophic accidents;

	 Researchers from McMaster University accessed  
	 the CNBC to make the first direct experimental  
	 observation of rafts in a fluid lipid membrane;  
	 and 

	 Researchers from Brock University accessed the  
	 CNBC to understand the biological roles and  
	 functions of several membrane-associated  
	 molecules, including: (1) a protein that relieves  
	 symptoms of respiratory distress syndrome in  
	 premature babies; (2) vitamin E; and (3) an  
	 anti-microbial agent.

Canadian researchers maintain an international reputation 
for innovation in neutron beam instruments and methods. 
Through continual improvement, the L3 
neutron stress scanner at the CNBC is still 
a world-leading instrument for metallurgical 
engineering, and plans are being developed 
for a next-generation ‘white-beam’ stress 
scanner. At the leading edge of North Ameri-
can neutron instruments are the CNBC’s C2 
powder diffractometer with 800 channels, as 
well as the CNBC’s C5 polarized beam tri-
ple-axis spectrometer. Examples of innovation in methods 
include the world-first demonstration of molecular holo-
graphic imaging, as well as modifying a triple-axis spectrom-
eter to perform small angle neutron scattering to partially 
compensate for the lack of a cold neutron source. One im-
portant application of neutron holography may be to enable 
molecular structure determinations to high resolution in the 
class of membrane-associated proteins (about one-third of 
known proteins), which are difficult to fully crystallize and 
therefore have often defied detailed characterization. Such a 
capability would have a major impact on the understanding 
of structure and function for the life sciences.

Although recognized for its excellence in some areas of sci-
ence and technology, Canada’s neutron beam facility has 
fallen behind laboratories in other nations that have acquired 
decades of experience with cold neutron beams, which are 
especially powerful for research in soft materials, life sci-
ences, and nanotechnologies. Canada’s existing National 
Research Universal (NRU) reactor does not include a cold 
neutron source, so there is relatively little experience with 
techniques such as small angle neutron scattering (SANS), 
neutron reflectometry (NR), high-resolution neutron spec-
troscopy, and spin-echo spectrometry, among others. Some 
Canadian researchers avail themselves of cold neutron beam 
methods in foreign neutron beam laboratories; however, it 
is very challenging to foster a national capacity to exploit 
these advanced techniques without a domestic centre that 
maintains a strong presence in the relevant scientific fields 
(e.g. fields related to the structures and dynamics of proteins 
and other polymers in solution).

The demand for neutron beam facilities is 
growing. Most developed countries already 
have neutron beam facilities. There are 4 user 
facilities in North America, 12 in Europe, 5 in 

Australasia, and a few others. There have been some recent 
closures of aging facilities, for example in Denmark (Risø), 
Germany (Jülich), the U.S. (Argonne and Brookhaven), and 
Sweden (Studsvik). To expand capacity for neutron beam 
experiments and to meet growing demands, some new facili-
ties are currently under construction or have recently been 
completed, such as in Japan ($2.4 billion), Australia ($350 
million), the U.S. ($2.2 billion), Germany ($750 million), 
and Sweden ($2.5 billion). This activity demonstrates a 
widespread recognition of the social and economic benefits 
arising from materials research using neutron beams.

Neutron beams can also 
be applied to the most 
practical of questions 

making an aircraft safer 
or a steel manufacturer 

more competitive.

1.4 The Need for a Domestic 
      Facilit y – International Contex t
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Neut ron facilit ies are national science cent res that act as a focus for a 

communit y. About 20 count ries operate such cent res which suppor t the 

education and t raining of new scientists, the interaction of multidisciplinar y 

research groups and the achievement of national goals through materials 

research for energy, health or the environment. CINS members come f rom 

across Canada to use our cur rent national facilit y, which fosters those goals 

and connects Canadian scientists with the wider international communit y.

A domestic neutron facility connects Canadian scientists 
from dozens of universities and laboratories to a global net-
work of neutron facilities and attracts international scientific 
collaborators. In the last three years, the CNBC has enabled 
the Canadian science community to conduct projects with 
collaborators from over 20 countries. Providing access for 
foreign researchers to Canada’s neutron facility ensures that 
Canadians are welcome at complementary facilities in other 
countries.

Canada is an active member in the North American network 
of four neutron scattering user facilities engaged in materials 
research. It is possible to evaluate the potential for increased 
scientific activity in the field by examining other labs across 
the continent. Currently, the busiest neutron laboratory in 
the U.S. is located at the National Institute of Standards and 
Technology (NIST). With over 20 neutron instruments and 
a staff of 100, the NIST Center for Neutron Research has 
2000 research participants each year and can only supply 
half of the demand for its beam time [1.2]. As a result of the 
2006 American Competitiveness Initiative [1.3], the NIST 
Center for Neutron Research is undergoing a substantial ex-
pansion. It has constructed a new building, added a second 
cold source, and is installing five new instruments to allow 
it to accommodate experiments from an additional 500 sci-
entists each year.

It is sometimes suggested that we send Canadians to foreign 
neutron beam facilities instead of building a new national 
centre. However, international experience in attempting 
to maintain ‘virtual neutron beam centres’, where the real 
sources are elsewhere, has uniformly resulted in the loss of 
neutron beam expertise. In all cases, highly qualified staff 
migrated to facilities in other locations instead of remain-
ing as a local centre of activity, and as a result the national/
regional user communities were diminished. If Canada 
loses its domestic neutron source, the expertise will either 
leave the country or the field, and there will be no national 
‘hub’ fostering innovation in neutron scattering that might 
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respond to the specific research interests of the Canadian 
user community. Access to foreign neutron facilities by ex-
perienced Canadian neutron researchers cannot substitute 
for our current situation of having an established national 
neutron user program.

Sometimes an analogy is drawn from Canadian astrono-
mers and nuclear particle physicists, who are accustomed to 
remotely accessing or travelling to foreign facilities in lieu 
of access to a state-of-the-art domestic research facility. But 
astronomy and particle physics are unlike materials research 
in that they are strongly influenced by the facility that can 
see into space the farthest or achieve the highest energy. In-
ternationally, science in these other domains has reached the 
point where facilities must be enormous multi-national un-
dertakings to be at the leading edge. This is the realm of ‘big 
science’, where Canada has few opportunities, on its own, to 
build world-class telescopes or particle accelerators. 

Surprising for many, a neutron facility is not ‘big science’; it 
does not require a massive investment to answer a relatively 
small number of fundamental questions. In contrast, a neu-
tron beam facility enables tens of thousands of individual 
scientific projects for a large user community over its life-
time. It is well within the grasp of a single nation like Can-
ada to build a world-class neutron beam facility that would 
contribute to the global neutron beam capacity.

A domestic neutron beam facility can be tuned to meet Can-
ada’s strategic science and technology (S&T) priorities and 
to enable Canadian industries to study practical questions, 
such as how to make an aircraft safer or how to make steel 
manufacturing more competitive. Without major ongoing 
investments similar in scale to the cost of a domestic facility, 
Canadian priorities would exert little influence at foreign-
owned neutron facilities. Conducting proprietary neutron 
beam research at foreign facilities is currently difficult for 
Canadians, and it could not be sustained for the long term 
as a Canada-based service to industry in the absence of a 
domestic facility.

A national neutron scattering centre, operated as an acces-
sible resource for academic research and education, provides 
an exceptional learning opportunity for students and young 
researchers. In this regard, the track record of the CNBC 
has been outstanding. In the last three years, there were 125 
visits by young, highly qualified people to the laboratory, 
including 14 post-doctoral fellows and 65 students, many of 
whom visited more than once. The Canadian students came 
from 18 universities in 6 provinces. In addition to those al-
ready counted, many other young, highly qualified people 
attended workshops and biennial summer schools to engage 
with hands-on research measurements at the CNBC.

1.5 The Need for a Domestic Cent re 
      – Developing Highly Qualif ied People

“The Canadian science community has 
lived up to the expectations of the federal 
government, who invested in the NRU 
reactor in 1950. We have exploited the 
NRU’s full potential for materials research, 
ranging from exploratory science and edu-
cation to problem-solving for industry. 
Now, a new neutron facility is needed so 
that our new generation of scientists can 
continue to deliver benefits across Canada’s 
innovation system in the coming decades”. 
— Prof. Bruce D. Gaulin (McMaster Uni-
versity), Past President of the CINS and of 
the Neutron Scattering Society of America
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Engineering graduates Stephanie Stafford (Kinect rics Inc.) and Jessica Hiscocks (Nu-Tech 

Precision Metals Inc.) using neut rons to investigate a material for nuclear power stations.

PeopleQualifiedHighly
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I came to the Canadian Neut ron Beam Cent re for the f irst 

time with my professor to do a class project where we used 

neut rons to measure residual st ress.  Now I am back again, using 

the neut ron beam to get information about a zirconium - niobium 

alloy I am studying as par t of my job.  I t’s always a great learning  

experience; the staff are ver y knowledgeable and I’ve learned 

how to set up and run this experiment myself, to get the informa-

tion I need.  I’ll keep coming back as often as I can.

Stephanie Stafford
Engineer, f uel channel integrit y, Kinect rics 

Stephanie Stafford



"We applaud the government of Cana-
da’s S&T strategy, Mobilizing Science 
and Technology to Canada’s Advantage, 
and propose that a new investment in 
neutron scattering infrastructure could 
be an excellent realization of 'ensuring 
that higher-education institutions have 
the leading-edge research equipment and  
facilities required to compete with the 
best in the world.' Universities from  
every province use Canada’s current neu-
tron source, and, given a world-class  
replacement facility, will continue to  
excel in this field."
	        - Prof. D.H. Ryan (McGill), 		
	          Past President of CINS 

When students visit the national facility for an experiment, 
their education is enhanced in the following ways:

	 Training, including industrial safety training and  
	 radiological self-protection training, is provided  
	 to enable them to work safely, particularly in  
	 terms of working around neutron beam  
	 instruments close to the research reactor;

	 Experimental set-up provides the experience of  
	 working with technical staff, trouble shooting,  
	 designing and producing sample mounts,  

Ar tist's conception - ent rance to a new Canadian Neut ron Cent re

22

	 performing alignments, and gaining the full  
	 hands-on experience of real experimental science;

	 Supervision by full-time facility scientists  
	 augments the learning that has already occurred  
	 at the students’ home institutions, and also  
	 provides a deeper understanding of techniques,  
	 their applications, and their limitations;

	 Once adequately trained, students are able to  
	 operate neutron spectrometers by themselves,  
	 and (depending on technical complexity) they  
	 often change specimens and conditions of  
	 specimen environments (e.g. applied load,  
	 temperature, magnetic field, etc.) to achieve a  
	 higher degree of scientific self-reliance;

	 Training from CNBC staff scientists in data  
	 analysis and interpretation, often with follow-up 
	 discussion when the student returns to his or her  
	 home institution, is a further enhancement of the 
	 student’s learning; and

	 Opportunities to join researchers and other  
	 visitors in informal settings provide the student 
	 with networking opportunities that can help in  
	 later career development, as science is essentially  
	 a human activity involving the exchange of ideas  
	 and collaborative efforts.

Through access to the domestic neutron scattering centre, 
students gain insight into a multidisciplinary scientific and 
engineering environment quite different from the academic 
situation at their home institutions. They gain in-depth ex-
posure to a powerful and versatile experimental method for 
materials research at a world-class facility. Through access to 
the national centre, students may be inspired to persist to-
wards careers in advanced materials research; they may also 
gain confidence that they will find opportunities—in Canada 



23

P
L

A
N

 to 2050
P

L
A

N

—to apply their knowledge and express their creativity 
through positive contributions to their communities in the 
future. While at present there are about 40 to 50 graduate 
students per year whose access to the NRU-based neutron 
laboratory is part of their thesis work, an expanded Canadi-
an Neutron Centre will see this number triple or quadruple 
in the future.

We envision a new world-class facility, referred to as the 
Canadian Neutron Centre (CNC). Whether the neutron 
source be multipurpose or single-purpose, a reactor or a 
spallation source, the CNC would be designed to surpass 
the capabilities of today’s facility to a time horizon of about 
2050. Having learned from over 60 years of experience with 
the National Research Experimental (NRX) and NRU reac-
tors at Chalk River Laboratories, and from experience with 
foreign neutron sources, Canada’s neutron beam users are 
well positioned to state their requirements for a facility that 
enhances Canada’s position of excellence and leadership in 
the global network of neutron beam laboratories.

A new CNC must include at least one cold neutron source, 
as well as a suite of cold neutron instruments that will en-
able research on soft materials and nanotechnology as never 
before possible in Canada. The next generation of instru-
ments and methods at the CNC can be built upon the 
foundation of Canada’s leading presence in certain areas of 
neutron beam research. The world-class CNC should begin 
with about 10 beam lines and expand over time to about 25 
beam lines. These facilities will enable thousands of research 
projects by Canadian and foreign users, and will help to edu-
cate over 2000 new highly qualified people for jobs at the 
forefront of knowledge-intensive industries.

The need to replace and surpass the NRU reactor’s capabili-
ties has long been recognized by academics, industry, com-

mittees, and the authors of various studies, both national and 
international [1.4–1.12]. The NRU reactor, which has been 
operating for over 58 years and is the oldest major research 
reactor in the world, is now planned to be permanently shut 
down in 2018. It is now an urgent matter to complete the 
analyses of Canada’s need for replacement capabilities and to 
begin construction of new facilities.

Because the NRU reactor is a multipurpose science facility, 
there have been many economic, health, and social impacts 
arising from its operation—impacts that go beyond the re-
sults of materials research with neutron beams. The NRU 
reactor supported the development of the medical isotope 
industry and continues to produce Tc-99m, the most com-
monly used medical isotope in nuclear medicine, as well as 
Co-60 for cancer treatments and other isotopes with medi-
cal or industrial applications. These isotopes are used for the 
treatment and diagnosis of over 20 million patients in 80 
countries annually. NRU also provides a test bed for the nu-
clear power industry. The current fleet of CANDU reactors, 
which generate one-sixth of Canada’s electricity, could not 
have been designed and built without the essential knowl-
edge gained through NRU. According to the Canadian Nu-
clear Association [1.13], that industry today represents over 
$5 billion of annual economic activity by 150 companies, 
and it directly provides 25 000 highly paid jobs—4000 of 
which are held by highly qualified personnel.

CINS is proud of the benefits that thousands of neutron 
beam experiments have brought to Canada over the years, 
as measured in terms of educating highly qualified people, 
advancing scientific understanding of the world around us, 
and supporting industrial competitiveness. These achieve-
ments, when added to those in the fields of isotopes and 
nuclear power development, make the NRU reactor one of 
Canada’s most successful investments in any science facil-
ity. To anticipate a renewal of Canada’s facilities is to foresee 
another 50 years of excellence in neutron-based science and 
industry in Canada.

1.6 The Prospect of a New Canadian 
      Neut ron Cent re (CNC)



The C5 spect rometer (pictured above) is a world-class inst rument for 

use in research on topics related to magnetism and superconductivit y. 

Through the presence of a t rue national cent re for neut ron scattering, 

scientists in universities and indust ries across Canada have access to the 

ver y best scientif ic tools. 
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The CINS system of peer-reviewed access to neutron beam 
instruments is organized by subject area rather than the 
practice adopted at many other neutron facilities, where 
proposals are addressed to specific beam lines. Neutron scat-
tering projects at Chalk River Laboratories therefore tend 
to be associated with one of five scientific communities or 
areas of interest: (1) excitations in condensed matter; (2) 
crystallographic analyses; (3) materials science and engineer-
ing; (4) thin films and surfaces, particularly nanostructures; 
and (5) soft materials, particularly polymers and biological 
materials. Each community has distinctive characteristics, 
such as the distribution of scientific disciplines, the degree 
to which members are full-time neutron scatterers or casual 
users, the degree to which the community is established and 
internationally recognized, and so on. Representatives of 
these scientific communities originally drafted the following 
sub-sections following discussions held at the CINS’s 2006 
and 2007 Annual General Meetings (AGMs). The content 
was subsequently updated and approved by the members at 
the 2014 AGM. Each sub-section below includes an over-
view of the community’s current activities and impacts, as 
well as their thoughts about world trends and how a new 
Canadian facility should be configured to respond to the 
emerging future.

2.1  Excitations in Condensed Matter2.  SCIENTIFIC COMMUNITIES  
The research community that studies excitations in con-
densed matter includes some of Canada’s most experienced 
neutron scattering scientists, for whom access to neutron 
beam facilities is central to their programs of research edu-
cation. Canada’s scientific presence in this area of materials 
research can be traced back to the pioneering work of No-
bel Prize–winning Bertram Brockhouse in the 1960s, and 
continues with experimental programs that challenge fun-
damental theories of condensed matter physics.

Overview
All properties of materials ultimately depend on what at-
oms they are made of, how those atoms are arranged, and 
how they are moving or vibrating. Here, we focus on the 
movements of atoms—commonly referred to as ‘dynam-
ics’ or ‘excitations’—pertaining to the energy states of con-
densed matter as opposed to structures. One of the most 
important properties of neutrons is this: by virtue of their 
mass, neutrons with de Broglie wavelengths appropriate for 
determining the structure of materials (i.e. 1‒4 Å) possess 
energies typical of the low-energy excitations of condensed 
matter (i.e. 5‒80 meV). This energy scale is usually referred 
to as the ‘thermal’ range, which corresponds to the spectrum 
of kinetic energies of atoms in equilibrium with materials 

Nano St ructures Spin Waves Lattice Vibrations Nuclear Compton Scattering

COLD THERMAL HOT Energy (meV)

Figure 2.1.1 - Energy scales of neut rons and materials [European Spallation Source Project Repor t, 2002].

2.  SCIENTIFIC COMMUNITIES  
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spanning temperature ranges from about 20 Kelvin (K) to 
about 2000 K. Speaking of energy in terms of temperature, 
neutrons with lower energies are referred to as ‘cold’, and 
those with higher energies as ‘hot’. Figure 2.1.1 shows what 
types of phenomena can be measured by neutron scatter-
ing and provides a comparison of the temperature and meV 
energy scales.

Understanding low-energy excitations (i.e. those of up to 
80 meV or so) lies at the heart of contemporary materials 
physics and chemistry. Quantum mechanics, our most ac-
curate fundamental physical theory, makes very specific and 
testable predictions about these excitations. The everyday 
properties of materials are an average of the ground state 
(the lowest energy state) and low-lying excited states (on 
temperature scales below room temperature), which are very 
well matched to the typical energies of neutrons. Therefore, 
when a neutron creates or absorbs an excitation, it loses or 
gains enough energy such that the change is easy to detect. 

Neutron scattering from excitations is denoted as ‘inelas-
tic’ scattering, because the energy of the scattered neutron 
is changed from its initial energy (whereas ‘elastic’ would 
imply no change in the neutron’s energy). Inelastic neutron 
scattering (INS) is the most versatile technique available for 
mapping out the excitation spectrum of condensed matter 
(i.e. solids and liquids) from very low energies to approxi-
mately 10 times room temperature. The fact that the tech-
nique is entirely general and applicable to most materials 
makes it a universal tool—one that materials scientists and 
condensed matter physicists could not do without. Accord-
ing to Bertram Brockhouse, co-recipient of the 1994 Nobel 
Prize in Physics for his pioneering contribution in the devel-
opment of inelastic neutron scattering, “If the neutron had 
not been discovered by Chadwick in 1932, it would have 
been invented” [2.1].

The magnetic moment of the neutron allows for the prob-
ing of magnetic excitations. A large fraction of the Canadian 
inelastic neutron scattering community works in the general 
field of magnetic materials. Neutrons are the primary scien-
tific technique for studying magnetic excitations in magnet-
ic materials and, historically, there has been a lot of empha-
sis on this area. Especially powerful is the fact that neutron 
beams can be prepared with an initial polarization (i.e. the 
magnetic moments of the neutrons are all pointing along the 
same direction); by measuring the change of polarization on 
scattering, magnetic excitations can be distinguished from 
non-magnetic ones.

Senior scientist Bill Buyers is well-recognized in the f ield of condensed matter physics, with 

neut ron scattering as his primar y tool. Among many scientif ic cont ributions, he made the f irst 

obser vation of the “Haldane Gap”. This discover y confirmed a highly cont roversial speculation 

by theorist D.M. Haldane, over turned the wisdom of the day, and ushered in a host of experi-

mental and theoretical studies worldwide that still continue. Here Bill is pictured at a Summer 

School in Chalk River, explaining neut ron spect roscopy to a group of graduate students.

26



INS has its own challenges, distinct from those associ-
ated with elastic neutron scattering or diffraction. Chiefly, 
the likelihood of a neutron scattering inelastically is 100 
to 1000 times less than it being scattered elastically. As a 
consequence, contemporary INS is carried out with an eye 
to being as efficient as possible with the available neutrons. 
These efficiencies are gained by using samples that are as 
large as possible, by directing as many incident neutrons as 
possible at the sample, and by using detection systems that 
can simultaneously measure neutrons scattered over a range 
of angles and energy transfers.

Some of the most topical research areas in modern materials 
physics and chemistry are particularly demanding, as they 
are carried out on new materials for which large samples 
may not yet be available. Furthermore, they may focus on 
‘quantum materials’ where the magnitude of the magnetism 
in the material is inherently small, and therefore the signal 
is inherently low. Nonetheless, in many of these very topical 
research areas, particularly in the study of magnetic excita-
tions in materials, neutron scattering is by far the most im-
portant experimental probe available to materials physicists 
and chemists. Such experiments have, and will continue to 
have, an enormous impact on fundamental materials re-
search. Canadian scientists have strong programs in these ar-
eas, and it is very important that cutting-edge neutron scat-
tering instrumentation be developed to allow us to maintain 
this international strength and build upon it.

Impacts on Science and Technology, 
the Economy, and Society

The invention of the triple-axis spectrometer by Brockhouse 
opened up the possibility of measuring excitations that in-
fluence everyday properties of materials. Entirely general 
and applicable to most materials, the technique was en-
thusiastically applied first to simple crystalline solids and 
then to more complicated systems such as alloys, chemical 

compounds, magnetic materials, and even liquids. In the 
1980s, the use of INS to study much bigger molecules (i.e. 
polymers) grew rapidly. In all cases, the general trend has 
been that INS experiments generate new knowledge that be-
comes the essential component of condensed matter theory, 
to confirm or disprove the theories proposed based on other 
experimental techniques.

Thousands of materials have been studied with INS. Among 
them are many materials that had already found important 
industrial applications prior to understanding why they 
work. A good example is the role INS has played in the re-
search and development of shape-memory alloys (SMAs). 
Discovered by accident in 1961, SMAs return to their origi-
nal shape if heated above a critical temperature. Soon after 
their discovery, diffraction experiments indicated that a col-
lective movement of one type of atom against the rest of the 
crystalline structure causes the shape restoration. This in turn 
led to the idea that the sudden release of the atoms, frozen in 
at a particular excitation (like energy stored in a compressed 
spring), is the driving force for the transition. The direct 
confirmation of this theory came from INS [2.2], and the 
theory has enabled the intelligent design of other SMA ma-
terials. The first commercial application of the material was 
a shape-memory coupling for piping (e.g. oil line pipes for 
industrial applications, water pipes and similar types of pip-
ing for consumer applications, etc.). The late 1980s saw the 
introduction of the SMA Nitinol as an enabling technology 
for endovascular medical applications. While more costly 
than stainless steel, the self-expanding properties of Nitinol 
alloys, manufactured to ‘body temperature response’, have 
provided an attractive alternative to balloon-expandable de-
vices. On average, about half of all peripheral vascular stents 
currently available are manufactured with Nitinol.

Canadian expertise in INS for magnetism and quantum 
materials is applied to numerous sub-topics, such as those 
discussed in the sub-sections below.
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High-temperature Superconductivity in Cuprates and 
Pnictides:  The discovery of high-temperature superconduc-
tivity (HTSC) in 1986 in copper-based materials (known as 
cuprates) sparked a new interest in the field of superconduc-
tivity (SC). Despite a large number of studies on HTSC, 
there is still no consensus on the mechanism responsible 
for superconductivity. Thus, these materials still remain one 
of the most challenging problems facing condensed matter 
physicists today. The discovery of SC in antiferromagnetic 
(AF) iron-based materials (so-called pnictides) in 2008 [2.3] 
was shocking and exciting, since no one expected to observe 
SC in the presence of iron with strong magnetism [2.4]. This 
broke the 20-year monopoly held by the cuprates.

The ‘special’ property of superconductors is that they have 
zero resistance to electric current—absolutely none, while in 
normal conductors such as copper wire the atoms of the wire 
impede the free flow of electrons, depleting the current’s en-
ergy and wasting it as heat. What is so exciting about these 
materials is that their superconducting transition tempera-
ture (Tc) is much higher than the classical, low-temperature 
superconductors. The record Tc for HTSC is now about 
165 K at high pressures—more than halfway to room tem-
perature. Their discovery not only sparked hope that room 
temperature superconductivity is around the corner, but also 
allowed more technical applications of superconductors to 
come to life at temperatures only as low as that of liquid 
nitrogen instead of liquid helium, which is much more ex-
pensive than liquid nitrogen and not practical in most cases. 
People now envision future applications of superconductiv-
ity, such as:

	 Replacing electrical transmission lines with super 
	 conducting wires to eliminate losses between  
	 power plants and consumers, as well as to boost  
	 utilities’ efficiencies and to eventually help in  
	 reducing greenhouse gas emissions and pollution  
	 [2.5];

	 Enabling large amounts of energy to be stored  
	 for peak demand times, as well as greatly  
	 enhancing the usefulness of energy sources that  
	 are not available on demand 24/7 (e.g. wind  
	 power and solar energy) [2.6];

	 Enabling magnetically levitated transportation,  
	 for which research and development is strong in  
	 the U.S., Japan, China, and Germany [2.7];

	 Making possible a ‘table-top’ magnetic resonance  
	 imaging (MRI) machine as a routine medical  
	 diagnostic tool [2.8]; and

	 Implementing a superconducting electronic  
	 device, known as a Josephson junction, which  
	 could serve as the basis of the next generation of  
	 supercomputers [2.9].

For both classes of cuprate and pnictide superconductors, of 
particular interest is understanding the nature of any spin 
and/or charge ordering in these materials for their entire 
phase diagrams. Neutron scattering has played a vital role in 
exploring fundamental properties of the charge carriers and 
testing current theories of HTSC for cuprates [2.10–2.16]. 
Neutron scattering measurements have also been quite in-
strumental in revealing important details of the magnetic 
properties of pnictide superconductors [2.17–2.22]. 

While parent compounds of cuprates and pnictides are dif-
ferent (i.e. magnetic insulators vs. magnetic metals), neu-
tron scattering measurements have indicated that, similar 
to cuprates, superconductivity in pnictides occurs near an 
antiferromagnetic phase. The pnictides possess simpler crys-
tal structures than cuprates and appear more accessible to 
theorists. Thus, it is hoped that a full understanding of their 
fundamental properties will aid to unlock the mystery of 
superconductivity in cuprates and other unconventional su-
perconductors.
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The intense research performed globally on HTSC has been 
beneficial not only for the dramatic improvement of exist-
ing theoretical and experimental approaches, but also for 
the development of new ones. This includes neutron scat-
tering methods used to measure magnetic excitations. The 
challenging requirements of performing such experiments 
on HTSC (e.g. relatively small crystals, the weakness of the 
inelastic signal) have prompted efforts to increase the per-
formance of triple-axis spectrometers through higher flux at 
the sample and increased detector capability; they have also 
stimulated efforts to further the development of wide-angle 
time-of-flight (TOF) spectrometers with higher flux.

Worldwide, the current market for HTSC wire is estimated 
to be U.S. $30 billion and is expected to grow rapidly. How-
ever, more research is needed to understand the underlying 
phenomenon and to allow progress in obtaining supercon-
ductors with even higher Tc, which can be integrated cost-
effectively into technological applications that affect our dai-
ly lives. Maintaining the ability for neutron beam research 
on superconductors will help to ensure that Canadians can 
lead and benefit from developments in these materials.

Heavy Fermion Superconductors and Itinerant  
Magnets: All materials contain electrons, which belong to a 
group of particles known as fermions. The electrons in most 
metals flow like a liquid; that is electrical conduction. In cer-
tain materials, electrons are strongly correlated by the pres-
ence of magnetic rare-earth ions (e.g. Ce or U). These ‘corre-
lated’ electrons do not simply move through the background 
that all the other electrons provide; rather, they have an extra 
interaction where they can still flow like in a metal, but they 
seem up to 1000 times heavier. They are called ‘heavy fer-
mions’. One puzzling aspect of their complex behaviour is 
the presence of superconductivity [2.23], which coexists and 
couples with static magnetism. This fact is surprising, since 
magnetism is very effective at destroying conventional su-
perconductivity; therefore, these materials may be revealing 
a new and unconventional type of superconductivity—and 

nobody can predict where this discovery could lead. Nota-
bly, neutron scattering is the key method for investigating 
the peculiar magnetic properties of these systems, and could 
therefore help to answer many questions. 

One outstanding problem in the physics of heavy fermion 
materials is that the nature of the order parameter that sets 
in below T0 = 17.5 K in URu2Si2 still remains unknown 
[2.24]. Neutron scattering has been instrumental in de-
termining the properties of the hidden order state, and in 
testing current theories of hidden order. A detailed neutron 
scattering study did not find [2.25] any evidence for orbital 
currents predicted by theory. Instead, evidence for spin ac-
tivation was found, and it was demonstrated [2.26, 2.27] 
that the large drop in entropy below T0 is due to the gap-
ping of the spin spectrum, as seen by neutron scattering. 
The dynamic incommensurate spins have been interpreted 
[2.26] as the response of an itinerant rather than a local spin 
system, and made a connection to a Fermi surface nesting. 
These studies showed that the paramagnon dispersion above 
T0 follows the spin wave dispersion for T < T0, indicating 
that the exchange interaction between uranium moments 
does not change across T0. The main characteristic of the 
phase transition was found to be a dramatic decrease of the 
electronic damping of longitudinal fluctuations below T0. 
All these findings support hidden order theories that are 
based on itinerant spins rather than localized spins. Recent 
neutron scattering experiments have placed strict and well-
defined constraints on hidden order theories [2.28] with in-
plane magnetic dipole moments [2.29].

In a related branch of inquiry, there is a longstanding Cana-
dian strength in studying ‘itinerant’ magnetism, where the 
magnetic structure resides in the liquid of fermions rather 
than being associated with the ions of the crystal lattice. 
Also known as spin density wave (SDW) magnetism, itin-
erant magnetism is considered to be in the same sector of 
condensed matter physics research as are HTSC and heavy 
fermion systems. Classic examples are elemental chromium 
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and low-dimensionality FeGe2 [2.30]. There are also exam-
ples of materials that are neither HTSC nor heavy fermion 
systems, but are correlated and show SDW magnetism (e.g. 
V1.973O3) [2.31]. It is believed that an understanding of these 
systems, which should be easier to describe from a theoreti-
cal viewpoint, will lead to better descriptions of HTSC and 
heavy fermions.

Low-dimensional and Singlet Ground State Magnetic 
Materials:  Several different families of materials have been 
of intense interest recently, as they exhibit an extreme form 
of quantum behaviour at low temperatures. These materi-
als have collective singlet ground states, in which S=½ mag-
netic moments within the crystalline structure pair off into 
a quantum ‘singlet’. In this singlet state, you cannot observe 
the S=½ moments separately; it is this disappearance of the 
magnetic degrees of freedom that is the quantum effect. Be-
cause the ground state of these materials is non-magnetic, 
they display no elastic magnetic neutron scattering other 
than possibly diffuse scattering. However, INS can induce 
transitions from the singlet ground state to the triplet excit-
ed states, and has thus become the principal probe of these 
quantum systems. INS data is essential for developing a de-
tailed understanding of these unique magnetic systems and 
their quantum excitations.

Materials can reach this non-magnetic singlet ground state 
in several ways, depending on the effective number of di-
mensions. Quasi-one-dimensional materials can be com-
posed of either chains of S = ½ magnetic moments, which 
undergo a spin-Peierls phase transition to a distorted struc-
ture composed of a one-dimensional assembly of dimers 
(pairs of magnetic ions). This occurs in CuGeO3 and TiOCl, 
for example. Canadian researchers used INS to induce an ex-
citation from the ground state to the first and second excited 
states in TiOBr, in order to calculate the energy difference 
(i.e. the ‘energy gap’) between these states [2.32]. KCuF3 is 
another example, which shows evidence of a crossover be-
tween one- and two-dimensional behaviour in the magnetic 

A large f raction of research on excitations and magnetism requires ancillar y 

equipment to hold specimens at low temperatures while neut ron inelastic 

scattering reveals the characteristic energy states. Here, a closed - cycle 

helium ref rigerator provides a range f rom room temperature to -266°C.
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excitation spectrum [2.33]. In contrast, chains of S=1 (not 
S = ½) magnetic moments can display what is known as a 
Haldane state at low temperatures, but never form the dimer 
state. This is a unique quantum state first observed in Can-
ada with neutron scattering [2.34]. Quasi-two-dimensional 
materials, such as SrCu2(BO3)2, are composed of orthogonal 
Cu S = ½ dimers arranged on a square lattice, and are known 
to exhibit a Shastry–Sutherland ground state at low tem-
peratures [2.35, 2.36]. A more recent area of study involves 
how orbital and spin momenta couple to give rise to low-
dimensional physics on typically three-dimensional lattices, 
such as in clinopyroxene and spinel systems. These systems 
usually have higher transition temperatures that approach 
room temperature (e.g. Tc = 210 K in NaTiSi2O6) [2.37].

Broadly speaking, these materials exhibit novel electric and 
magnetic properties, many of which are not well understood. 
Although the main focus of this research is fundamental sci-
ence, new technologies will emerge for novel applications as 
a natural result of this research. In fact, understanding the 
physics behind low-dimensional and quantum systems is a 
prerequisite for the future development of successful appli-
cations of sub-micron materials systems and nanotechnolo-
gies. Hence, such fundamental research will have a crucial 

role in developing new solutions in different areas, including 
electronics, optics, medicine, and many others. As an exam-
ple, one could consider electronics, where the ever-growing 
complexity of microprocessor and memory chips over the 
past few years has led to a large chip density—and, hence, to 
the very small dimensions of individual electronic compo-
nents (i.e. about 100 nm or smaller), bringing them into the 
quantum and low-dimensional regime. As a result, in addi-
tion to its role in training highly qualified personnel in fun-
damental science, such research will help Canadian scientists 
to be among the leading researchers in nanotechnology.

Geometrically Frustrated Magnetic Materials: Many 
magnetic materials are composed of arrangements of inter-
connected triangles or tetrahedra. In the presence of anti-
ferromagnetism (which makes magnetic moments that are 
close to each other line up in opposite directions), the mag-
netic moments cannot find a simple low-energy configura-
tion; the resulting arrangement of atoms is referred to as 
geometric frustration. Only within the last decade has a rich 
landscape of new phenomena been recognized in the physics 
of geometrically frustrated antiferromagnetic systems.

Magnetic cubic pyrochlore materials, such as Tb2Ti2O7 and 
Ho2Ti2O7, have magnetic rare-earth ions arranged on net-
works of corner-sharing tetrahedra. An in-depth review of 
the many exotic ground states exhibited by systems with 
this frustrated lattice was written by [2.38]. At low tem-
peratures, these materials cannot find a conventional long-
range ordered state, but rather each finds a distinct exotic 
disordered state (e.g. a ‘spin liquid’ state for Tb2Ti2O7 and 
a ‘spin ice’ state for Ho2Ti2O7). On the application of an 
appropriate magnetic field, the spin liquid state of Tb2Ti2O7 
can be caused to order (complete with well-defined spin ex-
citations), characterized, and ultimately understood through 
INS [2.39].

More recently, studies have focused on ‘quantum spin ices’ 
wherein the exotic frozen short-range ordered state observed 

Figure 2.1.2 Py roelect ric Imaging. Lighter colors cor respond to 

warmer temperatures.

Cour tesy of Ray theon Commercial Elect ronics
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in Ho2Ti2O7 is induced by quantum fluctuations. Pr2Zr2O7 

[2.40], a material thought to be a quantum spin ice, presents 
researchers with a means of observing magnetic excitations, 
or ‘monopoles’. An analogous ‘quantum spin liquid’ state 
has also been observed in Yb2Ti2O7, although the exact na-
ture of this ground state remains unclear [2.41]. Canadian 
researchers, in collaboration with theorists from the U.S., 
are pioneering this recent field of study, having fit data ob-
tained from INS in magnetic fields to quantitatively extract 
the entire Hamiltonian (an equation of fundamental impor-
tance to understanding the behaviour of any system) for the 
first time [2.42].

Like in low-dimensional systems, orbital effects can also cou-
ple with the magnetism on geometrically frustrated lattices. 
‘Spin glasses’, the magnetic analogue of structural glasses, 
are characterized by frozen in, randomly oriented magnetic 
moments—much like how structural glasses lack long-range 
periodic order. For years it was thought that chemical dis-
order is a prerequisite for spin glass behaviour [2.43]. That 
is why it was so surprising to find spin glass behaviour in 
nearly ‘disorder-free’ materials such as Y2Mo2O7 [2.44]. INS 
experiments by Canadians at Chalk River Laboratories on 
powder [2.45] and on a single crystal of Y2Mo2O7  [2.46] 
show clear freezing of the spins into a unique isotropic 
short-range ordered arrangement that cannot be explained 
by any of the conventional magnetic models used for other 
spin glasses.

Frustrated magnets have attracted attention recently because 
they have a high potential for new technological applica-
tions, such as magnetic refrigerants. A magnetocaloric ef-
fect arises from the presence of strong magnetic interactions, 
high densities of spins, and suppressed ordering tempera-
tures. On decreasing the magnetic field, heat is drawn into 
the material. Cooling is faster with demagnetization than 
with more conventional technologies (e.g. dilute paramag-
nets). Thus, there is great potential to not only achieve low 
temperatures in space-limited situations, but also to develop 

a new generation of environmentally friendly refrigerators.

Topological Materials: Recent years have seen the birth 
of a new area in quantum mechanics: topological insula-
tors [2.47]. Crystalline solids usually fall into two broad 
categories—namely, metals and insulators—discerned by 
their ability to conduct electric current. Technologically 
important semiconductors bridge the line between these 
two and exhibit characteristics of both to a degree that can 
be controlled by external means. The physics of these basic 
states of quantum matter has long been thought to be thor-
oughly understood, and this understanding—formulated 
in the standard band theory of solids—constitutes one of 
the founding pillars of modern physics. In topological in-
sulators, however, the bulk is an insulator, while the surface 
hosts an exotic metallic state with special topological prop-
erties. Not only can the electrons on the surface of a to-
pological insulator flow with little resistance, but their spin 
and direction are also intimately related (i.e. the direction 
of the electron determines its spin, and vice versa) [2.48]. 
First understood theoretically in 2005 [2.49], a topologi-
cal insulator was discovered experimentally in 2008 [2.50]. 
This discovery has the potential to revolutionize spintronics 
and quantum computing [2.51]. In addition, this discov-
ery spurred further understanding of various topological 
quantum materials, including topological superconduc-
tors and Weyl semimetals. In particular, the 5d transition 
metal oxides (e.g. iridium oxides and osmium oxides with 
strong spin-orbit coupling) have recently been the subject 
of intense theoretical and experimental studies as potential 
candidates for realizing various topological quantum phases 
[2.52, 2.53]. Again, neutron scattering experiments have 
been critical in determining the magnetic properties of these 
materials [2.54–2.56].

Colossal Magnetoresistance: Discovered in 1993, colos-
sal magnetoresistance (CMR) is a phenomenon of greatly 
reduced electrical resistance in the presence of a magnetic 
field. Chemically, CMR materials are similar to high tem-
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perature superconductors with the exception that the copper 
is replaced by manganese, which is more magnetically active. 
Unlike superconductors, many CMR materials display the 
maximum effect near room temperature, and there is already 
a microscopic model (i.e. double exchange) that provides a 
basic description of the effect. However, double exchange 
fails to explain several observations. Canadians have stud-
ied the magnetic excitations, lattice excitations, and lattice 
distortions using neutron scattering during the ferromag-
netic transition associated with the CMR effect [2.57] to 
see how it varies across a family of CMR materials with a 
range of compositions. CMR materials hold promise to be 
used as sensitive magnetic detectors, possibly in computer 
hard drive read heads where ‘giant’ magnetoresistance sen-
sors are currently applied. The 2007 Nobel Prize in Physics 
was awarded to Albert Fert (Université Paris-Sud, France) 
and Peter Grünberg (Forschungszentrum Jülich, Germany) 
for the discovery of giant magnetoresistance.

Ferroelectrics: Ferroelectric materials exhibit exceptionally 
high dielectric constants, meaning they have enormous abil-
ity to develop bound surface charges when placed in an elec-
tric field. They find application as the medium for electrical 
energy storage devices or capacitors. Since virtually every 
household electronic gadget contains anywhere from a few 
to a few dozen or more capacitors, this application alone rep-

Inst rument Type (Name, Location) Max. Energy Transfer (meV) Best Resolution (meV)

Modern thermal TAS (C5, CNBCa) 100 0.2

Cold TAS (SPINS, NCNRb) 10 0.06

Chopper spectrometer (MAPS, ISISc) 2000 0.3

Chopper spectrometer (DCS, NCNR) 7 0.04

Backscattering (HFBS, NCNR) 0.036 0.001

Spin echo (NG-5 NSE, NCNR) 0.041 (0.1 ns) 0.0002 (20 ns)

resents a huge technological and economic impact. Ceramic 
disk capacitors made of BaTiO3, a ferroelectric material, are 
simple to manufacture and have captured more than half 
of the ceramic capacitor market. Transparent ferroelectric 
crystals are commonly used for the doubling, tripling, and 
quadrupling of laser frequencies, and also as electro-optic 
modulators, Q-switches, Pockels cells, etc.

Ferroelectric materials also exhibit two other important 
properties: piezoelectricity (i.e. the generation of voltage 
when compressed); and pyroelectricity (i.e. the generation 
of voltage when heated). These properties have led to many 
more applications. For example, the ‘pendulum’ in all elec-
tronic clocks and watches is a small piezoelectric crystal vi-
brating at many megahertz (MHz). Piezoelectrics are also 
used for medical imaging and treatments (e.g. ultrasound), 
underwater navigation and detection (e.g. sonar and hydro-
phone arrays), and nano-precision motion (e.g. actuators), 
just to name a few important applications. Pyroelectrics are 
at the heart of infrared detectors and thermal imaging devic-
es used for firefighting, law enforcement and border patrol, 
land mine detection, building surveillance, process control, 
vision testing, facial recognition, and traffic control.

Ferroelectricity was originally discovered in 1918 in Ro-
chelle salt [2.58]. Since then, many materials, both existing 

TABLE 1 - Comparison of energ y ranges fo r var ious spect rometers, including t he t r iple a x is spect rometer (TAS). TABLE 1 - 

a=Canadian Neutron Beam Centre, Canada; b=NIST Center for Neutron Research, U.S.; c=ISIS pulsed neutron and muon source, U.K.
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instance, Voyager I continues to operate off of uninterrupted 
radioisotope thermoelectric power after nearly 40 years. 

Beyond space travel, thermoelectric generation on Earth has 
found special niche markets, mainly for use as cathodic pro-
tection, as backup generators able to work at all times of day 
and in all weather conditions, and as a means of convert-
ing wasted heat back into energy. However, thermoelectrics 
are plagued with having low efficiency and high material 
cost. Studying why thermoelectrics work is central to solv-
ing these problems in order to implement thermoelectrics 
for new uses, such as wearable electronic or medical devices. 
Heat is carried throughout the material through collective 
atomic motions called phonons. In fact, INS was developed 
by Canadian Bertram Brockhouse precisely to study these 
types of dynamics; PbTe, an excellent thermoelectric mate-
rial, was one of the first systems to be studied using INS at 
Canada’s NRU reactor [2.60]. Today, due to modern cold 
moderators, chopper technology, and advances in computa-
tion and software, these dynamics have been revisited when 
new insight into old problems has come to light [2.61]. The 
dimensionless figure of merit generally describes how good 
a thermoelectric a certain material is. Today, the highest di-

and newly synthesized, have been found to be ferroelectric. 
The first theory of the phenomenon was proposed in 1940; 
however, this theory was specifically for KDP, a relatively 
simple material. A more fundamental and generally applica-
ble theory emerged nearly 20 years later, predicting how the 
dielectric constant would vary as the frequency of the low-
est energy atomic vibration changed with temperature. The 
direct confirmation of this theory came from INS. Indeed, 
Canada played the pivotal role in this endeavour, as the key 
INS measurements were carried out at the NRU reactor at 
Chalk River Laboratories [2.59].

Thermoelectrics: The thermoelectric effect describes the 
phenomenon of a voltage when a temperature gradient is es-
tablished between two adjoined semiconductors. This effect 
is completely reversible and can be used in solid state refrig-
erators; Peltier coolers take advantage of the inverse thermo-
electric effect. Thermoelectric materials such as chalcogen-
ides (i.e. materials with negatively charged S, Se, and Te) are 
used in space exploration missions for electric power genera-
tion. Thermoelectric devices are completely silent, owing to 
a lack of mechanical parts, and are extremely reliable; for 

When the DUALSPEC inst rument was 

installed in the early 1990s some 

modif ications were made to the main 

concrete shielding of the NRU reactor. 
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mensionless figure of merit is nearly triple what it was over 
50 years ago when INS was first developed.

Biological Materials: INS studies of proteins and peptides 
date back to the 1960s. Much of this early work was explor-
atory and often involved comparison of spectra from simple 
polypeptides in different conformational states.  [42] The 
emergence of supercomputers has enabled realistic molecular 
dynamics calculations of biologically relevant systems.  Since 
the mid-1980s there has been an ongoing ‘match’ between 
INS, molecular dynamics and Raman spectroscopy where 
one technique would observe or predict the existence of a 
vibration mode with a particular energy and the others are 
used to confirm or reject it.  Through this multifaceted ap-
proach the understanding of how these complex molecules 
work is steadily increasing.  For instance, INS on an enzyme 
revealed a vibration mode that is likely to be responsible for 
how the enzyme holds down a hydrocarbon chain and shears 
it off very much like a pair of scissors. [43]

For research on biological systems, a key strength of neutron 
scattering is the ability to exploit selective deuteration to en-
hance the sensitivity of INS to the dynamics of a particular 
part of a complex molecule.  The technique takes advantage 
of the uniquely strong incoherent scattering of neutrons by 
hydrogen (but not by deuterium), was proposed in 1986 
by Smith et al., and was applied immediately to a number 
of proteins, notably myoglobin and hemoglobin, with con-
tinuing applications today.  [44]

Unlike inorganic compounds, proteins, peptides and other 
polymers do not naturally exist in crystalline form.  This lack 
of order leads to yet another type of ‘excitation’ or energy 
transfer, which arises due to relatively slow large-scale dif-
fusion of atoms and is measured with quasi-elastic neutron 
scattering.  The study of diffusion requires neutron back-
scattering or spin-echo spectrometers that Canada does not 
have at this time.  Consequently, there are few Canadian 
examples in this field of research, which is currently domi-

nated by US and European scientists. Part of the motivation 
in this document is the hope that a new Canadian neutron 
research centre would be better able to provide the facilities 
needed for research of relevance to life sciences. 

Next Generation Nuclear Fuels: The physical properties of 
uranium oxide and uranium nitride are of great interest not 
only because of the highly correlated electronic nature of 
these materials, but also because of their technological appli-
cation as nuclear fuel. For such applications, it is important 
to understand the mechanisms by which thermal transport 
occurs. Neutron scattering measurements of atomic vibra-
tions (i.e. phonons) enable scientists to directly examine 
the connection between microscopic thermal transport via 
phonons and macroscopic thermal conductivity. Hence, 
INS provides the microscopic benchmark needed to under-
stand thermal transport mechanisms. In a surprise discovery 
while studying the phonon spectra of these materials, some 
of the most beautiful real-world examples of the quantized 
harmonic oscillator have been discovered in uranium ni-
tride by Canadian researchers using neutron scattering—a 
fantastic proof-of-principles study of introductory quantum 
mechanics [2.62]. The neutron scattering study of phonons 
in uranium oxide has demonstrated [2.63] that the phonon 
density of states measurements are stringent tests for ab ini-
tio simulations of phonon physics, and has also indicated 
a further need for advances in theory to address the lattice 
dynamics of uranium oxide.

Polymers: INS has provided insights into the excitations of 
polymers, such as the ‘plasticizing effect’ that occurs when 
the additive dioctylphthalate (DOP) is added to polyvinyl-
chloride (PVC) [2.64]. The amount and type of plasticizer 
is used to control the strength and rigidity of the final prod-
uct, but may also contribute to its brittleness. The neutron 
spin-echo (NSE) technique was needed to investigate the 
effects of DOP addition at the microscopic level. Thin films 
of polystyrene and its excitations as a function of tempera-
ture and film thickness have also been studied by a chopper 
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spectrometer technique [2.65]. Polymer thin films play an 
important role in industry for their use in dewetting, lu-
brication, and photolithography. The advanced chemical 
techniques that are used to tailor the properties of polymer 
systems can also be used to provide important prototype 
cases to study magnetism. In one particular study [2.66], 
magnetic copper ions were combined with quinoxaline 
bromide—Cu(C8H6N2)Br2—to form a spin ladder, which 
is made from two spin chains that interact more strongly 
with each other than with the surrounding chains. INS mea-
surements of the excitations confirmed the predictions of a 
model Hamiltonian.

Liquids / Non-ideal Solutions: In a non-ideal solution, 
the interactions between molecules are not negligible. They 
depend on the molecules themselves and on how they are 
oriented with respect to each other. A common example is 
soap, where one end of the molecule is hydrophilic and the 
other end is hydrophobic. Quasi-elastic neutron scattering 
(QENS) is needed to obtain quantitative values for diffusion 
rates. In one example of such a study [2.67], the authors 
investigated how dimethyl sulfoxide, a common organic 
solvent used in biological studies and also as a drug carrier 
across membranes, affected water molecule interactions at 
different concentrations.

Biological Materials: INS studies of proteins and peptides 
date back to the 1960s. Much of this early work was ex-
ploratory and often involved comparing spectra from simple 
polypeptides in different conformational states [2.68]. The 
emergence of supercomputers has enabled realistic molecu-
lar dynamics calculations of biologically relevant systems.

Since the mid-1980s, there has been an ongoing ‘match’ be-
tween INS, molecular dynamics, and Raman spectroscopy, 
where one technique is used to observe or predict the exis-
tence of a vibration mode with a particular energy, and the 
others are used to confirm or reject it. Through this multi-
faceted approach, the understanding of how these complex 

molecules work is steadily increasing. For instance, INS 
on an enzyme revealed a vibration mode that is likely to 
be responsible for how the enzyme holds down a hydrocar-
bon chain and shears it off, very much like a pair of scissors 
[2.69].

For research on biological systems, a key strength of neutron 
scattering is the ability to exploit selective deuteration to en-
hance the sensitivity of INS to the dynamics of a particular 
part of a complex molecule. The technique takes advantage 
of the uniquely strong incoherent scattering of neutrons by 
hydrogen (but not by deuterium). First proposed in 1986 
[2.70] by J. Smith and colleagues, this technique was ap-
plied immediately to a number of proteins, notably myo-
globin and hemoglobin, with continuing applications today 
[2.70].

One property that sets them apart from inorganic com-
pounds is that proteins, peptides, and other polymers do 
not naturally exist in crystalline form. This lack of order 
leads to yet another type of ‘excitation’, or energy transfer, 
which arises due to the relatively slow large-scale diffusion 
of atoms and is measured with quasi-elastic neutron scatter-
ing. The study of diffusion requires neutron backscattering 
or spin-echo spectrometers, which Canada does not have at 
this time. Consequently, there are few Canadian examples 
in this field of research, which is currently dominated by 
U.S. and European scientists. Part of the motivation for this 
document is the hope that a new Canadian neutron centre 
would be better able to provide the facilities needed for more 
research relevant to the life sciences.

Advances in Inelastic Neutron Scattering
One way to follow the development of INS internationally 
is to review how the measurable excitation energies have 
been extended beyond its initial range. With the early triple-
axis spectrometer, or TAS (i.e. Brockhouse’s machine and 
those not much different from his), excitations with energies 
in the range of 5‒30 meV were accessible (i.e. probing the 
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‘thermal’ energy range mentioned earlier). Neutrons natu-
rally match this range of energies because they are in thermal 
equilibrium with a moderator (e.g. water in a nuclear reac-
tor) that is maintained close to room temperature.

Currently, the energy range of a TAS has been expanded to 
0.1‒120 meV. In stating the lower limit of this energy range, 
the key point is not to draw attention to the minimum en-
ergy transfer available, but to make a statement about the 
resolution. Any instrument can be set to 0 meV, but only a 
high-resolution instrument can distinguish inelastic scatter-
ing at 0.1 meV from the strong elastic scattering at 0 meV. 
Most of this improvement in range and resolution has come 
via the introduction of ‘cold’ moderators, which collapse the 
thermal energy spectrum of the emitted neutrons to much 
lower energies than ‘room temperature’. The cold neutron 
source is basically a vessel of liquid hydrogen (at a tempera-
ture of about 20 K), which is located inside the reactor vessel 
and close to the core, where the neutron flux is very high. 
Neutrons lose energy through collisions with atoms in the 
cold liquid and then travel towards the scattering instru-
ments. With the availability of cold neutrons, spectrometers 
based on totally different principles have been developed 
(e.g. chopper / time-of-flight, backscattering, and spin-echo 
spectrometers). Even the traditional TAS has been revised 
in order to increase the detected neutron intensity [2.71]. 
Table 1 compares the energy windows for various machines 
to those of a modern thermal TAS.

In combination, a number of these spectrometers can probe 
excitations spanning over seven orders of magnitude (i.e. up 
to 2000 meV for a chopper spectrometer and down to less 
than 2 × 10 4 meV for a spin-echo spectrometer), making 
inelastic neutron scattering a very powerful and flexible tool 
for materials research.

Software is also of primary concern to INS researchers. 
Greater computational power and new multinational col-
laborations such as the Mantid project [2.72] have resulted 

in advances in data compilation and manipulation software. 
Using such software, it is now possible to collect, visualize, 
and manipulate the entire four-dimensional (Q, E [meV]) 
coordinate set of data obtainable using a single instrument 
with a single material. Software ingenuity is rapidly increas-
ing the accessibility of INS to the average non-specialized 
neutron user, in much the same way that powder diffrac-
tion is used today. High-calibre computing facilities and a 
department dedicated to software development is critical to 
the success of any new neutron source in Canada.

Canadian perspective
Canada has three TAS instruments, including the DUAL-
SPEC instrument at the C5 beam line, which was partially 
funded by the Natural Sciences and Engineering Research 
Council of Canada (NSERC). DUALSPEC is one of the 
best thermal instruments in the world, and is certainly the 
best polarized neutron spectrometer in North America. 
However, Canada has no cold source and no specialized in-
struments such as chopper / time-of-flight, backscattering, 
or spin-echo spectrometers.

The fact that Canada has no cold neutron source or other 
types of spectrometers limits Canadian scientists’ participa-
tion in tackling current problems; they can do only part of 
their experiments at home, while having to travel to other 
laboratories to complete their research. With C5, numer-
ous Canadian research groups are making important con-
tributions to most of the topics described above, including 
high-temperature superconductivity, heavy fermion systems, 
frustrated magnets, and low-dimensional and quantum 
magnetism. Problems at today’s leading edge often require 
access to lower energy excitations like those observed in su-
perconductors or in slow-moving large polymer molecules. 
Thus, types of spectrometers are needed to access different 
ranges of momentum and energy transfer that span seven or 
eight orders of magnitude.

Canadian scientists currently have to rely on foreign labo-
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ratories for cold neutron spectroscopy. This need is likely 
to increase, as more and more problems in materials science 
require a probe of a material’s low-energy excitations (e.g. 
diffusion of polymers, low-lying excitations causing elec-
tron–lattice vibration coupling, etc.). A future Canadian 
neutron facility should include a cold neutron source and 
the cold neutron spectrometers that will enable Canada to 
sustain the active national competence necessary to partici-
pate at the leading edge of materials research in such areas. 
These instruments are described in Section 3.   

The CNBC’s C2 powder neutron diffractometer contin-
ues to attract a strong user base within the Canadian com-
munity and abroad. It remains the most efficient reactor-
based powder instrument in North America, and its value 
is enhanced by excellent ancillary equipment consisting of 
several cryostats and furnaces. Since the last survey, which 
included research activities up until around 2007, there 
have been at least four significant new developments that 
have expanded opportunities for diffraction at C2. Two of 
the most important have been the provision of a sample cell 
for use with highly absorbing materials [2.73] and the ad-
dition of a Heliox probe [2.74] that extends the tempera-

ture range to 0.34 K. In addition, a new furnace for in situ 
experiments on hydrogen storage materials has been built 
and commissioned along with special sample cells [2.75]. 
Another important development is a shielded sample mount 
capable of safely housing active samples of up to 80 rem/h  
(0.8 Sievert/h) on contact, allowing diffraction measure-
ments on samples that have been exposed to high radia-
tion fields and have themselves become highly active. This 
provides the capability to study things such as a variety of 
post-irradiated fuel compositions—an important aspect for 
nuclear reactor fuel development.

The great strengths of powder neutron diffraction vis à vis 
x-ray diffraction are: (1) the ability to accurately detect and 
refine the positions of light (i.e. low atomic number) atoms 
(e.g. H, Li, and O) in the presence of heavy atoms; (2) the 
ability, in favourable cases, to distinguish between atoms of 
nearly the same atomic number (e.g. Fe and Mn, Sc and 
Ti, O and N, Yb and Lu, etc.); (3) the ease of use of sample 
environments such as furnaces and cryostats for the study 
of phase transitions; and (4) the ability to solve and refine 
magnetic structures, including the quantitative measure-
ment of magnetic moments. In the following section, high-
lights of some Canadian research activities using C2 will be 
presented.

2.2 Cr ystallographic Analyses

Figure 2.2.1. The hydrogen bond net work in ZnSO4 ∙ 4D2O 

[2.76]. 

38



Canadian Research Activities Using C2
The positions of H atoms and their participation in hydro-
gen bonding is a perennial issue in hydrated minerals. R.C. 
Peterson (Queen’s University) and his group have used C2 
data in the study of a number of hydrates belonging to the 
rozenite group of minerals, such as ZnSO4∙ 4D2O, ZnSO4∙ 
6H2O, and MnSO4∙ 4H2O [2.76]. In these materials, the 
Zn2+ and Mn2+ ions are in octahedral coordination, connect-
ed by a hydrogen bonding network. While hydrogen posi-
tions derived from single crystal x ray data were available for 
these rozenites, it was possible to obtain much more accurate 
and precise positions from the neutron powder data. The 
results for ZnSO4∙ 4D2O are show in Figure 2.2.1.

In Figure 2.2.1, note the highly asymmetric nature of the 
D‒O bonds, which involve short (~0.95 Å) and long (1.9–
2.3 Å) segments. In some cases (i.e. D2b and D3a), a single 
D ion forms a “bifurcated” hydrogen bond involving one 
short and two long bonds.
      
Neutron diffraction was used to determine site occupations 
in two transition metal oxide systems. In the first instance, 
the groups of M. Bieringer (University of Manitoba) and 
A. Petric (McMaster University) studied the solid solution 
between the spinel structure oxides Mn3O4 and CuMn2O4 
[2.77]. Such compositions are reported to have excellent 
catalytic properties for oxygen reduction and are candidates 
for the cathode in solid oxide fuel cells. Both Cu2+ and Mn3+

 

are strong Jahn-Teller ions with octahedral site preferences, 
and it is problematic to predict a priori the site occupations 
in spinel, which has one tetrahedral and two octahedral sites 
per formula unit. By taking advantage of the strong contrast 
in neutron scattering lengths (i.e. b =  3.6 fm for Mn, and 
b = 7.6 fm for Cu), it was possible to determine unambigu-
ously the site preferences for several compositions within 
the solid solution. As well, the measurements could be done  
in situ—a great advantage given that data on quenched 
samples had been shown to be unreliable indicators of site 
ordering. In the other example, the group of J. Greedan 

(McMaster University) has carried out extensive studies 
on a series of brownmillerite oxides of the composition  
Ca2-xSrxFe2-xMnxO5, in which there are also octahedral and 
tetrahedral sites for the transition metal cations, this time 
in the ratio of 1:1. Again, it was of interest to determine the 
site preferences for Mn3+ (i.e. b =  3.6 fm) and Fe3+ (i.e. b =  
9.4 fm), and the refinements unequivocally showed the ex-
pected strong octahedral site preference of Mn3+ [2.78].
      
In certain cases, neither x-ray nor neutron diffraction 
alone are sufficient to provide a complete structural solu-
tion. However, one can exploit the complementary nature 
of these two probes to considerable advantage. An excellent 
example is provided by a member of the dugganite series, 
namely Pb3TeCo3V2O14, which crystallizes in the non-cen-
tric P321 space group and is of interest due to its potential 
multi-ferroic behaviour. Here, the presence of very heavy el-
ements such as Pb and Te render difficult the refinement of 
accurate positions of the oxide ions using x-rays, while the 
essential invisibility of V to neutrons (i.e. b =  0.44 fm) cre-
ates a parallel dilemma for neutron diffraction. The group of 
C.R. Wiebe (University of Winnipeg) was able to solve the 
crystal structure of this complex material using simultane-
ous refinement of data from both a synchrotron x-ray source 
(i.e. the 11 BM at the Advanced Photon Source) as well as 
C2 [2.79]. The resulting structure is shown in Figure 2.2.3. 

The most active area of research involving C2 over the past 
few years has been the study of magnetic phase transitions 
and magnetic structures. In part, this reflects the enhanced 
opportunities in the area of highly absorbing materials made 
possible by the availability of the short pathway sample cell 
mentioned at the beginning of Section 2.2. Typically, mag-
netic scattering data for such materials are obtained either 
by use of ‘hot source’ neutrons of short (i.e. ~0.5 Å) wave-
lengths, or via x-ray resonant scattering at a light source. The 
former approach has the disadvantage of the scarcity of hot 
source neutrons (as none are available in North America) 
and low resolution, while the x ray methods cannot measure 
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magnetic moments. Thus, C2 is the only North American 
neutron resource for such experiments. D.H. Ryan (McGill 
University) and collaborators from Université de Montréal, 
McGill University, and McMaster University have studied a 
large number of Gd  and Eu based intermetallic compounds. 
Among the most interesting examples is very recent work on 
the half-Heusler intermetallic, GdBiPt, which is a candidate 
antiferromagnetic topological insulator [2.80]. These collab-
orators were able to solve its magnetic structure—namely, 
that below TN = 9 K, the Gd moments are arranged in fer-
romagnetic planes parallel to the face diagonal of the chemi-
cal unit cell, which couple antiferromagnetically to adjacent 
planes. Such a layered magnetic structure is thought to be a 
necessary criterion for realization of the antiferromagnetic 
topological insulating state. It should be noted that these 
data were collected on a 150 mg sample.

Intermetallics containing Eu2+ (isoelectronic to Gd3+, 4f7, S 
= 7/2) are also possible now at C2. The absorption cross-
section for Eu is about 10% of that for Gd (but still 102 
times greater than for most elements) and requires the short 
pathway-length cell. EuFe2P2 with the ThCr2Si2 structure is 
closely related to the superconducting iron pncitides. The 
group of D.H. Ryan (McGill University) was able to show 
that the Eu moments order ferromagnetically in this mate-
rial below Tc = 30 K [2.81]. This result is in stark contrast 
to isostructural EuFe2As2, in which the Eu moments form a 
planar antiferromagnetic structure.

As mentioned at the beginning of Section 2.2, C2 is now 
capable of measurements below 1 K, and this opportunity 
has been exploited by J.M. Cadogan and D.H. Ryan to de-
termine the magnetic structure of Er3Cu4Si4. With the He-
liox insert and cell, data were taken to 0.34 K, as shown in 
Figure 2.2.2. There are two Er sites with very different mag-
netic behaviors. Er(2d) sites order commensurately at 14 K 
with k = (0 1/2 0) and a moment of 8.7 μB at 0.34 K. On 
the other hand, the Er(4e) moments begin ordering at only  
3.3 K, which is described by an incommensurate k = (0 

Graduate students, who visit the neut ron facilit y, benefit f rom hands-on 

experience under the joint super vision of their professor and a facilit y  

scientist.
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0.876 0) and a much reduced moment of only 4.4 μB until 
~0.8 K, below which commensurate k = (1/3 1/2 1/2) order 
locks in with an eventual moment at 0.34 K of 8.8(2) K 
[2.82].

C2 has also seen extensive use to aid in the unraveling of 
quite complex magnetic structures in several oxide materi-
als. In the dugganite Pb3TeCo3V2O14, mentioned above, the 
magnetic Co2+ ions form an unusual set of trimers, which in 
turn form a hexagonal net, introducing geometric frustra-
tion. The crystal structure is shown in Figure 2.2.3. There 
are two magnetic phase transitions occurring at TN1 = 8.6 

Figure 2.2.2 (Top Left) C2 data for Er3Cu4Si4 taken with the Heliox sample 

cell at various temperatures. Reflections due to the Er(2d) sites and Er(4e) 

sites are indicated [2.82]. 

Figure 2.2.3 - (Bottom) The cr ystal st ructure of Pb3TeCo3V2O14 showing the 

relationship bet ween the idealized P321 cell and the distor ted P2 cell of 

six times the volume. (Right) The Co2+ t rimers, now isosceles t riangles, 

in P2 [2.83]. 

K and TN2 = 6.0 K. Below TN1, the Co spins appeared to 
order according to an incommensurate wave vector, k1 = 
(0.752 0 1/2). A commensurate, but very odd, k2 = (5/6 
5/6 1/2) appeared to describe the magnetic structure below 
TN2, implying a magnetic cell that is 72 times the volume 
of the chemical cell. It was then discovered that the crystal 
structure was very weakly distorted to a monoclinic sym-
metry, P2, with a chemical supercell six times the volume 
of the P321 cell. Using ultra high–resolution neutron data 
from the WISH instrument at the ISIS pulsed neutron and 
muon source in the U.K., in combination with C2 data, it 
was possible to solve the magnetic structures associated with 
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Figure 2.2.4 (a)  (Top) Refined magnetic st ructure below 8 K for 

Pb3TeCo3V2O14. k1 = (1/2 0  1/2) [2.83].

Figure 2.2.4 (b) (Top) Magnetic st ructure below 6 K for Pb3TeCo3V2O14. 

k 2 = (1/2 1/2  1/2) [2.83].
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Figure 2.2.5. View of the cr ystal 

st ructure of BaYFeO4 along the 

b axis. The square planar FeO5 

units are in orange, and the FeO6 

octahedral units are in green 

[2.84].

Figure 2.2.6. (Left) The ref ined C2 

data (top) for the spin densit y 

wave st ructure (bottom) at 38 K. 

(Right) The ref ined C2 data (top) 

for the cycloid st ructure at 6 K 

(bottom) [2.84].
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both transitions, as shown in Figures 2.2.4(a) and 2.2.4(b), 
with propagation vectors k1 = (1/2 0  1/2) for TN1 and k2 = 
(1/2 1/2  1/2) for TN2, the directions of which are indicated 
by the thick arrows. In P121, the Co trimers form isosceles 
triangles rather than equilateral triangles [2.83].

In a collaboration with S. Derakhshan (California State Uni-
versity, Long Beach), the magnetic structure of a new Fe ox-
ide, BaYFeO4, was solved. In spite of the apparently simple 
stoichiometry, the structure of this material is complex, con-
sisting of relatively isolated columns of four membered rings 
each consisting of corner-sharing FeO5 square planar units 
and FeO6 octahedral units, as shown in Figure 2.2.5 [2.84].

Again, there are two apparent magnetic phase transitions: 
TN1 = 47 K and TN2 = 36 K. C2 data were used to solve the 
magnetic structures in both regimes. In the range 36 K < T 
< 48 K, a commensurate k1 = (0 0 1/3) structure was found, 
best described as a spin density wave with moments fixed 
along the b axis. Meanwhile, below 36 K, there was an in-
commensurate k2 = (0 0 0.35) structure set in a cycloid with 
the moments now in the bc plane, as shown in Figure 2.2.6.

C2 Upgrade
While still performing admirably, the existing powder dif-
fractometer, C2, was designed and constructed in the early 
1990s and has some limitations and potential reliability 
problems. This 20-year-old BF3 based detector is starting to 
show alarming signs of fatigue, as it already has several faulty 
wires that are not possible to troubleshoot or replace. 

Recognizing the impact that the C2 diffractometer has on 
numerous research fields, the community is strongly recom-
mending and supporting an upgrade of the instrument. This 
will allow the CNBC to continue to provide reliable, inter-
nationally competitive neutron powder diffraction services 
for many years to come.

Replacing both the detector and the monochromator would 
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effectively result in a new instrument that will provide a sig-
nificantly higher rate of data acquisition and better quality 
data than the current setup, placing us at a truly competitive 
level internationally. One can envision a five-fold increase in 
the data acquisition rate just by replacing the present detec-
tor with a state-of-the-art 3He based detector. This increase 
factor rises from (1) expanding the solid angle of the detec-
tor from the current 80° to 120‒140°, a larger vertical ac-
ceptance angle than the current detector, as well as (2) the 
greater efficiency of 3He as compared to BF3 in capturing 
neutrons. Replacing the simple monochromator with a fo-
cusing multi-crystal assembly would increase the intensity 
of the beam impinging on the specimen by a factor of two 
to five times. 

The proposed new instrument also necessitates the design 
and fabrication of a new sample table and detector shielding. 
The sample table will allow new sample environments to be 
accommodated for research on materials over a wider spec-
trum of conditions (e.g. magnetic field, pressure, tempera-
ture, chemical environment, etc.) than previously possible.

The performance improvements offered by the new instru-
ment would allow the CNBC to: (1) continue to provide 
reliable powder diffraction services; (2) accommodate more 
visiting scientists; (3) improve the quality of powder diffrac-
tion services (i.e. the quality of data); (4) decrease costs of 
services to industry, since the same measurements would 
require less beam time; and (5) make it possible to observe 
time-dependent phenomena on a time scale that is not 
achievable with the current setup.

The materials science and engineering (MSE) commu-
nity includes some highly experienced scientists, many of 
whom work closely with industry. They tend to view neu-
tron beam methods as an innovative complement to other 
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experimental tools. Therefore, the majority of community 
members are ‘occasional adopters’. These researchers may 
have some experience with x-ray or electron diffraction, but 
they need occasional access to the complementary infor-
mation that can only be obtained by neutron diffraction. 
More frequently, they are researchers whose primary char-
acterization techniques are not diffraction based, and who 
need to collaborate with a neutron scattering expert to plan 
and execute an experiment to meet their research objectives. 
Canada’s contribution of neutron beam methods to fun-
damental materials science and engineering has developed 
synergistically with the emergence of the program entitled 

IVACO recently expanded its steel 
plant at L'Orignal, Ontario, partly 
because of research using the CNBC 
that enabled it to add value to its 
products.

“Having detailed, fundamental 
knowledge of the strain and stress 
states in our customer’s deformed steel 
parts allowed us to add value to our 
products and gain an edge over our 
competitors.”

- Dr. Nicholas Nickoletopoulos, General  
Manager at Ifastgroupe and Sivaco Wire Group 
(IVACO), 2013

Nemak Canada is developing technologies, now close to being 
implemented, using neutron scattering that will speed produc-
tion times and reduce energy usage, thereby saving millions in 
manufacturing costs. In one line of this research, neutrons are 
used to reveal stresses in engine blocks before, during and after 
stress relief to determine whether the heat treatment process 
can be simplified without compromising reliability.

‘Applied Neutron Diffraction for Industry’, which began in 
the mid-1980s.

Overview – How Neutrons Support Materials Sci-
ence and Engineering
Materials science and engineering deals with the develop-
ment, design, processing, characterization, and qualification 
of materials used in structures, devices, products, and sys-
tems. Thus, MSE is concerned mainly with the materials 
that will become part of a device, structure, or product made 
by man.

The applications of neutrons in MSE have tended to focus 
on practical problems related to material performance and 
reliability, public safety, and fitness-for-service. Most neu-
tron beam research is performed in partnership with univer-
sity researchers, with the results made available in published 
literature. By collaborating with universities, companies can 
explore new directions that could revolutionize their prod-
ucts or businesses, with little economic exposure. On the 
other hand, neutron beam methods can also be used to solve 
immediate problems of industrial importance. This has led 
to fee-for-service work at the Canadian Neutron Beam Cen-
tre since the mid-1980s. The CNBC has continued to hone 
its capabilities to put neutrons to work for industry and so-
ciety by enhancing industry competitiveness and stability, as 
well as by ensuring public safety and reliable services (e.g. 
rail, aerospace, automotive, and power generation and dis-
tribution services) to the public. 
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MSE also delivers on the protection and security needs of 
society. Materials research in this realm requires access to 
the same broad spectrum of advanced research capabilities. 
However, beyond materials research, protection and security 
requires the ongoing development of inspection and moni-
toring capabilities.

In terms of MSE, over 200 proprietary reports have been 
provided to clients including: Pratt & Whitney Canada;  
Alcan International; Sydney Steel Corp.; Syncrude; Welding 
Institute of Canada; Ontario Power Generation; IPSCO; 
IVACO; Dynetek; Rolls Royce and Associates; Boeing; Exx-
onMobil; Hitachi Ltd.; BP Institute; Westinghouse–Bettis; 
LevelTech; GE Aviation; Tokyo Electric Power Company; 
NASA; Atomic Energy of Canada Ltd.; Defence R&D 
Canada (Atlantic); Martin Marietta Energy Systems; NRC 
Aerospace; U.S. Department of Energy; and other govern-
ment departments. An overview of the impacts these mea-
surements have had on some of the Canadian companies on 
this list is presented in Section 1.3.

Society’s Changing Relationship 
with Materials – Key Challenges
Recent advances in the theoretical understanding of the 
structure and behaviour of materials, as driven by new exper-
imental techniques, new modelling tools (i.e. computers), 
and new models, have changed our fundamental relation-
ship with materials—namely, we are learning to predict the 
behaviour of materials under different conditions. This will 
ultimately allow us to deliberately design optimized materi-
als for specific applications, rather than search for them in 
semi-empirical, inefficient, and costly ways. The new field of 
integrated computational materials engineering is emerging 
as a comprehensive approach to the design of components 
from basic fundamentals. Indeed, “the Age of Discovery in 
materials is drawing to a close, to be replaced by an Age of 
Design, in which human creativity will offer new materials 
and ways of creating them” [2.85].

Two key challenges have emerged in MSE as a result of our 
evolving relationship with materials: (1) model validation; 
and (2) material and component qualification.

Model Validation: As our understanding of materials 
grows, we are developing tools and methodologies for com-
putational materials design. Human beings have the ability 
to infer mechanisms from observed properties. This ability 
is critical for the development of computation tools for ma-
terials design, but it is not sufficient; we must validate our 
models and theories by testing their predictions and by con-
firming the mechanisms that underpin them. Model valida-
tion can only be accomplished through careful experiments 
and the ongoing development of methods, subject materi-
als, and conditions seen in the fabrication of components 
and the conditions experienced during service. The unique 
knowledge obtained from neutron beam measurements is 
used to refine models, paving the way for improved products 
at reduced costs while also allowing innovative Canadian 
companies to compete successfully in the global economy.

Material and Component Qualification: We rightly de-
mand more of our new materials; they should be more 
reliable, last longer, and perform better under more diffi-
cult conditions—all while minimizing our environmental 
impact. At the same time, worldwide competition drives  
industry to meet these ever-increasing demands as cost-effec-
tively as possible. Thus, simply over-designing is no longer 
an acceptable option. Qualification refers to measurements 
or inspections undertaken to ensure that a material or com-
ponent can perform its intended purpose satisfactorily (i.e. 
safely, reliably, and economically). It is an activity that must 
be undertaken periodically throughout the lifetime of criti-
cal components. How many (more) flights can an airplane 
make before it must be retired? Is a landing gear system suit-
able for continued use after an unexpectedly hard landing? 
Is it safe to resume operations in a chemical, manufacturing, 
or power generation plant after an unexpected failure? How 
do we prove to regulators that a new, more efficient material 
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or process is suitable for a given application? Can we save 
money by refurbishment rather than building something 
new—and still ensure safe, reliable operation? How do we 
optimize processes? More fundamentally, how can regula-
tors establish guidelines that ensure that the public is well 
protected? Neutron beam techniques provide clear answers 
to many of these questions—insights that can help prevent 
economic loss, ensure availability of critical services, and 
save lives.

Protection, Security, and Forensics 
Worldwide, nations are making investments in research and 
technologies that will aid in the protection and security of 
their citizens against chemical, biological, radiological, nu-
clear, and explosive (CBRNE) events caused by accidents or 
wilful acts. CBRNE events refer to the uncontrolled release 
of chemicals, biological agents, or radioactive contamina-
tion into the environment, as well as explosions that cause 
widespread damage [2.86]. 

Materials research improves the performance of the mate-
rials used to defend citizenry and protect first responders 
against CBRNE agents. Technologies developed for ma-
terials research using neutrons have been adopted as tech-
nologies for inspection and monitoring. Forensics seeks to 
scientifically reveal evidence to establish events or origin of 
materials in order to identify the intentional or uninten-
tional perpetrators. 

The interactions of neutrons with matter lead to unique and 
powerful methods to address the critical issues of model vali-
dation and materials qualification. The great benefits of neu-
trons in MSE stem from their ability to penetrate deeply (i.e. 
several centimetres) into most materials; this allows bulk ma-
terials, as well as multi-component devices and structures, to 
be studied in detail. Material behaviour under service condi-
tions and during fabrication is of particular interest. Here 
again we draw on the penetrating power of neutrons, which 
can easily probe materials contained in a suitable sample 

environment that simulates the actual conditions encoun-
tered in the field. Neutrons also have a unique sensitivity to 
hydrogen, whose presence is known to severely impact the 
performance of many structural materials.

These same unique properties of neutrons enable the non-
destructive investigation of forensic artefacts, leaving them 
available for subsequent investigation or as intact evidence. 
Similarly, neutrons make it possible to investigate hazard-
ous or unknown materials in containments [2.87]. In these 
endeavours, neutrons reveal the unseen.

Neutron Diffraction for Materials 
Science and Engineering in Canada
Neutron scattering methods in which Canadian research-
ers in materials science and engineering have considerable 
expertise include: macroscopic and intergranular stress map-
ping; crystallographic texture analysis; characterization of 
material heterogeneity; in situ experiments to study load 
partitioning; deformation and phase transformations; and 
imaging methods. Some details are summarized in the sub-
sections below.

Residual Stress Scanning: Engineering materials undergo 
complex processing schedules (e.g. melting and casting, 
heating and cooling, rolling, extrusion, welding, etc.). These 
processing steps lead to residual stresses, whereby one part 
of the material or component pushes or pulls against an-
other part [2.88]. There is no external evidence of this ‘inner 
turmoil’—we just see a chunk of stuff that sits quietly on 
a desk, for example, or under the hood of a car. However, 
residual stresses affect the performance of mechanical parts 
because they superpose on (i.e. add to) the applied stresses 
that the component experiences while in service, which can 
cause unexpected failures with potentially disastrous conse-
quences. Residual stresses are not always bad; they can be 
tailored to benefit the intended application, provided we 
understand how they are produced.
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Neutron diffraction is recognized by regulatory agencies as 
an excellent and viable technique for the measurement of 
residual stresses. The concept behind the method is simple. 
Many engineering materials (e.g. metals, alloys, ceramics) 
have a well-defined, orderly, periodic arrangement of atoms 
(i.e. a crystal structure). The atoms can be viewed as lying 
on sets of parallel planes with a characteristic spacing. In the 
unstressed condition, the plane spacing has a well-defined 
value, which can be measured directly by neutron diffrac-
tion. When the material is stressed, either internally or via 
externally applied forces, the plane spacing changes. The dif-
ference between the unstressed and stressed plane spacing is 
used to calculate strains, which are converted into stresses 
via simple relations.

The high penetrating power of neutrons makes them ideal 
for the evaluation of stress ‘at depth’ in engineering com-
ponents. With careful use of apertures before and after the 
specimen, gauge volumes ranging from 1‒1000 mm3 can 
be defined. The gauge volume is simply moved over a grid 
of locations deep inside of components to map residual 
stresses in macroscopic materials or components. No other 
technique can accomplish this over the enormous range of 
sample sizes required—which varies from small rivets a few 
millimetres in length to pipeline sections nearly half a metre 
in diameter.

Neutron stress scanning is non-destructive in that it does 
not have to disturb the internal stresses in order to measure 
them. This is in contrast with all non-diffraction techniques, 
which require that the part be machined, thereby relaxing 
the stress state we are seeking to measure.

The stress distributions measured by neutrons are directly 
comparable to those modelled with commercial or highly 
specialized custom-developed finite element packages. Neu-
tron residual stress mapping is thus an invaluable tool for 
validating and refining these models (see Figure 2.3.1).

Figure 2.3.1 Making the right decision about f it ness-for-ser vice of older 

water mains requires solid knowledge. Replacing inf rast ructure too soon 

entails higher cost to taxpayers, but leaving pipes in place too long runs a 

risk of failure and damage to the other st ructures.

Neut rons can map st resses in a bent water main to validate computer models.
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The industrial and scientific importance of residual stress 
scanning, as exemplified in Canada, has been widely rec-
ognized. Thus, all of the major neutron laboratories in the 
world have now built, or are building, dedicated stress scan-
ning instruments based on the Chalk River Laboratories ex-
ample (see Table 2). The superior design and construction 
of L3, the primary Canadian stress scanning machine, were 
essential to establish the technology in the first place, and L3 
remains the benchmark instrument in the world.

Canadian macroscopic stress scanning activities have influ-
enced a number of industries within Canada and abroad. 

Some highlights are listed in Section 1.3.

Intergranular Strains: Unlike macroscopic stress scanning, 
which measures the stress distribution on the scale of a 
component, intergranular strain measurements examine the 
strains that develop on a much finer scale—namely, that of 
the crystals that make up the large majority of engineering 
materials. Neutron diffraction studies of intergranular stress-
es reveal load-sharing behaviour or intrinsic thermal strains 
of various crystallographic orientations in monolithic mate-
rials and composites. Additionally, intergranular strain mea-
surements are of great importance for testing elastic–plastic 

Count r y Source t ype Laborator y Inst rument name
France Reactor Institut Laue-Langevin SALSA

Germany Reactor FRM-II STRESS-SPEC

Germany Reactor HMI E3 and E7

Australia Reactor OPAL Kowari

Switzerland Continuous spallation SINQ POLDI

Swedan Pulsed spallation ESS BEER

U.S. Pulsed spallation LANSCE, Los Alamos National 
Laboratory

SMARTS, HIPPO

UK Pulsed spallation ISIS, Rutherford-Appleton 
Laboratory

ENGIN-X

Japan Reactor JRR-3, Japanese Atomic Energy 
Agency

RESA

Japan Pulsed spallation J-PARC, Japan Spallation Neutron 
Source

Ibaraki, Takumi JAEA

U.S. Pulsed spallation Spallation Neutron Source, Oak 
Ridge National Laboratory

Vulcan

U.S. Reactor NIST Center for Neutron Research BT8

U.S. Reactor HFIR, Oak Ridge National Labora-
tory

NRSF2

Canada Reactor NRU, Chalk River Laboratories L3 and E3

TABLE 2 - Materials Science and Engineering Dif f ractometers around t he world.TABLE 2 - 
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models of the mechanical behaviour of polycrystalline ag-
gregates at the grain level, which are critical to our interpre-
tation of macroscopic stress maps and the understanding of 
processes such as metal forming. Such information is also 
important for lifetime performance predictions, particularly 
in cases where preferred orientations of grains (i.e. texture) 
may introduce anisotropy that influences macroscopic be-
haviours such as creep and growth [2.89].

In Situ Studies: The penetration of neutrons makes possible 
in situ experiments in which conditions such as tempera-
ture, atmosphere, and mechanical loading can be applied 
to materials at the same time as neutron scattering reveals 
what is happening at the crystallographic level. The Cana-
dian Neutron Beam Centre has been a leader in develop-
ing unique neutron-compatible sample environments and 
fixtures for in situ tests. These include: high-temperature, 
environment-controlled furnaces for use in understanding 
and optimizing thermomechanical processing schedules; a 
quenching furnace; fixtures for biaxial loading; humidity-
controlled cells; devices for handling and studying geologi-
cal ice; and a unique system for studying hydrogen storage 
materials. Highlights of in situ studies include:

	 One of the most exciting developments in terms  
	 of in situ testing has been the ability to measure  
	 the response to applied loads (including  
	 biaxial loads) of different families of grains in  
	 polycrystalline metals and alloys. These  
	 measurements have revealed how stresses  
	 develop and change under controlled loading  
	 conditions around notches, holes, and bends, and  
	 have been used to validate state-of-the-art  
	 computational models of polycrystal plasticity.  
	 Advances in our capabilities are such that  
	 multiaxial loading, as well as loads combined with  
	 various environmental conditions, have allowed  
	 in situ testing to come much closer to realistic  
	 conditions [2.90–2.95];

	 Fusion welding is one of the most common  
	 joining processes, but it is also a very complex  
	 one. In a world first at Chalk River Laboratories,  
	 in situ measurements of phase and stress  
	 evolution during the gas tungsten arc welding of  
	 plain carbon steel were made [2.96]; and

	 In situ studies that focus on processes related  
	 to the fabrication of aluminum engine blocks and  
	 cylinder heads, including solidification, stress- 
	 relief processes, and alloy development, are  
	 helping the industry to realize higher fuel econo
	 my vehicles [2.97, 2.98].
  
Hydrogen Sensitivity: Hydrogen is present practically ev-
erywhere, and it penetrates easily into many important engi-
neering materials such as steel, titanium, aluminum, and zir-
conium, often resulting in damage that adversely influences 
material performance. Understanding how hydrogen enters 
materials and the form that it takes (e.g. whether it dissolves 
in the host matrix, forms a separate hydride phase, or devel-
ops into gas pockets) can help develop mitigation strategies 
and establish fitness-for-service guidelines to ensure the safe 
operation of critical systems. Neutrons are sensitive to the 
presence of hydrogen in materials—often at the level of a 
few parts per million—because hydrogen scatters neutrons 
very strongly. As a result, neutron scattering has become a 
powerful technique to study how hydrogen enters materi-
als and how it causes damage. Thanks to the high penetrat-
ing power of neutrons, measurements are often performed  
in situ and under realistic conditions of temperature, pres-
sure, and atmosphere, thereby resulting in valuable quantita-
tive data. 

Crystallographic Texture 
Most common materials, including metals, minerals, struc-
tural ceramics, semiconductors, and superconductors, are 
polycrystalline aggregates. As such, they are made up of 
small (i.e. nanometre to centimetre) crystals, aggregated to-
gether to form a macroscopic piece. Crystallographic texture 
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(or, simply, ‘texture’) deals with the crystallographic orienta-
tion of the component crystals (i.e. grains). The properties of 
the aggregate depend on the texture, because the properties 
of the crystals are themselves anisotropic (i.e. they depend 
on the crystal direction in which they are measured). The 
nature of the boundaries between crystals (i.e. grain bound-
aries), which has a profound effect on material properties, is 
also naturally related to texture. In recent years, recognition 
of the importance of grain boundaries has led to a whole 
new field of study: grain boundary engineering. Examples of 
properties that depend on texture include the elastic prop-
erties, strength, ductility, fatigue life, toughness, magnetic 
permeability, and electrical conductivity (including super-
conductivity), as well as susceptibility to hydride cracking. 

Neutron diffraction is the most accurate method to analyze 
texture quantitatively, because neutrons can truly sample 
the bulk material, regardless of specimen orientation. High-
lights of neutron diffraction studies of texture include:

	 Texture measurements revealed that an  
	 anisotropic yield surface led to the formation of  
	 ‘dog ears’ on aluminum beverage cans, which  
	 would cause a plant shutdown. Plant shutdowns 
	 were thus avoided by optimizing the texture;

	 Zirconium alloy components used in nuclear  
	 power plants are given favourable mechanical 
	 properties by specifically tailoring the developed  
	 texture. Extensive texture measurements and  
	 modelling supported the development of these  
	 components, and have also been used to qualify 
	 them for use in the nuclear industry; and

	 Magnesium alloys are of great interest for light- 
	 weighting vehicles. The development and  
	 validation of computer models of the forming 
	 process that incorporate texture were critical to 
	 the development of alloys capable of being  
	 stamped into automotive body panels.

Microstructural Heterogeneity on Varying Length Scales: 
Microstructural heterogeneity may be introduced delib-
erately to facilitate a desired performance characteristic; 
more often it is an unwanted by-product of manufacturing 
processes which can affect performance adversely. In either 
case, the determination of such heterogeneity is of critical 
importance in many engineering and design applications. 
Neutrons are ideally suited to evaluating microstructural 
and crystallographic variations, a good example being the 
survey of microstructural variations across aluminum sheet, 
whose resulting rough surface is unsuitable for automotive 
body panels [2.99].

Neutron Imaging
Analogous to x-ray radiography in medicine, neutron ra-
diography is performed by shining a neutron beam onto a 
specimen and then recording the image on a suitable detec-
tor placed behind the specimen. A two-dimensional image 
of the internal structure of a material, component, device, 
or assembly is thus obtained non-destructively. Neutrons 
and x-rays interact differently with materials. In some cases 
they produce similar information, but often they produce 
different yet complementary information. While x-ray at-
tenuation scales directly with atomic number, neutrons are 
efficiently attenuated by only a few specific elements. When 
these few elements are present, neutron radiography is the 
most effective method for inspection. In other words, in 
many cases neutrons are the best non-destructive way to see 
inside an object, component, or assembly.

For example, organic materials and water are both clearly vis-
ible in neutron radiographs because of their high hydrogen 
content, while many structural materials such as aluminium 
and steel are nearly transparent. Figure 2.3.2(a) shows how 
various elements interact with x-rays and neutrons.

Figure 2.3.2(b) shows a neutron radiograph image of an 
historic document from the time of Louis Riel. In those 
days, important documents were stored by putting them in 
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a bottle, sealing the bottle with a cork and wax, and wrap-
ping the package in lead foil. X-rays would not be able to 
produce this image, which proves that the document inside 
was intact, because the x-rays could not penetrate the lead 
foil. Even if they could, the paper would be nearly invisible 
to the x-rays.

Neutron radiography is used extensively in the geology and 
aerospace sectors as a non-destructive inspection technique 
for such things as the inspection of aircraft turbine blades, 
as well as the examination of fluid behaviour in the internal 
channels and cavities of engineering components, soil, rock, 
and ceramics. In fact, the European community is building 
a radiography beam line as one of the two first instruments 
at the European Spallation Source because of the demand 
for, and the scientific and cultural impacts of, neutron imag-
ing [2.100]. Canadian company NRay Services Inc. based in 
Dundas, Ontario is a world leader in applying neutron radi-
ography to engineering problems. NRay, a spinoff of Atomic 
Energy of Canada Limited, uses the radiography facility at 
McMaster University to conduct its work. NRay has stated 
that they would build a new world-class radiography facility 
in a new high-flux reactor built in Canada.

Figure 2.3.3 shows an NRay neutron radiograph of the air-
cooling channels in two aeroengine turbine blades. The blade 
on the left is revealed to have obstructed channels, making it 
impossible to cool properly while in service, which can lead 
to disastrous consequences.

In neutron tomography, a series of radiographs is taken of 
the specimen at different orientations with respect to the 
incident beam, and then recombined to non-destructively 
generate a three-dimensional image of the internal structures 
and cavities of a component or device. The three-dimension-
al image can be used to accurately determine the internal di-
mensions of complex components, as well as to reveal flaws 
that can lead to failure. Figure 2.3.4 shows a detailed tomo-
graphic reconstruction of a CANDU reactor feeder pipe (in 

Figure 2.3.2 (a) X-Ray vs. neut ron attenuation by atomic number. (b) An 

example of what that means: only neut rons see a historic paper document 

inside a lead-wrapped casing, demonst rating that the document is intact 

without opening the package.  

(b)

Cour tesy of NRay Ser vices, Inc.
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Neut ron radiograph of air-cooled turbine blades; the blade on 

the left is revealed to have obst ructed channels.

Figure 2.3.4  - Tomographic reconst ruction of a bent feeder pipe.

Cour tesy of NRay Ser vices, Inc.

cross-section). The variations of wall thickness in the figure 
arise from the pipe-bending process and can adversely affect 
the performance of the pipe. The pipe was not sectioned for 
these measurements.

Future Science and Impacts
Materials and components in the future will have to meet 
new standards driven by environmental concerns (e.g. 
higher performance-to-weight ratios) and increasingly de-
manding environments. This applies to all industries that 
depend on improved materials and processes for improved 
efficiency, reliability, and performance.

Recently, the International Atomic Energy Agency (IAEA) 
recognized that, as the world enters a new nuclear energy 
age, significant but incremental changes to power reactor 
designs are placing materials under increasingly demanding 
conditions. Generation IV reactors, with their higher op-
erating temperatures and more corrosive media, will place 
even greater demands on materials. The IAEA has specifi-
cally recognized that neutron diffraction must play a role in 

the development of these materials, stating, “Neutron based 
methods in particular have played and will continue to play 
an important role in research in materials science and tech-
nology… A materials development program will therefore 
play a major role in the design and development of new nu-
clear power plants, for the extension of the life of operating 
reactors as well as for fusion reactors” [2.101].

New instruments and methods are needed to drive new sci-
ence. Such advancements will enable us to probe material 
behaviour at an unprecedented level of detail, thereby al-
lowing us to develop better predictive models of material 
behaviour and to achieve higher performance, safety, and 
reliability. Neutron scattering techniques and facilities must 
advance in Canada to respond to advances in materials sci-
ence and engineering. Instruments at a new Canadian Neu-
tron Centre must be able to continue to improve on existing 
measurement capabilities. Overall, this means smaller, more 
intense neutron beams and better detection capabilities, ul-
timately leading to the faster and more efficient collection 
of high-quality data. This will open up new fields of study 
hitherto inaccessible to neutron beam methods, where the 
unique properties of neutrons will provide new insights for 
progress.
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The White Beam Stress Scanner: Although the Canadian 
stress scanning instrument, L3, has been the international 
benchmark for many years, other countries are now posi-
tioning their facilities to supersede our capabilities. The 
next-generation instrument for neutron-based materials 
science and engineering in Canada will be a white beam 
stress scanner [2.102]. This instrument will enable the 
measurement of many different crystallographic directions 
simultaneously, thus improving the efficiency and speed of 
measurements. The performance of a white beam instru-
ment at a high-flux reactor source is expected to outperform 
time-averaged measurements on a spallation source instru-
ment while retaining the great advantage of superior spatial 
resolution. Both the Institut Laue-Langevin (ILL) in France 
and the NIST in the U.S. are pursuing the development of a 
white beam stress scanner. New fields of study can therefore 
be envisaged based on the following considerations:

	 With finer resolution and higher flux, it will  
	 become possible to obtain two-dimensional maps 
	 around realistic cracks in full-scale components, 
	 as required to understand the mechanisms  
	 underlying stress-corrosion cracking;

	 Composite materials (e.g. metal matrixes,  
	 cermets, and ceramic matrixes) and multiphase 
	 alloys have stress-strain interactions between the 
	 constituent phases, which can best be understood 
	 by simultaneous monitoring of strain response  
	 among phases during deformation. Such  
	 monitoring is only possible with a broad- 
	 spectrum diffraction method;

	 Faster data collection would provide the  
	 opportunity to study microstructural evolution in 
	 real time for many systems, in order to better  
	 understand manufacturing processes such as  
	 casting and forming;

54
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	 Interfaces internal to a component or a  
	 composite material are uniquely accessible to  
	 neutrons. Examples of this application exist, but 
 	 obtaining data very close to the interface or at  
	 interfaces deep within large samples constitutes  
	 a significant challenge that can only be overcome 
	 using an optimized instrument. Interfaces are of 
	 interest in the studies of barrier coatings,  
	 composite structures that provide improved 
	 strength-to-weight ratios, and smart composites;

	 The white beam stress scanner will enable a new 
	 class of in situ studies, because the higher data 
 	 rates will allow better time resolution, lower  
	 volume fraction limits, and the ability to study  
	 weakly scattering or more strongly absorbing  
	 materials; and

	 It will be possible to acquire complete pole figures  
	 simultaneously at a number of values on the  
	 Miller indices (i.e. {hkl} values) relating to planes  
	 in crystal lattices. The white beam stress scanner  
	 can also serve as a high-throughput texture 
	 instrument that preserves the advantages of the  
	 current ‘classical’ texture instrument.

Scanning Neutron Microbeam: As materials become more 
and more sophisticated and tailored to classes of applica-
tions, the ability to understand their macroscopic behaviour 
on the microscopic level is essential. At the leading edge of 
this field is the use of a neutron microbeam to probe stress 
and crystallographic orientation on a grain-by-grain basis.  
X-ray and electron microbeams are providing unprecedent-
ed knowledge of what happens in materials at length scales 
comparable to and below the size of the grains. However, 
these techniques are generally limited to the surface or very 
near the surface, where the behaviour will be different. Only 
a neutron beam technique can provide this information at 
depth in full-scale components non-destructively (i.e. with-

out sectioning the material so that subsurface material does 
not become the new surface material). Data obtained at 
depth, resolved on the scale of grains, can provide unprec-
edented information on localized phenomena such as crack 
propagation (including stress-corrosion cracking), ingress 
of foreign elements (good or bad) in materials, and failure 
of interphase boundaries in composite materials. A neutron 
microbeam prototype was tested and proven at Chalk River 
Laboratories through a collaboration of researchers from the 
Canadian Neutron Beam Centre and Oak Ridge National 
Laboratory in the U.S. [2.103]. Further development and 
practical implementation of this technique awaits the higher 
fluxes and dedicated white beam instrument design of a new 
Canadian Neutron Centre.

Technologically advanced materials such as shape memory 
alloys, magnetic shape memory alloys, smart materials, en-
ergy harvesting materials, and medical composites are all 
expected to benefit from spatially resolved measurements of 
microstructure within the material volume.

Neutron Radiography and Tomography: The Royal Cana-
dian Air Force uses neutron radiography to inspect certain 
composite flight control surfaces on its aircraft. These com-
ponents are susceptible to water ingress and must be inspect-
ed periodically. The light shaded regions in Figure 2.3.5, a 
neutron radiograph, reveal water inside the control surface 
of a Canadian CF 18 fighter jet. Neutron radiography is 
the most sensitive technique available for these inspections. 
The air force has set up a neutron radiography facility at 
the Royal Military College in Kingston, Ontario that is ca-
pable of inspecting large surfaces. However, the facility uses 
a SLOWPOKE 2 reactor, which has a very low neutron flux, 
resulting in low-quality images that require long exposure 
times. A dedicated radiography facility constructed as part 
of a new, multipurpose research reactor would have a much 
higher flux, thus yielding better images at shorter exposure 
times. It could also be designed to accommodate much 
larger specimens than are currently permitted. Naturally, the 



instrument would also be suitable for tomographic studies. 
This capability would be an important asset for defence re-
search and development (R&D), as it would constitute an 
effective and efficient means to achieve the safe and reliable 
operation of current and future aircraft fleets, which make 
heavy use of composite materials.

shot moving components and fluids, and also of material 
processes (e.g. injection moulding or casting), thus allow-
ing expansion into new areas of engineering evaluation and 
development of fabrication processes. Imaging of hydrogen 
and water in real systems and in real time (i.e. in fuel cells) 
would also make effective use of one of the unique prop-
erties of neutrons. Real-time images of slow processes are 
already possible, but even these process rates are too high for 
current Canadian capabilities.

Several of the leading facilities around the world have in-
stalled cold neutron radiography capabilities, which can 
produce superior radiographic images. Other recent advanc-
es, such as phase contrast enhancement and energy selec-
tive imaging, also increase the quality of radiographs. The 
superior resolution and excellent detail provided by these 
emerging techniques are only possible with high-intensity 
neutron beams. A new neutron beam facility would allow 
the Canadian neutron radiography community to continue 
to develop these fields of research while providing an opti-
mized instrument that would benefit the national scientific 
and engineering communities.

Maximizing the Penetration Advantage
Scientific and engineering pursuits should always rely on the 
results obtained through the use of complementary tech-
niques. The non-destructive character of neutron radiogra-
phy plays well into this, as other experimental methods can 
still be employed on the very same sample after a neutron ex-
periment. Moreover, all applicable neutron methods could 
be employed before moving on to destructive examination 
methods.  

The high penetration of neutron radiography also makes it 
possible to investigate samples within various sample envi-
ronments. Experiments have taken this a step further and 
performed measurements on samples in hazardous envi-
ronments that have been contained to minimize the risk to 
personnel. Such experiments have been performed using a 

Figure 2.3.5 Detecting water inside a CF 18 f ighter jet component using 

neut ron radiography; the light shaded regions reveal water inside the 

cont rol sur face.

Cour tesy of Royal Militar y College

Research in neutron radiography has two main goals: to in-
crease the speed at which images can be acquired, and to 
improve the quality of the images obtained. At present in 
Canada, neutron radiographic images typically take several 
seconds or minutes to acquire. Recent advances worldwide 
have produced real-time imaging capabilities that approach 
moving picture frame rates (e.g. 15‒30 frames per second), 
but many processes take place at even higher rates than that. 
An effective solution for cyclic processes is stroboscopic data 
collection, in which multiple images are acquired at the 
same point in a cycle, over many cycles. (It is assumed that 
the material does not evolve significantly over the number 
of cycles required to obtain a good-quality image.) How-
ever, with higher flux and dedicated radiographic instru-
mentation, real-time images could be produced of single-
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container and a sample specific to the particular in situ test. 

A recent set of experiments has demonstrated that such 
containment can be designed, and protocols developed, to 
examine unknown samples using multiple neutron meth-
ods [2.87]. Combined with other non-neutron methods, a 
forensics sample or a specimen that has emerged through a 
CBRNE event can be investigated.

The research community that uses neutron beam methods 
to study thin films and surfaces has been growing in par-
allel with the development of neutron reflectometry (NR) 
at Chalk River Laboratories. In 2002, a team of research-
ers from 13 universities, led by the University of Western 
Ontario, secured funding through a national program of 
the Canada Foundation for Innovation (CFI) to construct 
Canada’s first dedicated neutron reflectometer, the D3. This 
new instrument commenced operation in the summer of 
2007, providing Canadians with a competitive facility to 
enable world-class research on phenomena that occur on the 
nanoscale across several disciplines. Since its commission-
ing, the D3 reflectometer contributed to 33 peer-reviewed 
journal articles as of September 2014.

Overview
Materials are the building blocks of our world. While it is 
important to understand their structures and dynamics, the 
next step is to understand how materials interact with each 
other—that is, to explore what happens at surfaces and in-
terfaces.

Surface science and thin film phenomena appear across the 
whole range of condensed matter physics. Neutron scatter-
ing has the unique advantage of being sensitive to isotopes 
(e.g. hydrogen and deuterium) and to magnetic structures. 
It has proven to be invaluable to polymer and biological sci-

ences, as well as magnetism. The large penetration depth of 
neutrons allows non-destructive evaluation deep inside the 
specimen or sample environments.

Neutron reflectometry is emerging as a workhorse technique 
in the area of thin films and surfaces. It offers the unique 
capability of determining the chemical and magnetic profile 
of thin films. Researchers can do such things as map the 
distribution of molecules at a gas-to-liquid interface, moni-
tor the growth of a reaction front, and study the magnetic 
properties of magnetic films used in advanced information 
technologies—just to name a few of the research frontiers 
made accessible by NR.

Current Thin Film Research
A wide range of different scientific areas (e.g. corrosion, su-
percapacitors, thin magnetic films, hydrogen storage, poly-
mer films, and biophysics) have been assisted in the past 
decade through NR experiments at Chalk River Laborato-
ries. The following sub-sections draw attention to various 
collaborations with Canadian and international researchers. 
They also point to areas not yet explored at Chalk River Lab-
oratories, but where NR has been applied very successfully 
elsewhere (e.g. giant magnetoresistance sensors, lithographi-
cally structured materials), as well as where Canadians could 
use NR as a powerful tool for their research in the future.

Corrosion: Canadian scientists have used neutron scatter-
ing techniques to do corrosion-related research. These proj-
ects—some completed and some ongoing—fall into two 
categories: (1) investigation of reaction kinetics [2.104], and 
(2) study of the nature and growth of the passive oxide layer 
[2.105, 2.106] that provides protection against corrosion. 
Given that Canada has many industries that rely on corro-
sion prevention (e.g. ship building, oil and gas exploration, 
automobile manufacturing, and nuclear power generation, 
to name a few), research on corrosion will continue in the 
future—and neutron scattering will continue to make its 
contribution by providing results that could not be obtained 

2.4  Thin Films and Sur faces 
       – Nanost ructures
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by any other method. Corrosion science is inseparable from 
electrochemistry (see below), as metals corrode via an elec-
trochemically driven reaction.

Electrochemistry: Electrochemistry is the study of charge-
transfer reactions that take place on the surface of solids, 
usually in contact with a liquid electrolyte solution. It en-
compasses technologically important topics such as batteries, 
fuel cells, electroplating, and anodization. Since the chemi-
cal and physical changes are confined to the solid-to-liquid 
interface, electrochemistry naturally falls under the surfaces 
and interfaces research carried out with techniques such as 
neutron reflectometry [2.107]. NR and electrochemical im-
pedance spectroscopy experiments can be performed at the 
same time on the same sample [2.108], which gives valuable 
information on the structure and electrochemical properties 
of the sample.

Biocompatible Implants: Surfaces coated with tethered 
hydrophilic polymers (e.g. polyethylene glycol, dextran, 
etc.) are of interest to biomaterials science. By altering sur-
face–protein interactions, it is possible to design implant 

materials to suit the local physiological environment as well 
as the intended function. Neutron experiments specifically 
designed to study biocompatible coatings have been carried 
out at Chalk River Laboratories. In one such study, a coat-
ing’s protein-repelling efficacy, which is desirable for certain 
implants (e.g. artificial heart valves), was investigated as a 
function of chemisorption conditions [2.109]. The counter-
intuitive results from neutron reflectometry have indicated 
the way to optimize the biocompatibility of future implants.

NR experiments supported the existence of a relatively thick 
continuous phase of water stemming from within an anti-
fouling monoethylene glycol silane adlayer. In contrast, this 
physically distinct (from bulk) interphase is much thinner 
and only interfacial in nature for the less effective adlayer 
lacking internal ether oxygen atoms. These results provided 
further insight into the link between antifouling and surface 
hydration [2.110].

Magnetic Thin Films, Proximity Effects: The magnetic 
properties of materials (e.g. magnetic moments and magnet-
ic anisotropies) are influenced by the surface and interface 

At the domestic neut ron scattering cent re, staff researchers can int roduce 

students and young professionals to neut ron scattering methods, thus 

building a national competence to exploit neut ron beam methods for ad-

vanced materials research. 
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which, in thin films, might lead to a strong deviation from 
the properties of bulk material. Polarized neutron reflectom-
etry (PNR) experiments have revealed an enhancement of 
the magnetization of iron films in contact with Ag, Au, and 
Cu [2.111], as well as a polarization of Pd films in proximity 
to Fe films [2.112].

Exchange-spring Magnets: Exchange-spring magnets are 
heterostructures that consist of hard and soft ferromagnetic 
layers combining the large anisotropy of the hard magnet 
with the large magnetic moment of the soft magnet. These 
systems are very attractive for applications requiring hard 
magnets (e.g. electric motors). Neutron diffraction [2.113], 
as well as PNR [2.114] and the application of both tech-
niques on an identical sample [2.115], were used to deter-
mine the complex magnetic structure of these systems. It 
is crucial to get this information in order to improve theo-
retical understanding and then, based on these findings, to 
engineer new materials with the desired properties.

Exchange-coupled Multilayers and Giant Magnetoresis-
tance Sensors: In 1989, the phenomenon called giant mag-
netoresistance (GMR) was discovered in layered structures 
composed of magnetic and non-magnetic layers [2.116]. 
For this discovery, the Nobel Prize in Physics was awarded to 
Peter Grünberg and Albert Fert in 2007. Nowadays, all read 
heads used in computer hard disks are based on this GMR 
effect. PNR is the technique of choice to unambiguously 
determine the magnetic structure of these layered structures 
[2.117]. Furthermore, PNR allows one to perform a very 
precise analysis of the complex magnetic configurations in 
these thin film systems used in modern read heads. This en-
ables researchers to optimize the performance of these GMR 
based sensors [2.118].

Spintronics: Recently, a technology called spintronics has 
emerged, which is based on semiconductor technology 
exploiting the electron’s spin instead of its charge. Several 
proof-of-concept spintronic devices (e.g. the spin transistor) 

have been proposed already [2.119], and the focus of re-
search is on finding materials with the necessary properties 
to realize these new electronic devices. Work at Chalk River 
Laboratories has investigated the magnetic properties of thin 
MnSi films and was able to confirm the existence of a new 
magnetic phase called skyrmion [2.120].

Hydrogen in Thin Films: Hydrogen in bulk metals and 
semiconductors has attracted considerable research interest. 
In recent years, the focus has shifted to thin films because, 
as in the case of bulk materials, incorporation of hydrogen 
within the host film can lead to significant modifications of 
the electronic, magnetic, and structural properties [2.121, 
2.122]. NR was used to determine the hydrogen profile in a 
film, along with the change of structure and magnetic prop-
erties of the film due to the hydrogen cycling [2.122]. This 
information is crucial for the development of materials for 
hydrogen sensors.

Thin films have been used as model systems to study the 
properties of hydrogen storage materials. At Chalk River 
Laboratories, Mg based alloys have been investigated exten-
sively [2.123–2.125]. The NR experiments clearly showed 
that: (1) a Ta-Pd bilayer catalyst improved the sorption ki-
netics; and (2) Mg alloys work better than pure Mg because 
of a homogeneous hydrogenation, a result of avoiding the 
hydride layer that blocks further hydrogen intake in pure 
Mg [2.126]. 

Hydrogen absorption is important in predicting the corro-
sion lifetimes of metal components such as reactor pressure 
tubes and nuclear waste containers. NR has been applied 
to determine the hydrogen absorption during the corrosion 
process [2.105].

Nanostructured Materials: Due to the steady progress in li-
thography and deposition techniques, it is possible to fabri-
cate periodic magnetic nanostructures. These nanomagnets 
are of technological importance for high-density magnetic 
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data storage and magnetic sensors. Recent experiments us-
ing the newly developed technique of off-specular NR have 
shown that neutron scattering can deliver valuable informa-
tion on the magnetic structure and magnetization reversal of 
these nanoscale objects [2.127].

Internal Structure of Polymer Films: The strength of the 
interaction between a neutron and a hydrogen nucleus is 
very different from that between a neutron and a deuterium 
nucleus. Therefore, by either using heavy water or deuterat-
ing certain functional groups of the polymer film to modify 
the neutron scattering contrast, the internal structure of a 
polymer film can be determined by NR [2.128]. It is very 

Scientists employ a great number of probes to aid them in understanding, 

characterizing and improving materials.  The impor tance of neut ron scatter-

ing methods for soft materials research is a consequence of the special way 

that neut rons interact with hydrogen. However, for this domain of materials 

research, the neut ron facilit y must also include a range of complementar y 

tools to prepare specimens and car r y out preliminar y characterization.

important to understand the interaction of a film with wa-
ter, especially for films suitable for use as sensors or drug de-
livery vehicles. In the case of polyelectrolyte multilayers, NR 
has helped to understand the swelling behaviour by reveal-
ing a non-uniform water distribution in the polyelectrolyte 
film [2.129].

Photoactive Films: There is currently considerable interest 
in thin films that respond to light in the ultraviolet and in-
frared bands of the electromagnetic spectrum. Such materi-
als find application in the telecommunication sector (e.g. 
as routers, couplers, filters, etc.) and in the microelectronics 
industry (i.e. as photoresists), and can also be used as pho-
toactuators or photonic band gap materials. These materials 
often cannot be studied using optical techniques, because 
their interaction with light would confuse the measurement. 
At Chalk River Laboratories, NR was successfully applied 
to investigate photomechanical effects in situ, during laser 
illumination, in azo polymer films [2.130]. Surprisingly, the 
experiments showed two competing photomechanical ef-
fects in this system: one that causes expansion and the other 
one contraction.

Impacts
The largest economic impact of the aforementioned areas 
is certainly in the field of corrosion. A 2001 study funded 
by the U.S. Congress, with oversight by the Federal High-
way Administration and support from NACE International, 
provided broad research on direct and indirect costs for U.S. 
industry sectors. The results of the study indicated the esti-
mated annual direct cost of corrosion in the U.S. to be $276 
billion [2.131]. Taking the same percentage of GDP, the cor-
rosion costs would be about $35 billion per year for the Ca-
nadian economy. The advancement of knowledge about the 
mechanisms of corrosion and strategies to mitigate corro-
sion therefore provide high potential impact on the national 
infrastructure and economy.

Scientific impacts are realized by advancing the fundamental 
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understanding of the atomic, electronic, and magnetic prop-
erties of materials and their relationship to physical proper-
ties. Advancements are frequently accelerated by applying 
the unique advantages of neutrons for probing atomic and 
molecular structures, as well as nanostructures. The oppor-
tunity to generate new knowledge through neutron reflec-
tometry is illustrated by the fact that, as of September 2014, 
the new D3 reflectometer was used to produce 33 peer-re-
viewed articles since its commissioning in 2007. Further-
more, during these years, D3 has provided the opportunity 
to educate many graduate students, doctoral candidates, and 
postdoctoral fellows in the application of NR for research on 
phenomena on the nanometre scale. D3 experiments have 
been a substantial part in the Masters theses of Murray Wil-
son (Dalhousie University) and Natalia Pawlowska (Univer-
sity of Toronto), as well as the PhD theses of Chris Harrower 
(University of Alberta), Eric Karhu (Dalhousie University), 
and Drew Marquardt (Brock University).

Future Impacts and Forecast
The research activities in the area of thin films and sur-
faces have been growing continuously during the past two 
decades, especially in physics, chemistry, and biophysics. 
Because of its unique ability to map both chemical and 
magnetic profiles, NR will be heavily used in the future as 
a versatile tool for investigations into new materials with 
dimensions on the nanoscale. Economic impacts from NR 
experiments are most likely to arise in the field of corrosion 
(e.g. anti-corrosive coatings), biophysics (e.g. biocompatible 
implants), chemistry (e.g. thin film sensors), and portable 
electricity generation and fuel storage systems (e.g. fuel cells 
and hydrogen storage).

Neutron beams have become indispensable tools for the 
study of structures and dynamics in polymeric and biological 
materials. An advantage of neutron over x-ray beams is that 

molecules or molecular groups can be highlighted through 
hydrogen–deuterium isotope substitution. Neutron beams 
can access the nanometre length and nanosecond time scales 
relevant in these materials through elastic and quasi-elastic 
neutron scattering techniques. Under the lead of John Kat-
saras, Mu-Ping Nieh, and Norbert Kučerka, the Canadian 
Neutron Beam Centre has developed an international repu-
tation for soft and biological materials research. 

While the NRU reactor provides a very intense beam of 
thermal neutrons, experiments in soft materials often ben-
efit from neutrons of long wavelength and smaller energy—
that is, from so-called cold neutrons. These slower neutrons 
are better adapted to the intrinsically slower dynamics and 
longer length scales as compared to crystalline or magnetic 
materials. Anticipating a new Canadian Neutron Centre 
with a cold source and instruments capable of supporting 
world-leading research in soft materials, it is important to 
engage a new community of interest in this area, as well as 
to incorporate its perspective into this planning document. 

Overview
In contrast to crystalline materials, polymeric and biological 
materials are classified as soft materials because of their in-
herent disorder. Their molecules are not arranged on regular 
lattice sites and are more or less free to diffuse. Soft ma-
terials include biological molecules, polymers, colloids, and 
surfactants, among others. They are relevant to all branches 
of the life sciences, chemistry, and physics, and they have 
tremendous breadth of application (e.g. adhesives, paints, 
gels, pharmaceuticals, and liquid crystals). By examining 
the structure and dynamic properties of these materials, a 
better understanding of biological functions and materials 
engineering is attainable. Hydrogen, the most common ele-
ment making up soft materials, fortuitously has a neutron 
scattering length that is considerably different from that of 
its heavy isotope, deuterium. By replacing hydrogen with 
deuterium, certain molecules or functional groups can be 
highlighted in neutron scattering experiments. The result-

2.5  Soft Materials 
       - Polymeric and Biomimetic Materials 
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ing capability of contrast variation makes neutrons excellent 
probes for the study of these normally delicate materials.

Soft materials self-assemble into a variety of structures rang-
ing in size from nanometres to micrometres. As the corre-
sponding dynamics cover time scales from picoseconds to 
microseconds, soft materials can be considered multi-scale 
materials. The most widespread techniques employed in 
this discipline are small angle neutron scattering (SANS), 
neutron reflectometry, and neutron diffraction. These tech-
niques have developed into powerful tools for studying the 
structure of macromolecules, yielding information about 
size, shape, and conformational changes, as well as molecu-
lar associations in solution—information needed to under-
stand essential molecular interactions for chemical or bio-
logical function. Dynamic techniques such as quasi-elastic 
neutron scattering (QENS), neutron spin-echo (NSE), and 
backscattering (BS) are used to provide detailed insights into 
the dynamic processes of these macromolecular assemblies.

Canada has a strong and internationally renowned soft mat-
ter community. At the Canadian Neutron Beam Centre, 
research in soft materials with neutrons is conducted on 
two neutron instruments: (1) the newly built, CFI-funded 
reflectometer; and (2) a triple-axis spectrometer. The CFI 
initiative was led by the University of Western Ontario. The 
triple-axis spectrometer has been optimized for small angle 
diffraction and diffraction experiments in soft materials. 
However, soft matter research with neutrons in Canada is 
currently strongly limited by the instrumentation available 
and by the unavailability of a cold source to produce long 
wavelength neutrons. As a result, many researchers presently 
conduct experiments at foreign laboratories. There is a huge 
potential to unleash, however; the availability of dedicated 
and optimized soft materials experimental neutron facilities 
in Canada would very likely create a vibrant and successful 
neutron scattering community in soft materials.

Current Soft and Biological Materials Research

Neutron beams can provide unique information about soft 
and biological materials, and they are often the technique of 
choice to determine molecular structure and organization in 
these materials. The importance and usefulness of neutron 
scattering techniques can be seen in the current research 
being done by Canadian researchers, discussed in the sub-
sections below. 

Liposomes for Drug Delivery: Encapsulating a drug in 
lipid-based vesicles improves the circulation half-life of the 
drug in vivo. Moreover, functionalized vesicles help target 
the drug to the sites of disease, greatly reducing side effects 
in patients. SANS has been used extensively to reveal aggre-
gate morphologies, to map out the complex structural phase 
diagrams of the different formulations of the lipid mixtures 
[2.132–2.134], and to understand the spontaneous forma-
tion mechanism of such vesicles [2.135]. An ongoing re-
search program is focusing on maintaining their stability 
and size after the incorporation of drugs or medical imaging 
contrast agents. A flow cell to conduct neutron diffraction 
experiments on bicellar mixtures aligned by an in situ tem-
perature controllable shear flow has recently been developed 
in a collaboration between the CNBC and the University of 
Connecticut, and is now available for experiments [2.136].

Hydrogen Fuel Cell Membranes: The heart of the proton 
exchange membrane (PEM) fuel cell is a polymer mem-
brane, where hydrophilic channels serving as paths for con-
ducting ions are embedded in a hydrophobic matrix. SANS 
and the analogous small angle x-ray scattering (SAXS) have 
been used to determine the block-copolymer structure of 
promising PEMs in an effort to relate how the molecular 
architecture affects the efficiency of the membrane [2.137, 
2.138].

Hydrogels: Hydrogels are typically comprised of a sparse 
network of cross-linked polymers embedded in a fluid 
matrix; one very well-known example is simple gelatin. 
Poly(vinyl alcohol) solutions form hydrogels when ther-
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mally cycled between room temperature and 253 K. These 
gels have desirable mechanical properties resembling those 
of cardiovascular tissues, and thus are used in applications 
such as dressing wounds, heart valve stents, etc. Canadian 
researchers are using SANS to examine the architecture of 
PVA gels under stress and shear [2.139].

Biological Membranes: The impact of neutron scattering 
on membrane research is intimately connected with the 
capability to prepare biomimetic membrane systems. The 
composition of these synthetic membranes can be well con-
trolled to mimic certain types of cells and tissues. By further 
using aligned bilayers, in-plane and out-of-plane structure 
can be determined with high (i.e. sub-nanometre) resolu-
tion under relevant physiological conditions. Using deute-
rium labeling, the exact location of things such as proteins 
[2.140] can be determined. Research at the CNBC recently 
revealed that cholesterol is found in the centre of polyun-
saturated lipid bilayers [2.141, 2.142], while the commonly 
used ‘umbrella model’ assumes an alignment parallel to the 
lipid acyl chains. By localizing vitamin E in lipid mem-
branes, the molecular mechanism of its protective, antioxi-
dant properties was revealed [2.143, 2.144]. Experimental 
evidence for coexisting gel and fluid domains in lipid mem-
branes was observed using neutron diffraction [2.145]. The 
neutron instrumentation at the CNBC turned out to be 
particularly suited to study the organization of cholesterol 
in so-called lipid rafts and its impact on lipid organization 
[2.146–2.149].

Biocompatible Thin Films: Immune response against for-
eign objects is always an important issue when it comes to 
organ transplants. Biocompatible thin films coating the sur-
faces of implant organs can prevent the adsorption of certain 
proteins, and thus reduce organ rejection. The water distri-
bution and swelling of these thin films are two factors that 
determine their suitability in organ transplants. Neutron re-
flectometry is a technique capable of accurately determining 
the water profile and swelling behaviour of these thin films, 

and by doing so is able to help in the qualification of these 
materials for medical use [2.150, 2.151].

Impact
Demand for nano biotechnology in healthcare products is 
projected to significantly increase in the future, as led by im-
proved cancer and central nervous system therapies based on 
solubilization technologies. Diagnostic tests based on nano-
arrays and quantum dots, as well as imaging agents based 
on superparamagnetic iron oxide nanoparticles, will also see 
strong growth. The demand for nanotechnology medical 
products in the U.S. is estimated to grow by more than 17% 
annually to reach $34 billion in 2014, while drug delivery 
and biomedical applications are expected to reach $224 bil-
lion by 2017 [2.152].

Techniques such as SANS are now commonly used in indus-
trial polymer science applications research. It is of such value 
that ExxonMobil funded the NG7 30 m SANS instrument 
located at the NIST Center for Neutron Research in the 
U.S. In the area of membrane research, the Cold Neutrons 
for Biology and Technology consortium, led by biophysi-
cist Stephen White (University of California at Irvine), re-
ceived $5 million from the National Center for Research 
Resources of the National Institutes of Health to build the 
first neutron beam research station in the U.S. fully dedicat-
ed to biological membrane experiments. In 2005, the same 
group commissioned the advanced neutron diffractometer/
reflectometer (AND/R) instrument. The dual mission of the 
AND/R overlaps the thin film reflectometry and membrane 
diffraction that the CNBC has been supporting at C5 (re-
flectometry) and N5 (diffraction) for several years. It probes 
the elusive structures and interactions of cell membranes 
and their components, gathering information that is key to 
improving disease diagnosis and treatment.
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One achievement of the CINS communit y in 2007 was the opening of Canada’s f irst Neut ron Reflec-

tometer. This scientif ic inst rument was built with f unds f rom the Canada Foundation for Innovation, 

the province of Ontario and the National Research Council. The project was led by the Universit y of 

Western Ontario suppor ted by 12 other universities across Canada. The ref lectometer is a power ful 

new inst rument for investigating thin f ilms, sur faces and inter faces in materials. Studies by Canadians 

in this f ield have investigated polymers that change thickness under laser light (a potential computer 

storage technology), coatings on medical implants that resist the build-up of proteins to avoid blood 

clotting, and in-situ elect rochemist r y to examine how the cor rosion process works.

VIP Ribbon-cutting, June 15, 2007: (left to right) Pat rick Pilot (CFI), 

John Yakabuski MPP,  Brian McGee (VP AECL), Cher yl Gallant MP, 

Pier re Coulombe (President NRC), Ted Hewitt (VP UWO)
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3.  NEUTRON BEAM INSTRUMENTS  	
     AND METHODS

Thermal Cold Hot
Classical stress scanner 

White beam stress scanner

Diffractometer in a shielded facility 

Thermal radiograph / tomograph 

Triple-axis spectrometer

Ultra SANS instrument (double crystal)

Developmental station / texture / single 
crystal diffractometer

High-resolution powder diffractometer

High-speed powder diffractometer

Quasi-Laue diffractometer 

Classical SANS instrument (pinhole) 

Reflectometer, vertical surface 

Reflectometer, horizontal surface 

Triple-axis spectrometer

Disc-chopper spectrometer 

Low-Q powder diffractometer 

Backscattering spectrometer 

Spin-echo spectrometer 

Depth profiler

Developmental station

High-Q diffractometer

High-energy triple-axis spectrometer

TABLE 3 - Lis t of neu t ron beam ins t r ument s ident i f ied a t t he CINS’s AGM and Wor kshop in 2006 
and endorsed again a t t he CINS’s AGM in 2014.

At the 2006 AGM and Workshop of the Canadian Institute 
for Neutron Scattering [3.1], a preliminary list of neutron 
beam instruments was developed. The list was endorsed 
again at the 2014 AGM  [3.2]. The instruments would 
support the scientific research identified in the 2006 work-
shop, with some instruments being suitable for experiments 
in several scientific areas. In Table 3, these instruments are 
grouped according to the type of neutron source they re-
quire, with thermal being the general moderator of the re-
search reactor, cold being a localized moderator at a tem-
perature of about 20 K, and hot being a localized moderator 
at a temperature of about 2300 K. 

The detailed specifications of any of these instruments would 
be the subject of further discussion with users and designers. 

The following sections describe the general principles and 
applications of each type of instrument in order to provide 
an understanding of how each would address the scientific 
requirements of the user community.

The control of neutron beam instruments, the management 
of data, and the interface with the user are all matters of 
great importance for every instrument in the neutron beam 
laboratory. The existing system at Chalk River Laboratories 
evolved by iteration over a 40-year period in response to the 
needs of researchers. It incorporates many excellent concepts 
and features that should be retained. However, hardware and 
networking technologies have advanced more quickly than 
was possible to adopt in recent decades. Users increasingly 
feel that the interface presented to them at foreign neutron 
beam laboratories is more intuitive and less prone to pro-
gramming errors. A major rejuvenation of the control and 

3.1  Cont rol System and User Inter face

3.  NEUTRON BEAM INSTRUMENTS  	
     AND METHODS

TABLE 3 - 

65

P
L

A
N

 to 2050
P

L
A

N



data management system should be included in the long-
range plan for a new Canadian Neutron Centre.
 
Each neutron beam instrument requires a local data acquisi-
tion system that enables the automatic control of mechani-
cal components, detector systems, and a wide variety of add-
on ancillary equipment such as furnaces, cryostats, magnetic 
fields, and loading devices. The new data acquisition system 
should be programmed through an intuitive, user-friendly 
interface to set specimen conditions and initiate data collec-
tion on a round-the-clock basis, in order to make maximum 
use of neutron beam time. The data should be automatically 
stored in a reliable archive system. Both the control and the 
data storage functions of the data acquisition system should 
be accessible from remote sites through computer networks 
so as to minimize the time that users must be present near 
radiation-emitting equipment, and also to maximize the 
convenience of interacting with an experiment from any lo-
cation worldwide. Data may be transferred via the internet 
directly from the data storage system to the user’s laboratory 
anywhere in the world.
 
The strategy for developing a data acquisition and control 
system is to work in collaboration with neutron facilities and 
similar scientific control systems from around the world, in 
order to build a system specialized to our needs. The inter-
national community provides a large library of off-the-shelf, 
open source components that have proved their reliability 
through many years of usage. By becoming active members 
of this community, we can take advantage of these off-the-
shelf components. Becoming active community members 
also means contributing ideas and components back into the 
community, thereby not only improving our capability, but 
also contributing to the field of engineering and building 
control and data acquisition systems.
 
Working within the community means that, wherever pos-
sible, we use accepted standards. This includes standards for 
data storage formats, communication protocols, and device 

3.2  Neut ron Reflectometers

interfaces, among others. Using accepted standards provides 
a number of advantages, including: the ability to use existing 
products and components; the ability to provide the user 
with an interface that is similar to that encountered at other 
neutron facilities; and the ability to access a wider pool of 
readily available expertise when hiring or contracting for 
control system engineers.
 
With the rapid evolution of technology and devices, any 
control and data acquisition system must be sufficiently flex-
ible and adaptable to take advantage of new devices that pro-
vide new capability. This includes not only smart scientific 
devices, but also new approaches to user interfaces. Our cur-
rent control system was designed long before the internet, 
tablets, and smart phones were conceived. The devices and 
technologies that will be available over the next few decades 
are impossible to predict. The control system cannot be rigid 
in its assumptions about the technology available. It must 
be designed with the flexibility to adapt and integrate new 
technologies as they come on line.
   
 
 
A neutron reflectometer yields data to determine the scat-
tering length density profile of a flat sample as a function 
of depth to about 300 nanometres (nm). This fundamental 
result provides information about interface roughness and 
gradients of atomic composition versus depth on the length 
scale of 0.5 nm to about 300 nm.

Neutron reflectometry (NR) is an indispensable and popular 
technique for surface and thin film science. With increas-
ing demand for access worldwide, most of the latest neutron 
facility projects have one or more reflectometers in their in-
strument suites (e.g. there are two at the SNS in the U.S., 
five at ISIS in the U.K., three at FRM-II in Germany, and 
one at OPAL in Australia). To best serve the needs of the Ca-
nadian research community, two reflectometers were recom-
mended at the CINS’s AGM and Workshop held in October 
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Undergraduate student André 
Gaudin f rom the Universit y of 
Prince Edward Island learns 
how to set up an experiment on 
magnetoresistant thin f ilms f rom 
CNBC scientist Helmut Frit zsche.
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2006 [3.3]. These were: (1) a reflectometer with a horizontal 
sample geometry optimized for samples with liquid-to-gas 
or liquid-to-liquid interfaces; and (2) a reflectometer with 
a vertical sample geometry optimized for all other types of 
interfaces. Both reflectometers should be part of a ‘day-one’ 
suite of instruments.

New instrumentation ideas like extreme focusing mono-
chromators that converge rays spanning a wide range (e.g. 
11.4°, as implemented in the D3 reflectometer at Chalk 
River Laboratories) will be employed for both reflectom-
eters to the fullest extent possible (i.e. as much as allowed 
by the beam geometry and the size of the cold source and 
guides). For the horizontal sample reflectometer, this may 
require a special and dedicated guide whose width is much 
wider than its height. Another feature that should be ex-
plored is the ability to exploit a broad wavelength band, ei-
ther with a tuneable Δλ/λ in the incident beam or through 
a full-spectrum incident beam in combination with a set of 
analyzer crystals. A tunable Δλ/λ can be realized by placing 
a supermirror reflector in a guide (to reflect neutrons whose 
λ is too long) in tandem with a cooled Be filter (to reject 
neutrons whose λ is too short). Adjusting the grazing angle 
of the reflector allows the variation of Δλ. ‘Full-spectrum’ 
approaches are under development at the NIST in the U.S. 
and at Laboratoire Léon Brillouin (LLB) in France. Taking 
advantage of such innovative methods would increase the 
performance of the new reflectometers by about one or two 
orders of magnitude as compared to the current configura-
tion at Chalk River Laboratories. Combining optimum in-
strument design with a powerful reactor and a cold neutron 
source would offer Canadian researchers two world-leading 
instruments, with performance equal to or exceeding those 
at the world’s most powerful research reactor, located at 
the Institute Laue-Langevin (ILL) in France, as well as the 
world’s most powerful spallation source, the Spallation Neu-
tron Source at Oak Ridge National Laboratory in the U.S.

There is currently no demand for time-resolved NR experi-
ments among CINS users. This may change within the next 
decade, leading to the question of monochromatic versus 
time-of-flight (TOF) techniques. The following facts should 
be taken into account when addressing this question:

	 Both TOF and constant-λ techniques lead to  
	 data of similar quality when each scan is  
	 appropriately optimized, as demonstrated by tests  
	 at D17 of the ILL [3.4];

	 Although TOF enables NR without mechanical  
	 movements (and hence is more suitable for  
	 time-resolved experiments), this is so only if one  
	 wishes to measure reflectivity over a narrow  
	 dynamic range (i.e. Qmin:Qmax ~1:5); and

	 A monochromatic instrument that cycles  
	 continuously between Qmin and Qmax with, say,  
	 a 0.1 Hz frequency, while storing each neutron  
	 count q-stamped and time-stamped (i.e. without  
	 stopping for point-by-point counting), can  
	 essentially yield time-resolved data. However, an  
	 instrument of this kind is an unproven  
	 technology thus far.

Finally, both reflectometers should incorporate an option for 
polarized neutrons. It is envisaged that polarized 3He filter 
technology will be well established at the time a new Cana-
dian Neutron Centre is built, and that polarizing neutrons 
with this add-on technology will not significantly compli-
cate the design of the reflectometers. 

Horizontal Scattering Geometry
The University of Western Ontario led a consortium of 13 
universities in a national proposal to the Canada Foundation 
for Innovation to build a dedicated neutron reflectometer, 
which was commissioned for operation at the NRU reac-
tor beginning in 2007. The design is a constant-wavelength, 
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variable footprint design with an option for polarized neu-
trons and a choice of one-dimensional or two-dimensional 
detection of the scattered neutrons. This reflectometer holds 
the specimen with its surface normal in the horizontal plane 
(with the surface itself held perpendicular to the ground), 
and so is not suitable for the study of bulk liquid-to-vapour 
interfaces. However, it is an excellent tool to investigate 
all other interface types (i.e. solid-to-solid, solid-to-liquid, 
solid-to-vapour, and buried interfaces) and is able to access 
high values of the scattering vector, Q. The horizontal scat-
tering configuration is versatile for a wide range of nanoma-
terials research. This existing instrument was designed to be 
transferred from the D3 thermal neutron beam line at the 
NRU reactor to a cold neutron beam line at a new Canadian 
Neutron Centre. Transferring the D3 reflectometer to a cold 
neutron beam line will deliver at least an order of magnitude 
improvement in signal to background, which will enable re-
searchers to work at the forefront in sensitivity and spatial 
resolution.

Vertical Scattering Geometry
Many neutron facilities (e.g. Helmholtz-Zentrum Berlin, or 
HZB, in Germany; ISIS in the U.K.; the ILL in France; and 
the SNS in the U.S.) install a neutron reflectometer with 
a horizontal surface geometry (i.e. with the surface normal 
vertical). This geometry is suitable for studying all types of 
interfaces, including liquid-to-vapour interfaces, but typi-
cally does not enable such a wide Q range as in the hori-
zontal scattering configuration. This type of reflectometer 
enables the study of thin films at air-to-liquid and liquid-
to-liquid interfaces, which are important in the realms of 
soft matter and biology. Applications involve the study of 
the interaction of proteins with lipid monolayers, as well as 
the surface behaviour of surfactants, polymers, and other 
amphiphiles at liquid-to-air and liquid-to-liquid interfaces.

Small angle neutron scattering (SANS) probes structure in 
materials on the nanometre (10-9 m) to micrometre (10-6 m) 

3.3  Small Angle Neut ron Scattering

scale. Structure on these length scales is critical to the perfor-
mance of advanced engineering materials. For example, the 
toughness of high-impact plastics depends on the admixture 
of stiff and flexible segments of polymer molecules on the 
nano-to-micro scale. Nanometre or micrometre structure is 
also crucial to such things as biological processes in cells, the 
storage of information on magnetic disks, the hardness of 
steels and superalloys, the conduction of current in super-
conductors, and many other materials properties.

In the biological sciences, SANS is the most powerful tech-
nique for studying the structure of native proteins and 
complexes and for rapidly analyzing structural changes in 
response to variations in external conditions. For example, 
the function of many proteins is often intimately associated 
with a change in conformation, usually in response to the 
binding of a ligand or interaction with a receptor. Because 
of its dependence on geometric shape, scattering data can 
be extremely sensitive to domain orientations and hence to 
major conformational changes. Contrast variation studies 
are particularly useful for these studies. The way in which 
proteins fold to their final three-dimensional shape is one of 
the major unsolved problems in biology; therefore, methods 
for detecting the compactness of proteins are of great funda-
mental interest [3.5]. 

Thanks to advances in instrumentation and computational 
methods over the last decade, the amount of experimental 
SANS data involving proteins is increasing dramatically. In 
response, the freely accessible Small Angle Scattering Bio-
logical Data Bank was developed at the European Molecu-
lar Biology Laboratory in Germany to handle the growing 
amount of experimental data [3.6]. 

Presently, there are over 30 SANS instruments in operation 
worldwide, predominantly at reactor sources. There is cur-
rently no dedicated SANS instrument in Canada. Although 
a few SANS experiments can be done on high-contrast ma-
terials at Chalk River Laboratories using thermal neutrons 
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(limited Q range, > 0.007 Å-1), most Canadian researchers 
find themselves having to go elsewhere to carry out their 
research. However, as a result of their great utility, SANS 
instruments are oversubscribed worldwide, making it very 
difficult to gain access. Perhaps for this reason, among the 
large pool of Canadian soft materials researchers, there are 
relatively few using SANS as an experimental technique. 
Through the use of cold (i.e. long wavelength) neutrons and 
tight beam collimation, state-of-the-art SANS instruments 
located at the CNC will be capable of probing structure on 
a length scale ranging from 1 nm to nearly 10 000 nm.

Classical Pinhole SANS
Without a doubt, the classical pinhole SANS instrument is 
one of the most popular and oversubscribed techniques at 
every neutron facility that offers it. SANS instruments are 
simple in design and versatile for interrogating specimens 
under realistic conditions (e.g. temperature, pressure, mag-
netic fields, pH, and humidity). For reactor sources, the clas-
sical 30 m SANS instrument has a 15 m evacuated flight 
path before and after the specimen station, and is equipped 
with a two-dimensional detector whose position can be var-
ied between 1 and 15 m with respect to the specimen. This 
setup provides great flexibility in scattering angle, enabling 

The abilit y of neut rons to penet rate materials is an essential factor to 

enable research about the time-evolution of sur face chemist r y by neut ron 

ref lectomet r y f rom metal thin f ilms inside an aqueous elect rochemical cell.  
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this type of instrument to probe structures with length scales 
ranging from 1 nm to nearly 200 nm. However, to interro-
gate even larger structures, a MgF2 focusing lens can reduce 
the projection of the straight through beam on the detec-
tor [3.7]. With this setup, the attainable minimum Q-value 
is ~0.001 Å-1, corresponding to a length scale of 500 nm. 

One approach taken to increase the number of incident 
neutrons on the sample is to employ a multi-pinhole col-
limator, which converges multiple incident beams onto 
a single region of the detector [3.8]. The new Very Small 
Angle Neutron Scattering (vSANS) instrument is based on 
this concept and is presently awaiting construction at the 
NIST. Capitalizing on the availability of cold neutrons, the 
proposed vSANS instrument will support a wide spectrum 
of university, government, and industrial researchers, par-
ticularly those in chemistry, biology, and condensed mat-
ter physics. The vSANS instrument will immediately be 
exploited by the strong Canadian biophysics and biomate-
rials communities that are interested in domain structures 
in membranes, drug–membrane interactions, and phase 
diagrams of phospholipid vesicles, biopolymers, hydrogels, 
etc. To accommodate the demand, it was deemed necessary 
to add an additional 10 m SANS in the second NIST guide 
hall in 2012.

In addition, long flight path SANS is available at spallation 
sources, where they have the additional advantage of the 
widest Q range of data in a single instrument configura-
tion because of the multiple wavelengths of the neutron 
beam. For example, LoKI is a broadband SANS instrument 
planned for the European Spallation Source that has been 
fast-tracked through into engineering design. Its situation 
and time-of-flight design (i.e. 10 m of collimation and ad-
ditional 10 m sample-to-detector distance, with the sample 
position 20 m from the moderator), as well as its large solid 
angle of detector coverage, put it on target to achieve 10 
times the neutron flux of the current leading reactor-based 
instrument.
 

Ultra SANS
Ultra small angle neutron scattering (USANS) is a technique 
for cases where information on material structure is need-
ed over the size range from 0.1 m to 20 m. Although the 
techniques of choice for studying the structure of micron-
sized particles are electron microscopy, light scattering, and 
atomic force microscopy, there are a number of cases where 
none of these techniques is applicable (e.g. when using low-
contrast and opaque materials in the case of light scattering, 
or when using magnetic structures). Applications can be 
found in colloid science (e.g. mixtures of particles, strongly 
correlated colloid crystals, and micron-sized particles), ma-
terials science (e.g. filled polymers, cements, and micropo-
rous media), and polymer science (e.g. constrained systems, 
emulsion, and polymerisation). USANS is the new capabil-
ity most requested in Australia’s new OPAL facility [3.9].

An ultra SANS instrument would be placed on a dedicated 
thermal beam port and would use a combination of a py-
rolytic graphite pre-monochromator—to select 2.4 Å neu-
trons—and multiple reflections from large silicon (220) per-
fect single crystals, before and after the sample, to achieve 
the exquisite precision for measuring small angular devia-
tions from the initial beam direction.

Use in Energy Extraction
Recent USANS studies have looked at how methane and 
water penetrate pores in the Barnett Shale, an increasingly 
important source of natural gas in North America. Natural 
gas is held in tiny pores and can be best accessed by hori-
zontal drilling and hydraulic fracturing techniques. Under-
standing the nature of the pores will provide clues to making 
gas extraction more efficient [3.10]. The microstructure of 
rock plays a critical role in many geologic processes, includ-
ing the movement of water and natural gas, as well as in 
technological processes such as CO2 sequestration and gas 
shale recovery. USANS has recently characterized shallowly 
buried quartz arenites from the St. Peter Sandstone, and has 
discovered that nanoscale porosity is far more important 
than previously thought in fluid–rock interactions [3.11].
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Classical Monochromatic Beam
The basic stress scanner is a double-axis diffractometer with a 
sample table capable of accommodating large, heavy objects 
(i.e. up to metres in dimension and weighing two tonnes) 
and moving them around reproducibly to within ~10 μm in 
all three dimensions. Diffracted neutrons are detected with 
a position-sensitive 3He counter, which should subtend at 
least 3° in the scattering plane with high intrinsic resolution 
(~0.2° 2θ) and a range of ± 20° out of the scattering plane 
with modest resolution (~2°) to facilitate corrections of an-
gular positions from the intersection of the Debye-Scherrer 
cone with a cylindrical detection plane. Computer-control-
lable beam-defining masks close to specimen location will 
define the sampling volume to a minimum spatial resolution 
of the order 0.2 mm wide and 1 mm high. The beam will 
be provided by an optimized monochromator assembly that 
delivers flexibility of wavelength range and resolution.

White Beam Stress Scanner
Monochromatic beam or constant-wavelength (CW) in-
struments (typically located at steady-state sources) and 
scanning-wavelength time-of-flight (SW TOF) instru-
ments (commonly found at pulsed sources) each have their 
own unique advantages and disadvantages when it comes 
to strain measurements. In the case of in situ deformation, 
in which the purpose is to track the behaviour of several 
crystallographic directions, SW TOF instruments have the 
advantage of surveying many {hkl} peaks with each pulse. 
Because of their design, SW TOF instruments have a de-
fined instrumental gauge volume (IGV) that imposes a limit 
on sample size—or, at least, a trade-off between sample size 
and spatial resolution. Typically, a small number of radial 
collimators are used to define the dimensions of the IGV.

CW instruments, on the other hand, have the advantage 
that the IGV can be tailored continuously over a wide 

The abilit y of neut rons to penet rate materials enables researchers to probe 

the interior of large specimens (such as this magnesium casting, which is 

50 cm in diameter and a meter long) and to acquire 3-dimensional maps of 

internal residual st ress, non-dest ructively. 

 

3.4  St ress Scanners
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3.5  Oriented-specimen Diff ractometers

range. The lower limit on the IGV dimension is imposed 
primarily by parallax to 0.2‒0.3 mm in the scattering plane. 
Position sensitive detectors (PSDs) are used to reduce data 
acquisition times by collecting an entire Bragg peak with a 
single setting of the detector arm. The main disadvantage 
of a CW instrument is that, for a given specimen direction, 
only one {hkl} can be measured at a time. This is often suf-
ficient for Type I (i.e. macroscopic) strain scanning, but hav-
ing additional {hkl} can be beneficial in that Type II (i.e. 
intergranular) stresses can be evaluated simultaneously. CW 
instruments using a monochromating crystal have incident 
beams with focused and defocused sides permitting only one 
strain direction to be measured at any given time.

It is desirable for scattering to occur at 90°, so the IGV 
is a cube or a rectangular parallelepiped. In this way, the 
sampled volume is independent of specimen direction. For 
SW instruments, this requirement is easily satisfied; for CW 
instruments, however, this requires selecting a wavelength 
that places the scattering from the specimen at or near 90°. 
CW instruments are often designed so that other scattering 
angles can be used when there is an advantage to do so, while 
SW instruments tend to be fixed in angles.

Presently, SW TOF instruments are being favoured for fun-
damental research in materials science because there remains 
a great deal of interest surrounding in situ deformation 
studies, as well as the need to track several {hkl} to explore 
the interactions of crystallite orientations in a polycrystal-
line aggregate. A white beam instrument on a steady-state 
source provides an opportunity to realize the benefits of-
fered by both CW and SW TOF instruments by performing 
wavelength discrimination after scattering from the sample, 
thereby extracting diffraction data from several {hkl} simul-
taneously.

CW stress scanners are sometimes configured for the mea-
surement of crystallographic texture by adding two more 
sample orientation angles and possibly a device to automate 

changes of sample. A white beam instrument configured in 
the same manner would enable simultaneous measurement 
of so-called pole figures, dramatically reducing the time re-
quired to obtain texture data.

White beam stress scanner designs are being pursued by 
NIST and the ILL.

Cold Laue Microbeam
Analysis of crystal structures in small specimens can be 
achieved rapidly via a ‘Laue’–type instrument, where the in-
cident neutron beam contains a broad range of wavelengths 
and a two-dimensional detector collects diffracted reflec-
tions spread over a large solid angle. The instrument should 
be located in a guide hall, where a velocity selector will de-
fine the range of neutron wavelengths that are incident on 
the specimen. Accurate specimen orientation is computer 
controlled. Beam-defining elements will be designed to 
maximize the flexibility of applications of the instrument. 
A state-of-the-art, high-resolution two-dimensional detector 
(e.g. an image plate) will surround the specimen (cylindri-
cal geometry) to maximize the data acquisition rate. The 
commercial availability of, and constant advances in, such 
detectors are key defining elements for these instruments. 
The instrument will serve the scientific communities in bi-
ology, pharmaceuticals, coarse-grained materials, and soft 
materials, as well as studies of organometallic compounds 
with large cells. A similar instrument on a cold guide, called 
IMAGINE, is currently being planned for the HFIR reactor 
at Oak Ridge National Laboratory in the U.S., and the ex-
perience from its construction will greatly benefit the design 
of a cold neutron Laue system at Chalk River Laboratories.

Thermal Laue Diffractometer
The Canadian user community will benefit from a white 
beam Laue diffractometer on a thermal guide, similar in 
concept to VIVALDI at the ILL [3.12]. However, to exceed 
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also be provided for transmission measurements as part of 
the alignment of the sample in the fine beams. The sample 
table will be of sufficient dimensions and load capability to 
accommodate standard closed-cycle refrigerators and fur-
naces. Additionally, an encoded XYZ translation system 
with two arcs will be required to hold diamond anvil and 
other pressure cells.

Developmental Station / Texture / Single Crystal 
Diffractometer
A diffractometer with a tuneable monochromatic beam can 
be applied to assess the quality of a so-claimed single-crystal 
specimen and to align it in preparation for installation in a 
furnace or cryostat. It can also evaluate the mosaic spread 
and quality of crystal monochromators at various stages of 
development, or function as a testing facility to align ele-
ments of multi-crystal monochromators or analyzers. This 
instrument can support single-crystal neutron diffraction 
experiments and quantitative texture analysis for users from 
the chemistry, physics, and materials engineering disciplines.

The instrument will include two switchable monochroma-
tors: (1) a perfect crystal; and (2) one with a mosaic spread 
in the range of 0.5‒1.0°. At the specimen location, there will 
be θ and 2θ drives, an Eulerian cradle, and an XYZ transla-
tor system, all under computer control. Collimation will be 
flexible to include various beam reductions and masks. A 
control program will automatically search orientation space 
to find diffraction peaks and to optimize crystal alignment. 
Special tools will facilitate automatic transfer of the speci-
men to a standard cryostat mount while retaining the cor-
rect orientation. A scintillator/TV system will allow users to 
see crystal reflections during manual setup.

At modern neutron facilities, there are at least two powder 
diffractometers: one configured for high-resolution and 
good data collection efficiency, and another configured for 

VIVALDI’s capabilities, a new instrument could incorpo-
rate the ability to focus the white beam using Kirkpatrick 
Baez (K-B) mirrors. Researchers from the Canadian Neu-
tron Beam Centre and Oak Ridge National Laboratory have 
shown that K-B mirrors, although relatively new to neutron 
beams, can be used effectively for neutron scattering experi-
ments [3.13]. Improvements in the design of these mirrors 
(e.g. improved focal length) are expected as the SNAP proj-
ect at the SNS develops instruments for the new spallation 
source. Such mirrors will allow the neutron beam to be fo-
cused down to dimensions of a few tens of microns. As has 
been discussed in other parts of this document, the ability 
to focus on small, ‘x-ray’–sized crystals will enable neutron 
crystallography to be applied more widely (e.g. to determine 
the location of hydrogen and water molecules in bio-macro-
molecular materials with unit cells of up to 10 000 Å3). The 
recently constructed KOALA instrument at the Australian 
Nuclear Science and Technology Organisation (ANSTO) 
is the most modern analogue to this kind of instrument. 
Either a dedicated beam port or an end guide position is 
required to have the maximum possible wavelength spread 
incident on the sample [3.14–3.16].

The higher time-averaged flux of a new Canadian Neutron 
Centre, as compared to the SNS, should make the thermal 
Laue diffractometer highly competitive internationally. K-B 
double focusing will deliver neutron fluxes that are higher 
than those now possible at VIVALDI. Provision of a remov-
able upstream supermirror will be used to provide filtration 
of the incident spectrum, and can also be used to switch 
the incident spectrum on the sample. With the mirrors re-
moved, crystals with larger cross-sections can be examined, 
allowing for the rapid alignment of crystals for triple-axis 
work; presently, it takes many hours to align crystals with 
Eulerian cradles on monochromatic beam lines.

An optimized beam line would require a cylindrical area de-
tector system, most likely an image plate system, with pixel 
resolution of 200 × 200 μm2 or better. A 3He detector will 

3.6  Powder Diff ractometers
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high efficiency with reasonable angular resolution. Users 
of the former focus on structure determination and refine-
ment from conventional size samples, while the latter dif-
fractometer would be employed in time-resolved studies, 
research involving small samples, studies of magnetic struc-
ture (especially involving very small magnetic moments or 
small samples of isotopically substituted materials), and the 
monitoring of phase transitions on a fine temperature grid. 
The Canadian community would benefit from having both 
of the abovementioned diffractometers. The performance 
parameters of these instruments should approach those set 
by DRACULA (high-efficiency) and the Super D2B (high-
resolution) instruments located at the ILL in France or, simi-
larly, the Wombat and Echidna instruments at ANSTO in 
Australia.

High-efficiency Diffractometer (HED)
The data collection rate of the high-efficiency diffractometer 
(HED) should exceed current benchmarks set by the GEM 
at ISIS in the U.K. and the POWGEN at the SNS in the 
U.S. This can be done by increasing the detector solid angle 
to at least 1 steradian, utilizing two-dimensional detectors, 
and implementing focusing monochromators to increase the 
flux on the sample. Relative to CNBC’s C2 diffractometer, 
performance enhancement could exceed two orders of mag-
nitude.

One of the principal applications of the HED will be the 
detection of weak magnetic reflections and the mapping of 
magnetic phase transitions as a function of temperature and 
pressure. Compared to spallation source instruments (e.g. 
GEM and POWGEN), this type of experiment is better 
suited to instruments at reactors, as they are better able to ac-
cess low-Q data. The investigation of small sample volumes 
(e.g. of the order of 10 mg, common for pressure studies or 
isotopically substituted samples) will also be a major activity 
at such a diffractometer. It is anticipated that the ability to 
handle such small sample volumes will make applications to 
high pressure attractive. At the ILL’s D20 facility, excellent 

data are being collected on the order of minutes on sample 
volumes of the order of 100 mm3. The combined efficiency 
of a new HED and the CNC should be at least five times 
that of D20 and should approach the level of the planned 
DRACULA instrument at the ILL. Experience from the de-
sign of the recently constructed Wombat diffractometer at 
ANSTO will be very useful [3.17, 3.18].

High-resolution Diffractometer (HRD)
The high-resolution diffractometer (HRD) will use a large 
take-off angle (e.g. 135°) and good collimation to attain a 
maximum resolution, Δd/d ~5 × 10-4, and an effective scat-
tering angle range of between 3‒160°. As with HED, detec-
tors with a large solid angle will be utilized, giving either real 
or quasi-two-dimensional information. This instrument will 
be used for the solution and refinement of crystal structures. 
Although the latter function is a mainstay of neutron pow-
der diffractometers, it is anticipated that the former activity 
will increase greatly in parallel with developments in struc-
ture solution software. The recently constructed Echidna in-
strument at ANSTO will be a good guide for the design and 
construction of such an instrument [3.19].

Shielded Diffractometer
Many experiments, particularly those of industrial interest, 
are challenging with regard to hazard management. For ex-
ample, highly radioactive or toxic specimens and pressurized 
components all present an increased risk. In situ measure-
ments involving toxic solvents, toxic-reaction by-products, 
or an operating engine will also lead to increased risk. Risks 
to personnel can be minimized by shielding a diffractometer 
in a reinforced isolated structure built outside the reactor 
containment, with regulation-compliant ventilation, fire 
protection, radiation shielding, and soundproofing. The 
protection of the shielding facility will permit neutron dif-
fraction to be applied to a wide range of materials systems, 
serving the disciplines of chemistry and materials science, as 
well as industry. Example projects include:
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	 Evaluation of radiation damage on crystal 
	 structures in nuclear alloys (e.g. aluminum, stain
	 less steel, zirconium) and fundamental knowledge  
	 for fitness-for-service guidelines for continued  
	 safe operation of power plants;

	 Phase transitions and solid-state reactions in  
	 nuclear fuels that are candidates for next- 
	 generation research and power applications; 

	 Non-invasive thermometry in operating gas 
	 turbine engines in order to validate engineering  
	 models and place safety margins on a firm  
	 foundation; and

	 The structure factor of supercritical water at  
	 various conditions of pressure and temperature, as  
	 may play a role in the Generation IV nuclear  
	 power technology of the coming decades.

	 Although the neutron diffractometer itself would  
	 be fairly standard, the ability to handle specimens  
	 in extreme conditions would constitute a unique  
	 experimental facility at the Canadian Neutron  
	 Centre, to which neutrons would be delivered by  
	 a thermal neutron guide.

Hot Source Diffractometer
While HED and HRD are priorities for the CNC, an in-
strument capable of accessing data that can be used to per-
form neutron pair distribution function (NPDF) analysis 
would be an important capability for the CNC. Such an in-
strument requires a hot source to attain neutron wavelengths 
near 0.30‒0.35 Å. Such wavelengths and a maximum scat-
tering angle (2θ) of 160° (maximum Q > 30 Å‑1) could be 
realized, making such an instrument competitive with those 
found at spallation sources. A good starting point would be 
the D4 diffractometer at the ILL, which supplies 0.35 Å 

neutrons. At such short wavelengths, large solid angle detec-
tors will compensate for the lower source intensities. Such 
an instrument would be welcomed by the growing commu-
nity of materials scientists interested in the study of local 
order (e.g. local site ordering and Jahn-Teller distortions).

This proposed instrument takes on a higher priority at this 
time in view of the recent U.S. Department of Energy deci-
sion to curtail the user program at the Lujan Center, which 
greatly restricts access to their NPDF instrument—arguably, 
the best of its type in not only North America, but interna-
tionally as well.

Cold Neutron Diffractometer
Usually, the low-Q region of traditional diffraction patterns 
is sparsely populated with Bragg peaks. However, many im-
portant materials form three-dimensionally ordered struc-
tures with lattice parameters much larger than those found 
in atomic crystals. The diffraction patterns from such mate-
rials may contain numerous peaks in the low angle region, 
and the overlapping peaks at higher angles may defy straight-
forward analysis of the crystal structure. Dense populations 
of low-Q diffraction peaks may also occur if the material is 
a composite with many constituents, or if the symmetry of 
the crystal unit cell is low. A cold neutron powder diffrac-
tometer enables the resolution of low-Q diffraction data and 
facilitates the structural analysis of materials that may arise 
in condensed matter physics, chemistry, advanced materials, 
geology, and biophysics. Examples of systems with large unit 
cells include inorganic molecular crystals, biomaterials that 
organize into cubic structures, complex magnetic structures, 
and ordered alloys. Since complex magnetic structures may 
be a prime application for such a machine, it will be impor-
tant to design the instrument to be able to handle both very 
low temperature stages (e.g. 3He 4He dilution equipment), 
and to fabricate the instrument so that magnet cryostats can 
be operated if desired. Instruments in this class include the 
DMC at the Swiss Spallation Neutron Source (SINQ).
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The low-Q powder diffractometer will have a variable mono-
chromator take-off angle in the 2θm range of 40‒130°. A se-
lection of monochromator crystals will be used to maximize 
the flexibility of wavelength, resolution, and intensity deliv-
ered to the specimen. For high-intensity measurements, a 
pyrolytic graphite (0002) vertically focused monochromator 
with take-off angles of 40.8° and 77.5° will deliver neutrons 
that can be filtered by graphite or beryllium, respectively. 
For high resolution, a germanium monochromator can be 
used at a take-off angle of 128°, with switchable diffraction 
planes (111), (311), (400), and (511) delivering wavelengths 
of 5.88 Å, 3.07 Å, 2.55 Å, and 1.96 Å, respectively.

Compared to other experimental techniques such as nuclear 
magnetic resonance (NMR), muon spin rotation, and syn-
chrotron x-ray scattering, inelastic neutron scattering pro-
vides the most complete information on how the space and 
time correlations (i.e. momentum and energy) of atoms and 
molecules are linked to the properties of materials. In ad-
dition, since neutrons couple with comparable strength to 
both magnetic and structural degrees of freedom (and these 
two can be fully separated using polarized neutrons), mag-
netic inelastic scattering is a niche area for neutrons—an 
area where it is unlikely that synchrotron x-rays will compete 
effectively in the foreseeable future.

In an inelastic neutron scattering experiment, the energy 
of the neutron is determined before and after scattering 
from the sample. Hence, these experiments usually require 
monochromated neutrons incident on the sample, as well 
as an analysis of the neutron energy after scattering by the 
sample. This is achieved by several methods, such as Bragg 
scattering from single crystals (triple-axis spectroscopy and 
backscattering instruments) and time-of-flight scattering 
(disc-chopper spectroscopy instruments). In addition, the 
quantum mechanical property of neutron spin is exploited 
in spin-echo techniques, where no monochromatization is 
required. A wide range of energy and momentum transfers 

The abilit y of neut rons to penet rate materials enables them to sample the 

bulk volume of a specimen, nearly independently of specimen orientation. 

This bulk sampling generates superior analyses of cr ystallographic tex ture, 

enables the study of minorit y phases embedded in a mat rix and minimizes 

cont ributions to the measurements f rom ar tifacts of sur face preparation or 

contamination. 

3.7  Neut ron Spect rometers
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(and their respective resolutions) is provided by these tech-
niques, which are essential in studying different systems (e.g. 
from condensed matter to biological systems). In the fol-
lowing sub-sections, we describe the instruments that were 
discussed and prioritized at CINS’s 2006 and 2007 AGMs. 
This selection was reaffirmed at CINS’s 2014 AGM. 

Triple-axis Spectrometers
A triple-axis spectrometer (TAS) can be used to probe the 
scattering function at nearly any coordinates in energy and 
momentum space accessible by the spectrometer in a precise 
and controlled manner. Triple-axis spectroscopy has proved 
to be the most effective and diverse tool among inelastic in-
struments. It was Canadian physicist Bertram Brockhouse 
who first developed [3.20] the TAS concept at the NRX and 
NRU reactors located at Chalk River Laboratories (home of 
the CNBC) about 50 years ago. The first results from the 
prototype triple-axis spectrometer were published in Janu-
ary 1955, and the first dedicated triple-axis spectrometer 
was built in 1956. Brockhouse shared the 1994 Nobel Prize 
in Physics for this development, which allowed elementary 
excitations, such as phonons and magnons, to be observed. 

Since its original development, this technique has been used 
in studying excitations in many different areas, such as: 
condensed matter physics (e.g. magnetism, superconductiv-
ity, and other quantum materials); in systems where lattice 
effects and critical phenomena are important; in chemical 
physics; and, more recently, in the field of biophysics.

The triple-axis spectrometer is the workhorse for inelastic 
scattering studies [3.21] at steady-state neutron sources. 
Consequently, one of the most important instruments at 
the CNC will be a triple-axis spectrometer. The basic instru-
ment consists of three independently controlled axes of rota-
tion for the sample, monochromator, and analyzer crystals. 
Over the past couple of decades, there have been profound 
changes in the design of TAS instruments, all resulting in 
making this technique more effective [2.71, 3.22–3.30]. The 
use of large double focusing monochromators and analyzers 
has resulted in enhanced luminosity and has made it possible 
to study very small single crystals (i.e. as small as 10 mm3) 
while the rate of data collection has also been increased by 
1‒2 orders of magnitude. In addition, new conceptual de-
signs such as spectrometer multiplexing [3.31–3.36] and 

Neut ron dif f raction can reveal what is happening to the cr ystal st ructures 

(lattice distor tion, tex ture evolution plastic damage, etc) of materials as 

they are subjected to loads and deformations. The loading inst rument is in-

stalled directly onto the neut ron dif f ractometer and its cont rol is integrated 

into the main data acquisition system.  
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novel geometries [3.37, 3.38] have now materialized. Pur-
suit of the optimized design for TAS spectrometers has made 
them a very effective, complementary technique for use with 
time-of-flight instruments for single crystal spectroscopy at 
pulsed neutron sources.

In studying excitations, it is often crucial to be able to sepa-
rate the magnetic and non-magnetic contributions in a clear 
and indisputable manner. This is possible if one uses polar-
ized neutrons when performing inelastic experiments. The 
application of focusing and modern polarization techniques 
(e.g. 3He neutron spin filters) [3.39] and focusing heusler 
monochromator and analyzers [3.40] has significantly en-
hanced the sensitivity of polarized neutron experiments 
[3.41, 3.42]. In addition, there are new developments in 
the field of polarized neutrons such as zero-field full vector 
polarization analysis (Cryopad) [3.43, 3.44], which enables 
three-dimensional polarization analysis experiments. Such 
techniques are invaluable in solving the uniqueness problem 
associated with complicated magnetic structures (e.g. spiral 
vs. stripe order) and other complicated structures. It can also 
be used for inelastic scattering and the precise determination 
of the eigenvectors of magnetic excitations. Hence, polariza-
tion analysis is an essential feature for any triple-axis spec-
trometer that is built at the CNC.

Triple-axis instruments can be located on beam lines that 
are served by any of the neutron sources: thermal, cold, or 
hot. A few remarks are made about each instrument in the 
sub-sections below.

Thermal Source: A modern and optimized triple-axis 
spectrometer, located at a thermal neutron beam tube at the 
reactor shielding face with accessibility to a large solid an-
gle, can be operated either in a high-flux mode (i.e. double 
focusing monochromator and analyzer) or in a traditional 
mode of operation with Soller collimators providing high 
resolution. This will be the workhorse TAS and will have 
the capability of energy transfers up to 100 meV with a best 

resolution of 0.2 meV. The use of double focusing, a mul-
tiwire detector or an area detector in combination with an 
array of independently controllable analyzer crystals or both, 
integrated shielding, and a polarized beam option should be 
included in its design. It is highly desirable to include a tu-
neable beam filter for higher harmonics provided by a veloc-
ity selector in front of the monochromator, in order to cir-
cumvent the limitation imposed by graphite filter positions.

Cold Source: One of the unique opportunities present-
ed by the CNC is the existence of a beam port that views 
the cold source directly and exits on the reactor face. This 
permits the extraction of a beam with a fairly wide angu-
lar divergence, while it does not impose the energy cut-off 
associated with the wavelength dependence of the critical 
angle of a cold neutron guide. A triple-axis instrument lo-
cated on this beam would be the world leader for the inves-
tigation of heavy fermion and high-temperature supercon-
ductors, amorphous materials, and any other system with 
overdamped excitations. This optimized TAS instrument 
will provide an energy resolution of 0.08 meV and energy 
transfers of up to 15 meV. Its design should include double 
focusing, a polarized beam option, and a multiwire detector 
to extract the maximum flux possible from the cold source 
and offer the highest monochromatic flux of neutrons at the 
sample position for energies of less than 25 meV available in 
the world. The detector section of the instrument will yield 
significant gains over the conventional triple-axis design 
through the use of a flexible analyzer array of independently 
controllable crystals and an area detector. Again, the use of a 
tuneable beam filter provided by a velocity selector in front 
of the monochromator is highly desirable.

Hot Source: Measurements at high energy transfer and 
small momentum transfer—as required, for example, in the 
study of magnetic excitations—are made possible by the 
very high incident energies that would be available from a 
hot neutron source if a TAS was placed [3.45] to view such 
a source in the CNC reactor.
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The t riple-axis spect rometer (TAS) is an essential workhorse for the  

detailed investigation of excitations in condensed matter. TAS inst ruments 

can be located on beam tubes receiving neut rons f rom cold, thermal or hot 

sources, to optimize the range and resolution of energy t ransfers that need 

to be measured. 

Disc-chopper Spectrometer
The disc-chopper (time-of-flight) spectrometer (DCS) [3.46, 
3.47] is a particularly versatile instrument whose energy 
resolution can be adjusted to match the needs of an experi-
ment without suffering a reduction in the accessible range of 
momentum transfer. DCS instruments were originally used 

for studying quasi-elastic scattering in molecular and related 
systems (e.g. diffusion in liquids and suspensions, kinetics 
of hydration reactions, and slow motions of large biological 
and macromolecular structures). However, the application 
of existing instruments (e.g. the NIST’s DCS) at reactor-
based sources has proven to be immensely successful in other 
fields, such as in exploring magnetic excitations. Condensed 
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matter problems (e.g. spin waves in frustrated Kagomé lat-
tice antiferromagnets; ferromagnetism in bilayer copper ox-
ides; spin glasses and spin frustration; Haldane spin chains; 
and even heavy fermion superconductivity) have also been 
tackled using this instrument [2.27, 2.39]. Locating a disc-
chopper spectrometer in the guide hall of CNC will provide 
world-class high-resolution neutron spectroscopy support to 
the diverse Canadian scientific community.

In the TOF technique, a polychromatic neutron beam is 
used, and the time (and, hence, velocity) for the neutrons 
to travel from the source of the beam to the detector is mea-
sured. In an inelastic process where the neutron gains or 
loses its energy after interacting with the sample, a velocity 
change occurs, which in turn results in a different arrival 
time at the detector. For DCS instruments, a combination 
of four choppers is used (i.e. two synchronized choppers 
to define the incident beam energy; a third chopper to 
eliminate unwanted neutrons with velocities that are inte-
gral multiples of the desired neutron velocity; and a fourth 
chopper spinning at a lower speed to prevent frame overlap 
from different pulses). Such an instrument in the cold guide 
hall should be designed to provide high-energy resolution of 
about 3 electron volts (eV) and an incident energy of 0.3‒25 
meV. The sample will be situated in an argon-filled cham-
ber that can accommodate a wide range of sample environ-
ments. Data acquisition is optimized by including a large 
number of detectors (i.e. about 1000 high-efficiency 3He 
proportional counters) covering a large angular range be-
tween  10 to 130°, and detecting the scattered neutrons after 
travelling over a distance of about 4 m. The detector angular 
range could be improved to provide better solid angle cover-
age and to employ a truly pixelated detector (i.e. metre-long 
3He tubes). This detector coverage would make DCS an ex-
pensive instrument. However, such an instrument does serve 
a relatively large community—one that is larger than the 
community that requires access to triple-axis spectroscopy.
It is expected that the new instruments in pulsed sources will 
improve on current TOF chopper capabilities by a factor of 

about 50 to 100. However, these instruments will be heav-
ily oversubscribed; hence, a facility at which exploratory as 
well as detailed parametric studies (including temperature 
and field dependence, which are usually slow) can be done 
would be of general value.

Backscattering
The neutron backscattering technique, developed about 40 
years ago, provides much higher energy resolution (~1 eV) 
than a cold TAS. With its superb energy resolution, back-
scattering is definitely helpful in the physics of condensed 
matter (i.e. the study of quasi-elastic phenomena), as well 
as its well-known applications in molecular tunnelling and 
rotational motion in biophysical systems.

A backscattering instrument [3.48–3.50] uses perfect sin-
gle crystals (e.g. perfect Si or Ge with very narrow mosaic 
spreads) for the monochromator and analyzer, each at a fixed 
Bragg angle of ~90°. In the backscattering method, incident 
neutrons with different energies are produced by a Doppler 
drive attached to the monochromator. Since perfect single 
crystals are used as monochromators, one is able to change 
the neutron energy by changing the temperature of the crys-
tals to vary the lattice spacing of the monochromator, keep-
ing the scattering angle fixed. Backscattering can provide 0.8 
micro-electron volts (μeV) energy resolution and transfers 
of up to 40 μeV neutron energy gain or loss. The elastic 
momentum transfer can range from a Q of 0.06 to 4.0 Å-1. 
An array of Si analyzers and detectors gives a relatively broad 
momentum resolution of 0.02‒0.2 Å-1.

The backscattering instrument should be built in the cold 
guide hall and preferably located at the end of the guide. The 
long wavelength (3‒10 Å) cold neu trons will maximize the 
range of time scales that can be probed with the instrument. 
Flight paths before and after the specimen need to be evacu-
ated. Sample environments include temperature, pressure, 
magnetic fields, pH, and humidity. In addition, there should 
be a crystal orientation stage for single crystal studies.
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The backscattering design provides much better energy 
resolution (i.e. by more than a factor of ten) than can be 
achieved with the disc-chopper design, and the intensity is 
higher as well. However, the instrument is not as flexible in 
Q range and energy transfer as the disc-chopper time-of-
flight machine.

Spin-echo
A hundred-fold increase in energy resolution is possible 
with the spin-precession (i.e. neutron spin-echo, or NSE) 
technique [3.50, 3.51], which exploits the fact that neutrons 
have a magnetic moment. Very high-energy resolution is 
achieved without the associated intensity losses from a back-
scattering geometry with nearly perfect crystals. Opposite-
spin precession before and after the sample gives a polar-
ization ‘echo’ whose breadth indicates the rate of relaxation 
processes on a much slower time scale than is possible with 
conventional neutron spectrometers. The difference between 
the number of precessions before and after the sample is pro-
portional to the change in the velocity of the neutron after 
interacting with the sample. The resolution of the neutron 
energy transfer is independent of the beam monochromati-
zation, since the precession of each neutron is measured. In 
the spin-echo technique, the time-dependent Fourier trans-
form of the usual momentum energy–dependent scattering 
function is measured.

The spin-echo spectrometer can investigate time scales on 
the order of tens of nanoseconds; converting from the time 
domain, the NSE is able to achieve nano-electron volt (neV) 
resolution. Applications include magnetic phase transitions 
in disordered systems, the influence of dipolar interactions 
on magnetic phase transitions, dynamics of the glass transi-
tion, the lifetime of elementary excitations, transport phe-
nomena in porous materials, and quantum diffusion. NSE 
can be applied to problems in magnetism where the mag-
netic dynamics are slow, as occurs in spin glasses and other 

Neut ron radiography reveals the detailed  

internal st ructure of a rose, non-dest ructively. 

82

Cour tesy of NRay Ser vices, Inc.



83

P
L

A
N

 to 2050
P

L
A

N

After precise alignment has occur red, 

computer cont rol of neut ron beam 

inst ruments enables 24/7 operation, 

automatic specimen selection, and 

remote cont rol of spect rometer param-

eters, so that researchers can par tici-

pate in collaborative experiments f rom 

distant locations. 



disordered magnets. The technique is complementary to op-
tical correlation spectroscopy, since it allows a large range of 
momentum transfer to be probed.

Because NSE relies on precise knowledge of the neutron 
spin, this technique is very sensitive to magnetic field pollu-
tion. Experience at several neutron facilities has underscored 
the importance of placing this type of instrument at the end 
of a guide, at a location far from other instruments or elec-
trical motors, which generate stray magnetic fields and com-
promise measurements by the spectrometer.

Resonant Spin-echo
There have been recent developments in combining spin-
echo and TAS [3.50, 3.52–3.55] techniques. Such an instru-
ment, known as a resonance spin-echo spectrometer, uses 
the characteristics of each type of instrument to achieve very 
high-energy resolution at relatively high-energy transfer—
something not possible with either a conventional spin-echo 
or a conventional TAS alone. The implementation of this 
technique results in an increase in the energy resolution of 
a TAS instrument by at least one magnitude. Consequently, 
performing inelastic experiments at high-energy transfers 
with a high resolution is possible using this technique. In-
teresting results on lifetimes of excitations, as well as on how 
these change as materials undergo phase transitions (e.g. the 
lifetimes of phonons on entering superconducting states), 
have been obtained. Other applications include magnetic 
excitations, broadening of spin waves, study of the lineshape 
of the gap modes in singlet ground states, and high-resolu-
tion Larmor diffraction to measure changes in lattice con-
stants with outstanding accuracy.

A classical neutron radiography instrument is fairly simple: a 
collimated, large-area beam with a full spectrum of energies 
passes through a specimen and is more or less attenuated 
before exposing a neutron-sensitive film or pixelated detec-
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tor. Images would be assessed visually to identify features of 
concern. Such an instrument could be installed on either 
a thermal or cold neutron beam line and is likely to be of 
interest to a private enterprise that provides neutron radiog-
raphy services to industry.

3.8  Real-space Imagers

A classical neutron radiography instrument is fairly simple: a 
collimated, large-area beam with a full spectrum of energies 
passes through a specimen and is more or less attenuated 
before exposing a neutron-sensitive film or pixelated detec-
tor. Images would be assessed visually to identify features of 
concern. Such an instrument could be installed on either 
a thermal or cold neutron beam line and is likely to be of 
interest to a private enterprise that provides neutron radiog-
raphy services to industry.

Applications of neutron imaging—encompassing radiogra-
phy, computed tomography, and real-time and spectroscop-
ic imaging—have been increasing in scope over recent years, 
finding use in cultural studies, archeology, plant biology, 
biomedicine, nuclear forensics, and materials science and 
engineering. To go beyond the functional level, to enable 
quantitative measurements of intensity (as opposed to sim-
ple spatial variations of contrast) requires more sophisticated 
detection and analysis. Intensities must be collected by a de-
tector that generates numerical values for further analysis—
i.e. total neutron counts per pixel, with a spatial resolution 
better than 0.05 mm. The data acquisition system must be 
able to process large data sets from digitized images, provid-
ing immediate imaging as well as statistical analysis tools in 
an intuitive interface suitable for both expert and non-expert 
users. There should be a capacity for stroboscopic imaging, 
through which data collection can be gated by some cyclic 
positioning of a test component. Specimen handling equip-
ment should be flexible enough to handle a variety of loads 

and sample shapes. For the greatest penetration and lowest 
background, this quantitative radiograph should be located 
to receive a spatially homogeneous, large-area cold neutron 
beam. Such an instrument can also be configured to gener-
ate tomographic images by rotating the specimen around 
a vertical axis and collecting quantitative radiographs at a 
selection of orientations. There should be a capability to im-
age using thermal neutrons and cold neutrons, and to obtain 
energy-dependent data.

3.9 Atomic-resolution Holography 

Traditionally, protein structures have been determined by 
the x-ray diffraction of crystallized samples, and more re-
cently—in the case of small- to medium-sized proteins in so-
lution—by nuclear magnetic resonance spectroscopy. In the 
case of protein crystallography, well-ordered crystals must 
be made available. Obtaining such crystals (i.e. long-range 
translational and orientational order) constitutes a major 
obstacle, as many proteins (especially those associated with 
membranes) are very difficult to crystallize. Thus, the struc-
tures of such proteins are not known to atomic resolution. 
However, recently developed atomic resolution holography 
techniques present the possibility of resolving the structure 
of proteins, which at present cannot be solved using tradi-
tional techniques (e.g. x-ray diffraction and solution NMR).

A high-resolution instrument suitable for neutron hologra-
phy will be constructed on a cold neutron beam line (large 
unit cells). It will employ a cylindrical neutron-sensitive 
image plate detector capable of high spatial resolution with 
good homogeneity and a large dynamic range, and that sub-
tends a very large angle at the specimen. The sample crystal 
will be mounted on a goniometer head on the cylinder axis. 
This diffractometer will not be unlike the LADI and VIV-
ALDI instruments presently at the ILL in France.
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3.10 Relating Science Requirements 
to Inst ruments 

A matrix can be defined to indicate how various neutron 
beam instruments and methods can provide support for re-
search in various scientific domains. An example is found 
in a report of the Beam Facilities Consultative Group that 
formulated the instrumentation plan in 1998 for the new 
OPAL reactor at ANSTO in Australia [3.56]. Their matrix 
is presented in Table 4. The first set of seven neutron scat-
tering instruments (part of the OPAL construction project) 
was completed in 2007 [3.57]. An additional seven instru-
ments were added during the period 2008–2013. This major 
expansion of the instrument suite was accompanied [3.57] 
by a significant investment in infrastructure required to 
support these instruments (e.g. sample environments, 3He 
polarizers/analyzers, and the National Deuteration Facility). 

The Canadian version of this matrix, shown in Table 5, re-
flects the similarities and differences of the neutron beam 
user communities in each country. Australia and Canada 
have similar populations, and both are resource-based econ-
omies, which constitute the background for the scope and 
focus of national S&T priorities. Both countries are con-
cerned about brain drain, and the OPAL reactor has been 
successful in attracting talented, highly qualified people 
back to Australia. 

On the other hand, the Canadian neutron beam laboratory 
is part of a North American network of five user facilities, 
one of which is expected to wind down in 2015 [3.58]. Each 
facility has strengths in certain scientific domains, based on 
the expertise of staff and the interests of the regional user 
community. Canadian researchers have relatively easy access 
to highly specialized instruments that may be located at only 
one of the five facilities; they also have access to teams of 
experts in scientific areas that are not necessarily the focus of 
efforts at Chalk River Laboratories. 

The Chalk River Laboratories facility has historic strengths 
in materials science, magnetism, and powder diffraction, 
and has chosen to focus growth in soft materials, thin films 
and nanostructural phenomena (in response to the interests 
of Canadian scientists, and anticipating the expanded ca-
pabilities of a new Canadian Neutron Centre). The reactor 
at Chalk River Laboratories is shared with users who carry 
out nuclear technology R&D and who generate isotopes 
for industry and medicine. The Canadian user community 
is already vigorous and well organized through the Cana-
dian Institute for Neutron Scattering (CINS), which has 
members spanning the spectrum from academia to indus-
try, and which is highly multidisciplinary, covering phys-
ics, chemistry, materials science, earth science, biophysics, 
and engineering. In Canada, low-flux neutron radiography 
is carried out by a private business, NRay Services Inc., at 
the McMaster Nuclear Reactor. Neither Canadian facility is 
exploring possible clinical applications of neutron beams at 
this time. However, a new Canadian Neutron Centre should 
be designed with the power and flexibility to enable world-
class, high-flux imaging and to explore clinical applications 
should the interest arise. In Canada, polarized neutrons are 
assumed to be available as a feature of many instruments, 
and should not be associated with a unique instrument.
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TABLE 4 - Rela t ionship of neu t ron beam techniques to science and technolog y domains 

– Aus t ralian v iew [3.56]. 
TABLE 4 - 

87

P
L

A
N

 to 2050
P

L
A

N



M
at

er
ia

ls
 S

ci
en

ce

En
gi

ne
er

in
g

Ea
rt

h 
sc

ie
nc

e

St
ru

ct
ur

al
 c

he
m

is
tr

y

Po
ly

m
er

 s
ci

en
ce

Bi
op

hy
si

cs

Th
in

 fi
lm

s 
an

d 
su

rfa
ce

s 

M
ag

ne
tis

m
 /

 q
ua

nt
um

 
m

at
er

ia
ls

Tr iple-a x is spect rometers

I(Q,w) sur vey ing spect rometers

High-resolu t ion spect rometers

Oriented-specimen dif f ractometers

Powder dif f ractometers

St ress scanners

Real-space imagers

Small-angle neu t ron sca t ter ing

Neu t ron ref lectometers

Atomic-resolu t ion holography

May encompass mul t iple ins t r ument s

Neutron
methodbeam

Scientific
domain
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TABLE 5 - A pplicabili t y of neu t ron beam met hods to science and technolog y domains 

– Canadian v iew. 
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The const ruction of the DUALSPEC inst ruments at Chalk River, jointly f unded by 

NSERC and AECL, coincided with the establishment of a more formal user-facilit y 

access system, overseen by CINS.  

DUALSPEC was commissioned in 1992

During installation, it was possible to see the upper and lower 

rotar y gates for the C2 and C5 beam lines, respectively.
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Section 4.1, below, was developed after discussions at the 
2006 and 2007 Annual General Meetings of the Canadian 
Institute for Neutron Scattering. Since then, a number of 
significant changes and developments have occurred that 
will have important implications on the kind of neutron 
source that Canada could be operating beyond the lifetime 
of the NRU reactor. These include:

	 The announcement by the Government of  
	 Canada to permanently shut down the NRU  
	 reactor in 2018 [1.1];

	 The announcement by the Government of  
	 Canada to stop the production of the medical  
	 isotope molybdenum-99 by means of the NRU  
	 reactor in 2016 [4.1];

	 The now complete restructuring of AECL  
	 into Canadian Nuclear Laboratories [4.2] and the  
	 uncertainty about whether the future mandate for  
	 the Chalk River Laboratories site will require a  
	 research reactor [4.3];

	 The proposal by the Province of Saskatchewan,  
	 made in 2009, to build a research reactor mainly  
	 for neutron scattering [4.4]; and

	 Instrument developments at the McMaster  
	 Nuclear Reactor (i.e. the MAD, commissioned in  
	 2010 [4.5], and a SANS instrument, with secured  
	 funding from CFI and partners, currently in the  
	 design stage).

The changing landscape makes it prudent to fully consider 
and evaluate all possible neutron sources for Canada at this 
critical time. In order to have a meaningful discussion re-
lated to the neutron source options at the CINS’s 2014 An-
nual General Meeting, the CINS Science Council asked Dr. 
Zin Tun of the Canadian Neutron Beam Centre to prepare 
a discussion paper where all options for a future neutron 
source were considered. The discussion paper [4.6] identi-
fied the following options:

	 A multipurpose research reactor;

	 A dedicated research reactor for neutron beams;

	 An upgrade of the McMaster research reactor; 	
	 and

	 A spallation neutron source.

At the end of the discussion session, it was unanimously 
agreed to establish a subcommittee to explore in detail the 
costs and benefits of the neutron sources that were identi-
fied in the discussion paper. The subcommittee, comprised 
of the Science Council and chaired by Dr. Zin Tun, reported 
back its findings to the CINS community in 2015 [4.7]. 

4. FACILITY REQUIREMENTS4. FACILITY REQUIREMENTS
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Canada’s cur rent neut ron source is the NRU reactor at Chalk River Labora-

tories. Operated by Canadian Nuclear Laboratories (CNL), the NRU reactor 

is a multipurpose facilit y; the neut rons that it generates are used by three 

ver y dif ferent science communities. Isotopes are produced for use in medi-

cine and indust r y: NRU is the largest global producer of isotopes. Neut ron 

beams f rom the reactor are used by CINS members in materials research 

across a host of scientif ic disciples. The conditions inside the core of NRU 

are used by CNL to test f uels and components for the CANDU reactor.



4.1  The Neut ron Source

The benchmark for a reactor-based neutron beam labora-
tory is the highly successful Institut Laue-Langevin (ILL) in 
Grenoble, France. The ILL claims the most intense neutron 
flux in the world for neutron beam research [4.8] at ~15 × 
1014 neutrons/cm2/s, about five times the unperturbed core 
flux in the NRU reactor. When beam tubes are inserted into 
the core, a depression of flux occurs near the tube. For ex-
ample, at the ILL, the perturbed flux at the nose of the beam 
tube (i.e. the primary source of neutrons entering the beam 
tube) is ~12 × 1014 neutrons/cm2/s. Maximizing the per-
turbed flux that enters the beam tube is a primary concern 
for neutron beam applications. 

Distance (r) from the source to the monochromator reduces 
intensity by 1/r2 unless guides can be exploited to retain flux 
and maintain an effective solid angle (i.e. divergence in the 
range of 0.5‒2.0°) as viewed from the downstream neutron 
beam instrument. Minimizing the distance from the nose of 
the beam tube to the neutron spectrometer would be desir-
able, because the optimum solid angle can be achieved with 
the smallest source cross-section and the lowest background 
emission, while retaining the highest possible flux ahead of 
the nose.

At the NRU reactor, the selection of wavelength and resolu-
tion reduces the flux of thermal neutrons delivered to the 
specimen to the order of 106‒107 neutrons/cm2/s, which 
ultimately limits the range of experiments that can be un-
dertaken for reasons of signal-to-background ratio.

As a source of thermal neutrons, the spectrum of neutron 
wavelengths from the NRU reactor gives the highest flux in 
the range of 1.2‒1.5 Å. The horizontal cold neutron source 
at the ILL (6 L of liquid deuterium at 25 K) enhances the 
flux of neutrons with wavelengths longer than 3 Å, to a level 
of 8 × 1014 neutrons/cm2/s, which is much higher than can 
be obtained from a thermal spectrum. For neutrons with a 

wavelength near 10 Å, the intensity gain from a cold neu-
tron source—i.e. a factor of 20 to 30—can truly revolution-
ize the range of scattering experiments on materials with 
characteristic structures in the nanometre range (e.g. bio-
logical membranes, polymer coatings for medical implants, 
mesoporous media, layered electronic and optical devices, 
and nanomagnetic multilayers).

Conversely, a hot source (e.g. graphite at 2300 K that is self-
heated by radiation in the reactor core, or an under-moder-
ated fission target) can enhance the flux of neutrons with a 
wavelength of less than 0.8 Å, which is good for applications 
in liquid and amorphous materials, as well as for spectros-
copy at high energy transfers. 

Neutron beam tubes within the reactor need to be designed 
with state-of-the-art calculations and with due consideration 
of the interplay with other tenants of the new, multipurpose 
neutron source that is envisioned. The main goals of beam 
tube design are to maximize the flux of neutrons delivered 
to neutron beam instruments, and also to minimize con-
tamination with fast neutrons or gamma rays from fission in 
nearby fuel elements.

A summary of design parameters includes:
 
	 Aligning beam tubes to avoid direct viewing of  
	 fuel elements;

	 Placing the noses of re-entrant beam tubes in  
	 regions of high flux in the moderator;

	 Adjusting the cross-sections of beam tubes to  
	 trade off the effect of displaced moderator  
	 (which depresses flux) with size of source  
	 (which can enhance flux);

	 Adjusting the aspect ratios of beam tube cross- 
	 sections to optimize the resolution versus flux of  
	 various neutron beam instruments;
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	 Lining beam tubes with reflecting material,  
	 effectively to expand the solid angle viewed by the  
	 downstream neutron beam elements and thus to  
	 further enhance the flux delivered to the  
	 specimen; and

	 Evacuating beam tubes or filling them with  
	 helium to minimize the loss of neutrons through  
	 scattering or absorption along the flight path.

Because the neutron spectrometers incorporate large compo-
nents of shielding and therefore require substantial dimen-
sions in height and width around the beam lines, the beam 
tubes must exit the reactor core at least 1 m above the level 
of the working floor, preferably in the range of 1.25‒2.50 
m above the main working floor. The possibility of bring-
ing out beam lines at two different heights above the main 
floor, or even of having beam tubes that exit the reactor at 
an incline, should be considered as a way to maximize the 
number of beam instruments close to the neutron source.

It is expected that additional beam lines will be developed 
over the lifetime of the neutron source, and that the configu-
ration of various elements inside the reactor will be adjusted 
to meet the evolving requirements of science and technol-
ogy. For example, in the coming decades, a single cold neu-
tron beam tube may need to be converted to a manifold that 
views the cold neutron source but feeds a number of neutron 
guides for multiple neutron beam instruments in order to 
meet the growing demand. Thus, the design of the reactor 
core and the surrounding structure must be sufficiently flex-
ible to enable occasional reconfiguration of beam layouts in 
the future (e.g. when a major refurbishment is undertaken). 
The large number of beam holes at different elevations in the 
NRU reactor is an example of a flexible design.

Operation of the neutron source needs to be consistent with 
the requirements of an international user facility, where pro-
fessional scientists and students will travel from anywhere 

in the world to participate in experiments lasting from a 
few days to a few weeks. The reactor schedule needs to be 
predictable and reliable to enable orderly planning of user 
arrival, training, access, completion of an experimental plan, 
and departure to clear the instrument for the following user. 
The neutron beams must deliver the maximum flux that is 
possible from the reactor, more than 75% of the year, to 
function as a competitive centre in an international network 
of neutron facilities.

Radiation levels at the face of the reactor wall need to 
be < 10 microsieverts (µSv) per hour of gamma rays and  
< 1 neutron/cm2/s with the reactor at full power. The shield-
ing that maintains these low external fields should be com-
posed of optimal materials to minimize the distance from 
the neutron source to the neutron beam instrument. The 
working floor environment near the reactor must be engi-
neered as a radiological zone in which visiting researchers 
with less than half a day of training can carry out neutron 
scattering experiments safely and unaccompanied, around 
the clock, with no expectation of contamination or exposure 
to significant radiation fields. It must be possible to shut off 
an individual beam line before radiation enters any compo-
nent of a neutron beam instrument, so that construction or 
maintenance can be carried out safely on any component 
while the neutron source continues to operate and other sci-
entific or industrial activities proceed as usual. Table 6 sum-
marizes the neutron beam user requirements for the neutron 
source at the CNC.

Once neutron beams have emerged from the reactor source, 
they will either enter neutron beam instruments that are lo-
cated immediately adjacent to the reactor (i.e. inside the re-
actor hall), or they will enter guides that transport them into 
a separate building (i.e. the guide hall), where many more 
neutron beam instruments will be located. Because neutron 
beam instruments include a lot of radiation shielding, only 
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4.2  Neutron Beam Halls



Requirement Quantitative Limits Notes
Flux at the nose of all 
thermal beam tubes

> 10 x 1014 n / cm2 / s Same flux in moderator surrounding cold / hot sources

Number of thermal beam 
tubes exiting reactor wall

> 10 Consider multiple elevations, instrument footprints

Thermal guide manifold 1 Serve up to 2 thermal guides

Cold neutron sources 1, possible to add 2nd 25 K, liquid hydrogen

Cold guide manifold 1 Serving up to 6 cold guides

Cold beam tube 1 For instrument at reactor wall, but can be converted to a 
second cold guide manifold

Hot neutron sources 1 Consider graphite block or undermoderated fission target

Hot beam tubes 2

Geometry of beam tubes 1.25 m < beam height above floor

< 2.50 m minimal distance from 
nose of beam tube to neutron 
spectrometer

No fuel in line of sight

Consider multiple heights above working level and slanted 
tubes to second working level

Consider reactor shield materials to minimize wall thick-
ness, tube length, and cross-section

Flight paths No nitrogen or argon along 
neutron flight paths/beam tubes/
guides

Fully evacuated or filled with low-scattering gas, such as 
helium or CO2

Duty cycle of reactor Capacity factor > 75% 
Maximum flux to beam tubes at 
all times

Reliable schedule, published months in advance

Engineered radiological 
zoning

< 10 mSv/h at reactor face 
< 1 neutron / cm2 / s

Suitable zoning and layout for safe, unaccompanied access 
by trained visitors 24 / 7.

Beam gates 1 per beam line, upstream of all 
neutron beam instrument com-
ponents.

Reliable, maintainable, adequate for safe work inside 
instrument shielding while reactor is operating

TABLE 6 - Summar y of neu t ron beam user requirement s fo r t he neu t ron source a t t he 
Canadian Neu t ron Cent re. 

TABLE 6 - 

94



a limited number of instruments can be physically placed 
around the circumference of the reactor source. In the guide 
hall, however, the guides can fan out somewhat to provide 
more space for neutron instruments per source position in 
the reactor core. Since neutron instruments each cost about 
1% of the cost of the reactor source, it is more cost-effective 
to find ways to place more neutron instruments around the 
source than to build additional reactors or spallation sourc-
es. At the ILL, there are currently 42 neutron beam instru-
ments around a single, compact reactor core. Most modern 
neutron beam facilities include one or two guide halls to 
capitalize on the ability to ‘fan out’ more instruments from 
a given neutron source.

The neutron beam instruments in the reactor hall, immedi-
ately adjacent to the neutron source, require substantial vol-
umes of shielding to contain the superfluous radiation that 
is not directly associated with the experiments. Therefore, 
neutron beam instruments are inherently large, heavy ob-

Reactor Hall
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jects with a footprint on the order of 20 m2 and a mass in the 
range of 10‒40 tonnes. Ancillary equipment, which is added 
to neutron spectrometers to impose conditions of interest on 
specimens, can also be heavy or large in volume. It is thus 
essential that the reactor hall be designed to have the follow-
ing: adequate load capacity; adequate floor area and head-
room to manoeuvre equipment; and cranes that can access 
any location on the floor for neutron beam experiments, or 
to service neutron beam instruments, with a capacity of up 
to 20 tonnes. There should be a minimum of 10 m of clear-
ance between the face of the reactor’s biological shield and 
the wall of the reactor hall working area. The ceiling should 
be at least 10 m from the working floor of the reactor hall.

The layout of the reactor hall should also provide ‘natural’ 
protection from the viewpoints of radiological safety and 
security for the nuclear facility, while minimizing impedi-
ments to neutron users entering the experimental area (and 
often bringing specimens and specialized ancillary equip-
ment with them). An entrance and exit area should en-
able several operations to be conducted efficiently, such as: 
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	 Confirming that personnel are authorized to  
	 enter the reactor hall;

 
	 Acquiring personal protective equipment;
	 Identifying incoming equipment and approving it  
	 to enter the reactor hall;

	 Assessing radioactivity prior to release of  
	 materials from the reactor hall;

	 Transferring experimental equipment into and  
	 out of the reactor hall;

	 Recording personnel dosimetry and assessing  
	 contamination; and

	 Providing decontamination facilities near at hand.
 
The reactor hall should be physically separated from other 
parts of the research reactor facility, such as:
 
	 Reactor operations, control, or maintenance;

	 Access to in-core experiments on nuclear  
	 materials and components; and

	 Isotope research or production facilities.
 
The separation should be such that a neutron beam user 
or student cannot, by accident or design, enter a zone for 
which he or she does not have appropriate training or se-
curity clearance. The separation should also be such so as to 
minimize the probability of contamination spreading from 
in-core activities to the reactor hall, where neutron users 
work on neutron beam instruments.
 

Most modern neutron centres have a guide hall in which the 
majority of neutron beam instruments use cold neutrons. 

Cold neutrons, with long wavelengths and low energies, can 
be transported effectively through Ni coated or supermir-
ror guides retaining good angular divergence (and total flux) 
over substantial distances from the cold neutron source in-
side the reactor. Guide halls are usually located as separate 
structures, outside of the reactor containment, with only the 
neutron guides penetrating from one zone to the other via 
gates that can be shut in the event of an emergency. Several 
of the leading neutron centres have more than one guide 
hall, with the second having been added partway through 
the lifecycle of the neutron source as a cost-effective way to 
add neutron instrument capacity without the high cost of 
building a separate neutron source. Therefore, site selection 
for a new Canadian Neutron Centre should allow for one 
guide hall at the outset, with the possibility of adding a sec-
ond guide hall sometime in the second decade of operation.

Each guide hall should have interior dimensions of at least 
60 m in the direction radially outward from the cold neu-
tron source, at least 30 m wide, and a clear inside height of 
at least 10 m. The neutron guide sections must be aligned 
within a precision of a few hundredths of a degree and re-
main stable in relative position over tens of metres. Several 
of the cold neutron beam instruments also demand very low 
vibrations and long-term dimensional stability. Therefore, 
the foundation and floor of the guide hall must be designed 
to take advantage of stable underlying bedrock in order to 
isolate the experimental areas from mechanical vibrations 
due to reactor machinery. The entire guide hall requires 
good control of temperature and humidity to retain reliable 
performance of the beam lines and instruments.

Over the lifetime of a new Canadian Neutron Centre, it is 
certain that there will be maintenance, upgrades, new in-
strument installations, and experiments that require the lift-
ing of heavy components. Therefore, lifting capabilities of 
up to 20 tonnes must be available at all points on the floor 
of the guide hall.

Guide Hall
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Neut rons can easily penet rate through the wall of a ref rigeration unit and 

reach a sample of material inside that is being cooled. Specialized equip-

ment enables physicists to measure material proper ties at temperatures 

ver y close to absolute zero and simultaneously subjected to a high mag-

netic f ield. Pictured here a technician prepares a cr yomagnet for an ex-

periment at -272°C, with a ver tical magnetic f ield that is variable up to 9T. 

 
The neutron beam facility will include laboratories and 
workshops to maintain and develop neutron instrument 
components or specimen-environment equipment, as well 
as to prepare and handle specimens that must be produced 
on site just before the scheduled time of the neutron scatter-
ing experiments.

These working areas should be integral parts of the CNC 
complex (e.g. attached to one side of the guide hall) to op-
timize the synergy of operational and developmental staff, 
whether scientific, engineering, or technical. Examples of 
workspaces needed to sustain operation and development of 
the neutron facility itself are discussed below.

4.3  Attached Laboratories and Workshops
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Data Acquisition, Networking, and Control Centre  

The CNC neutron laboratory will implement state-of-the-
art information technology that enables secure remote con-
trol of experiments, remote data analysis, high transfer rates, 
North American standard formatting, and mass archiving. 
It is expected that there will be a continuous requirement 
for upgrading and reconfiguration as science and technology 
evolve during the lifetime of the CNC. A central location 
will be needed for the design and testing of new installa-
tions, and to act as a hub for the networking of neutron in-
struments and other services (e.g. desktop computers, print-
ers, phones, video conferencing, external data links, etc.).

Electronics Workshop

The CNC will continuously require the fabrication, test-
ing, and troubleshooting of numerous electronic parts for 
the control of the neutron instruments and the integration 
of ancillary equipment, in order to keep pace with evolving 
scientific and technological requirements. Space will be re-
quired for the storage of components, design workstations, 
and assembly and testing benches; there must also be room 
for exemplars of key mechanical components to be set up for 
the development or debugging of interfaces.

Detector Workshop

The development, assembly, troubleshooting, and repair of 
neutron or gamma detectors require a clean environment. 
Also required are vacuum and gas-filling capabilities, elec-
tronics to diagnose signals and operate detectors, storage for 
radioactive test sources, cryogen handling capability, layout 
areas, wiring frames, and storage for stock materials and 
components.

Design Offices

Design facilities will be required to maintain and upgrade 
neutron beam instruments, to develop new beam lines, and 

to develop one-off ancillary equipment for innovative exper-
iments. Design offices require space for design workstations, 
assembly drawing layouts, drawing archives, and storage for 
reference information about materials or regulations.

Furnace Workshop

The furnace workshop will support furnace assembly and 
maintenance, including mechanical handling equipment, 
vacuum systems, gas flow controls, ventilation, leak detec-
tion, high power supplies, safe temperature control, and 
monitoring. Associated with this workshop will be sufficient 
storage space for the full complement of ancillary equipment 
and spare components, organized for safe access as required. 
A well-ventilated working area of approximately 6 m × 6 m 
is needed for each system that is either being prepared for 
installation at a beam line or in a state of commissioning or 
repair. There will need to be at least three of these lay-down 
areas located on the same floor as the working level of the 
guide hall.

Vacuum/Cryogenic Workshop

The many experiments at ultra-cold temperatures will re-
quire a dedicated support workshop. This workshop will 
support cryostat assembly and maintenance, including me-
chanical handling equipment, vacuum systems, leak detec-
tion, power supplies, temperature monitoring, and access to 
cryogenic fluids, while also providing proper ventilation and 
other safety features. Associated with this workshop will be 
sufficient storage space for the full complement of ancillary 
equipment and spare components, organized for safe access 
as required. There must be a workspace large enough for the 
safe handling and testing of large cryomagnets, as well as for 
closed-cycle refrigeration systems. A well-ventilated working 
area of approximately 6 m × 6 m is needed for each system 
that is either being prepared for installation at a beam line or 
in a state of commissioning or repair. There will need to be 
at least five of these lay-down areas located on the same floor 
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as the working level of the guide hall to facilitate transporta-
tion of heavy yet delicate cryogenic equipment to and from 
the beam lines or into the reactor hall.

Fabrication Shop

A small machine shop is an essential asset for adapting user 
specimens to neutron instruments and for implementing 
some designs for neutron instruments or ancillary equip-
ment. The shop requires space and power for a suite of 
standard machine tools and fittings (e.g. turning, milling, 
grinding, cutting, drilling, and joining stations), as well as 
work areas for the assembly and storage of stock materials, 
fasteners, bearings, tools, and so on.

Engineering Testing Workshop

Engineering materials research may involve large, heavy, 
complicated, and sometimes dangerous specimens. A labo-
ratory will be required for the development of mechanical 
testing equipment, including space to operate at least one 
universal testing machine, as well as capability to test pres-
surized systems and to handle heavy specimens (e.g. radioac-
tive specimens in shielding). Space will be included for the 
full suite of ancillary equipment and spare parts, arranged 
for safe access. A working area of approximately 6 m × 6 m 
is needed for each system that is the subject of current work. 
There will need to be at least two of these lay-down areas lo-
cated on the same floor as the working level of the guide hall.

With the increasingly multidisciplinary character of the Ca-
nadian user community, it is clearly necessary that labora-
tories be provided for on-site preparation of specimens by 
visiting researchers. For many types of experiments, the final 
preparation of the material to be studied must take place 
just prior to placing it in the neutron beam. Such support 
laboratories adjacent to the neutron guide hall will provide 

the necessary equipment (e.g. work benches, fume hoods, 
storage, etc.) for a modern, safe laboratory. Ideally, they 
should include characterization tools that complement neu-
tron beam analyses in order to qualify specimens prior to 
committing valuable neutron spectrometer time. Examples 
of these characterization tools include: optical microscopes 
(phase detection and microstructural homogeneity); calo-
rimeters (phase detection and verification of purity); bench-
top x-ray scattering (quality of interfaces, phase detection or 
verification, and complementary contrast to neutrons); and 
light scattering equipment (to complement SANS).

Examples of laboratories that are needed to facilitate the 
research outlined in the early sections of this plan include:

	 Heat treatment facilities to simulate the  
	 evolution of materials for engineering or earth  
	 sciences, including convective air furnaces,  
	 controlled gases, vacuums, salt baths, fluidized  
	 sand baths, ventilation, fume hoods, glove boxes,  
	 and computer control and monitoring; 

	 A chemical preparation lab with a fume hood,  
	 a glove box, a sink, chemical storage, access to  
	 cryogenic equipment, and balance and grinding  
	 equipment; and 

	 A designated laboratory for x-ray and light  
	 scattering equipment that will include power,  
	 cooling, and safety features, as well as space for  
	 x-ray powder diffraction, reflectometry, small  
	 angle scattering, and dynamic light scattering  
	 instruments. These facilities provide on-site  
	 verification of specimens or complementary  
	 contrast and Q range in proximity to the neutron  
	 facility; notably, they need to be treated with care  
	 as radiation scattering instruments.
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Labs and workshops adjacent to the guide hall are where more complex experiments 

are assembled prior to moving onto a neut ron spect rometer. Pictured here, an indust ri-

al sample is mounted on equipment that will apply large forces, and high temperatures. 

Once on a spect rometer, neut ron measurements will show scientists how the material 

responds to these conditions.
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One benefit of a national cent re for neut ron-based research that can accom-

modate visiting groups of scientists professors and students, is the role it 

plays in education and t raining of highly qualif ied people. The regular sum-

mer schools at the Canadian Neut ron Beam Cent re pictured here, are one 

example of that educational activit y. The presence of a national cent re with 

a st rong mandate for education and out reach encourages the development 

of a lively scientif ic communit y in Canada, in a way that access to foreign 

neut ron sources does not.

EDUCATION &outreach 
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4.4 Off ices and Meeting Rooms

Offices for research staff members should be large enough to 
accommodate the occupant, with space for one or two visi-
tors to hold a discussion behind a closed door. The offices, 
which should be arranged immediately adjacent to the guide 
hall, can be on an upper floor. At startup, there will need to 
be office space for about 30 research staff members and 20 
engineering and technical staff members. In due course, it is 
expected that the neutron beam laboratory will expand to 
twice this size. 

In addition, spaces must be available for visiting researchers, 
students, and longer-term post-doctoral researchers associ-
ated with the facility, who may be accommodated in a more 
‘open-concept’ space. Longer-term visiting faculty members 
(e.g. those on sabbatical or term appointments at the facil-
ity) should be provided with offices.

The scientific process is more than just data collection at an 
instrument and analysis in an office. Thus, facilities must be 
available for larger groups to meet and discuss results, as well 
as for education and outreach events. This requires meeting 
rooms that can accommodate 10 (2), 30 (2), and 100 (1) 
people, as well as a lecture facility that can handle up to 300 
guests with adjacent space for reception and refreshments. 
These meeting facilities should be adjacent to the guide hall.

Finally, the reception of visiting researchers and students 
requires adequate space for a large group (e.g. up to 100) 
to wait indoors, as well as work stations for the parallel 
processing of several individuals through any required pro-
cedures (e.g. security clearance, badge issuance, signing of 
entry agreements, receipt of accommodation instructions, 
etc.). With adequate infrastructure in place, these admin-
istrative actions can be completed quickly and efficiently, 
while maintaining a sense of welcome and organization for 
visitors. 

4.5  Accommodation

Users of specialized and large-scale scientific facilities—
whether high-energy particle physics laboratories, astrono-
my observatories, or neutron scattering facilities—are often 
engaged in what is colloquially known as ‘suitcase science’ 
(i.e. where users travel from their home institutions to stay 
for a period at the facility to conduct their research). In-
creasingly, instruments can be operated remotely and data 
can be acquired and analyzed from an individual researcher’s 
home institution. Nevertheless, the Canadian Neutron Cen-
tre is expected to deliver its greatest impact by providing an 
environment where facility staff, visiting scientists, and stu-
dents will share the same environment, work with common 
experimental tools, exchange ideas and knowledge across a 
wide range of disciplines, and experience the full spectra of 
scientific activity—from discovery to problem solving, from 
academia to industry, from theory to instrumentation, and 
from experimental planning to publication in scientific lit-
erature. The underlying concept is to create an environment 
similar to a continuous scientific workshop rather than sim-
ply a remote source of data.

The model for accommodating visiting researchers varies 
widely across the world. Some facilities provide accommo-
dation and charge users a small fee for their upkeep, while 
others provide local accommodation free of charge. There 
are instances where a third party operates a hotel on site, in-
side whatever security perimeters may be established, so that, 
once checked in, visitors can move freely from accommoda-
tion to laboratory for the duration of their stay. For facilities 
that have no on-site accommodation, visiting scientists and 
students must arrange their own accommodation in distant 
hotels, incurring a significant cost for the research as well as 
an additional inconvenience or burden of travel to and from 
the laboratory itself. The Canadian user community requires 
access to some minimal, low-cost, on-site accommodation 
for visiting researchers and students. Many experiments re-
quire round-the-clock supervision, and having easy access 
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to the laboratory at irregular hours can be helpful to relieve 
the stress of travel between accommodation and laboratory 
during experiments that last several uninterrupted days. The 
availability of low-cost, nearby accommodation is important 
for existing neutron researchers and for attracting research-
ers who are new to neutron scattering. For scientists consid-
ering neutron scattering for the first time, available accom-
modation will remove logistical obstacles and will create a 
welcoming atmosphere for scientists to consider investing 
their time in accessing the facility.

4.6  Governance and Management
 
How the future Canadian Neutron Centre is governed and 
managed will have a direct effect on its value as a research 
facility for the neutron scattering community. It is there-
fore worth identifying a few management and governance 
requirements (in addition to the physical and technical re-
quirements discussed above) that the community has for the 
CNC.

The operating costs of the CNC could be allocated accord-
ing to the various scientific missions it is fulfilling. The pro-
duction of isotopes, the support of the nuclear power indus-
try and the support of the neutron scattering community 
could be allocated part of the operating costs. Equal roles 
in the financing of the CNC would help to supply balance 
in its governance. An agency or institution that represents 
the neutron beam user community could hold the funding 
contribution towards a logical portion of the operating cost 
of the neutron source itself (not just the attached neutron 
beam laboratory), and therefore participate in the governing 
structure as a key stakeholder.  However it is accomplished, 
the neutron beam community needs a mechanism to express 
its priorities and influence both the operating framework 
and future capital developments within the neutron source 
they are sharing with other users.

Current consideration is being given to a future Canadian 
neutron facility that will be designed and constructed as a 
multipurpose science facility. The neutron scattering com-
munity supports this concept as one that has brought a use-
ful cost–benefit balance to Canada in the past—and that 
may be the pathway to a more competitive neutron flux than 
could be achieved in a single-purpose neutron beam facility. 
A single-purpose neutron beam facility must secure funding 
to support the full cost of the neutron source plus the associ-
ated neutron beam facility. The ILL, with a full staff of about 
450 people, has a total operating budget of about $100 mil-
lion to support 42 neutron beam instruments [4.9]. 

The cost to operate the source alone is about half of this. 
Since a single source can provide neutrons for several R&D 
programs, the Canadian practice at the NRU reactor has 
been, effectively, to divide the operating cost for the source 
among various mission elements (i.e. isotope production, 
nuclear R&D, and neutron beams for materials research). If 
the future Canadian Neutron Centre continues as a multi-
purpose neutron source, this may be a cost-effective option 
for Canada to benefit from neutrons for a full spectrum of 
scientific and industrial needs. However, it will be essential 
to establish a governance arrangement that respects the re-
quirements of each user community and is able to balance 
the operation of the facility so as to satisfy them all to the 
extent possible.

Governance

For the neutron scattering community, it is important that 
the governing body be familiar with the goals of a neutron 
beam laboratory operating in the future CNC. Those goals 
include:

	 Being a unique and powerful scientific resource  
	 that is accessible to academics and students across  
	 Canada;

Par ticipating in a Multipurpose 
Science Facilit y
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	 Playing a role in the international network of  
	 neutron beam laboratories, welcoming foreign  
	 scientists, and, in exchange, opening up the inter 
	 national network to Canadian scientists;

	 Applying neutron beams to projects for industrial  
	 clients so as to help improve their business; and

	 Operating at full power on a predictable and  
	 reliable duty cycle.

Those goals can be broadly classed as education (i.e. the 
development of highly qualified people), innovation (i.e. 
giving Canadians the tools to develop new materials and 
technologies), competitiveness (i.e. supplying knowledge 
to companies to give them a business advantage), and cost-
effectiveness through orderly management.

Operating Funding

The operating costs of the CNC could be allocated accord-
ing to the various scientific missions it is fulfilling. The pro-
duction of isotopes, the support of the nuclear power indus-
try, and the support of the neutron scattering community 
could all be allocated part of the operating costs. Equal roles 
in the financing of the CNC would help to supply balance 
in its governance. An agency or institution that represents 
the neutron beam user community could hold the funding 
contribution towards a logical portion of the operating cost 
of the neutron source itself (not just the attached neutron 
beam laboratory), and therefore could participate in the 
governing structure as a key stakeholder. Regardless of how 
it is accomplished, the neutron beam community needs a 
mechanism to express its priorities and to influence both 
the operating framework and future capital developments 
within the neutron source it is sharing with other users.

The neutron beam community 
will need a mechanism to express 
its priorities and influence both 
the operating framework and  
future capital developments 
within the neutron source they 
will share with other users.



The Chalk River site on the Ottawa river, was established as a national labora-

tor y for the nuclear sciences in the 1940s by NRC. The lab was cent red around 

t wo of the world’s most intense neut ron sources: the NR X and NRU reactors, 

enabling a wealth of research and knowledge generation that has launched 

indust ries and helped Canada play a prominent role in science internationally. 
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The overarching priority of the Canadian Institute for Neu-
tron Scattering (CINS) is to secure a new neutron source 
for Canada. This source must deliver world-class thermal 
and cold neutron flux into many beam lines, with capac-
ity for future expansion to respond to emerging science and 
technology. It must be mandated and governed to deliver 
the maximum benefit for Canadian science, industry, and 
education for the next 50 years.

Assuming that this main priority is met, further consid-
eration is needed to choose the suite of neutron beam in-
struments to install at the new Canadian Neutron Centre 
(CNC) to maximize the scientific impact of Canada’s neu-
tron beam user community.

5.1  Considerations

The CINS community first addressed the need for long-
term planning and prioritization of neutron beam facilities 
in the early 1990s [1.4]. Since then, there has been an on-
going discussion about how best to choose the instruments 
that will deliver the greatest value to the Canadian scientific 
community, as well as how to sequence their installation 
over time, recognizing that the needs of science and technol-
ogy will evolve over the decades that a new neutron source 
is expected to operate. 

Two basic approaches are possible. The first favours those in-
struments that meet the research needs of current Canadian 
users of the Chalk River Laboratories facilities—in other 
words, it is an enhancement of the status quo, at least as a 
starting point, with some emphasis being placed on instru-
ments that would be unique in the world. This approach 
would enable the Canadian neutron scattering community 
to both retain its international leadership position and at-
tract and recruit the most sophisticated condensed matter 

5. PRIORITIES researchers to our facility. The second strategy envisages a 
distribution of instruments and methods that supports the 
profile of research averaged over all international neutron 
laboratories. 

This latter approach would provide broader coverage and a 
new domestic capacity for Canadian users, especially those 
who must currently visit foreign laboratories to access facili-
ties that are not available at Chalk River Laboratories.

Other considerations used to establish instrument priorities 
for the new CNC include:

	 The size of the current and potential user  
	 communities;

	 Growth trends in the Canadian neutron user  
	 community;

	 Oversubscription rates at similar instruments in  
	 other neutron laboratories;

	 Quality of the research that is supported by the  
	 instrument;

	 Potential for positive socio-economic impacts  
	 arising from knowledge obtained from a given  
	 class of instrument or research;

	 Effectiveness of the instrument for the education  
	 of highly qualified personnel; and

	 Identification of a champion to lead an instrument 
	 development team.

It is clear that the strength and diversity of the Canadian 
neutron scattering community is sufficient, and that the ini-
tial suite of instruments should be chosen to support and 
enhance existing research programs rather than to develop 
a general purpose collection. Indeed, as we completed the 
analysis using the criteria identified here, we found that the 

5. PRIORITIES
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Inst rument Source Section Comments

Reflectometer (Horizontal geometry) Cold 3.2 Multiple WGs placed in top 3 Exists in Canada (D3)

Reflectometer (Vertical geometry) Cold 3.2 Multiple WGs placed in top 3 Exists outside Canada

Triple-axis spectrometer (polarized) Thermal 3.7 One WG placed in top 3 Exists in Canada (C5) - can 
be advanced

Single-crystal texture / development 
station

Thermal 3.5 One WG placed in top 3 Exists in Canada (E3)

White-beam stress scanner Thermal 3.4 One WG placed in top 3 Exists nowhere - innovative 
approach

High-efficiency powder diffractometer Thermal 3.6 One WG placed in top 3 Exists in Canada (C2) - can 
be advanced

High-resolution powder diffractometer Thermal 3.6 One WG placed in top 3 Exists in Canada (C2) - can 
be advanced

Low-Q powder diffractometer Cold 3.6 One WG placed in top 3 Exists outside Canada

Disc chopper spectrometer Cold 3.7 One WG placed in top 3 Exists outside Canada

Classical SANS Cold 3.3 Multiple WGs placed in top 6 Exists outside Canada 
- very popular3

Ultra SANS Thermal 3.3 Multiple WGs placed in top 6 Exists outside Canada

Triple-axis spectrometer (polarized) Cold 3.7 Multiple WGs placed in top 6 Exists outside Canada - 
can be advanced

Laue single crystal instrument (sub-mm) Thermal 3.5 Multiple WGs placed in top 6 Exists outside Canada - 
can be advanced

High-Q powder diffractometer Hot 3.6 One WG placed in top 6 Exists outside Canada

Triple-axis spectrometer 
(polarized)

Hot 3.7 One WG placed in top 6 Exists nowhere - innovative 
approach

Shielded Diffractometer Thermal 3.6 One WG placed in top 6 Exists outside Canada - can 
be advanced

Radiograph / tomograph Thermal 3.8 One WG placed in top 6 Exists inside Canada - can 
be advanced

Backscattering, High-res’n Spectrometer Cold 3.7 One WG placed in top 6 Exists outside Canada

Spin-echo spectrometer Cold 3.7 One WG placed in top 6 Exists outside Canada4

3 Most facilities with SANS machines have more than one of these high-throughput instruments.
4 Requires special attention to magnetic noise arising from surrounding instruments and infrastructure.

TABLE 7 - Prio r i t iza t ion of ins t r ument s by subject-based wor king groups (WGs)TABLE 7 - 
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high priority instrument group that emerged represented 
a powerful facility that will be available as the new reac-
tor comes on line; the second round of instruments, which 
would be developed shortly after initial operations com-
mence, will place us firmly on the map for many years to 
come.

5.2  Recommendations of CINS  
       AGM / Workshop 2007

At the CINS’s Annual General Meeting in 2007, five work-
ing groups (WGs) were defined to represent the five subject 
areas described above, in Sub-sections 2.1–2.5. These are: 
(1) excitations in condensed matter; (2) crystallographic 
analyses; (3) materials science and engineering; (4) thin 
films and surfaces, particularly nanostructures; and (5) soft 
materials, particularly polymers and biological materials. 
These working groups then identified instrument priorities, 
based on their research needs, for the neutron beam instru-
ments listed in Table 3 and described in Section 3, above. 
The top three instruments identified by each group were col-
lected first, and the second three instruments identified by 
each group were collected next. The results are presented in 
Table 7, with comments.

5.3  Analysis of Priorit ies

If we combine the data on domains served by various instru-
ment types (see Table 5) with the priorities established by 
the working groups (see Table 7), then we can divide the 
possible instruments into three broad priority categories: 
‘high’, ‘medium’, and ‘low’ (see Table 8).

The first group contains the ‘high’ priority suite of instru-
ments to be built and commissioned in parallel with the re-
actor construction project. These instruments are the work-
horse facilities that underpin the majority of the neutron 
beam research carried out by the Canadian neutron scat-
tering community. The ‘high’ priority instrument group in-

The determination of st ructure is the f irst step towards understanding phe-

nomena in many materials.  Dif f raction methods constitu te the most pow-

er f ul probes of st ructure at the scale of atoms, molecules and nanost ruc-

tures.  Canada’s scientif ic capacit y in this area of materials research leaped 

for ward in 1992, when the power ful C2 powder dif f ractometer (pictured 

above) was commissioned.   
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cludes two thermal powder diffractometers (one optimized 
for efficiency and the other for resolution), a thermal triple-
axis machine with polarization capability, and a white beam 
stress scanner. These four instruments, combined with the 
vertical sample reflectometer, will replace the existing suite 
(currently located at the NRU reactor) with state-of-the-art 
machines that will immediately serve as a critical resource 
for the research programs of Canadian users. 

The current facility at NRU only provides beams of thermal 
neutrons, which greatly restricts the areas of research that 
can be supported. There was a clear recognition, among all 
working groups, that a cold source to feed low-energy neu-
trons to the suite of instruments was a high priority. This is 
reflected in the second group of instruments in the ‘high’ 
priority suite. Here we find two reflectometers—the first a 
versatile system covering a wide Q range with a vertical sam-

ple geometry, the second instrument dedicated to liquid-to-
gas and liquid-to-liquid interfaces with a horizontal sample 
plane. The classical SANS instrument opens up the world of 
nano and mesoscopic structures, gels, and colloids that ap-
pear in polymer chemistry and biologically relevant systems. 
Cold SANS instruments are consistently oversubscribed at 
every facility where they are built, and results from this basic 
instrument are central to a rich variety of materials science. 
A high-resolution DCS spectrometer rounds out the list of 
first-run cold instruments. The ‘high’ priority list is com-
pleted by a thermal development station. 

This flexible multipurpose instrument will be used to evalu-
ate and align single crystal samples. It will support instru-
ment design projects that will arise as the ‘medium’ priority 
suite is being developed, and will also enable improvements 
to the first group. By placing this instrument at the end of 

High Priorit y Medium Priorit y Low Priorit y
T – Powder diffractometer      
(High efficency)

T – Powder diffractometer      
(High resolution)

T – Triple-axis spectrometer      
(polarized)

T – White-beam stress scanner

C – Reflectometer Vertical sample

C – Reflectometer Horizontal sample

C – Classic Pinhole SANS

C – Disc chopper spectrometer (DCS)

T – Single-crystal / texture / development 
diffractometer

C – Second pinhole SANS

T – Ultra SANS

T – Laue single crystal (sub-mm)

C – Powder diffract (Low Q)

C – Triple-axis spect (polarized)

C – Backscattering spectrometer

C – Spin-echo spectrometer

H – Powder diffractometer       
(High Q)

H – Triple-axis spectrometer       
(polarized)

T – Radiograph / tomograph

T – Neutron holography

TABLE 8 - Canadian user recommendat ions fo r neu t ron ins t r ument pr io r i t ies – 2007. 

Labels indicate the ‘temperature’ of the neutron source required for each instrument 
(T = Thermal, H = Hot, C = Cold).

TABLE 8 - 
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a guide and enclosing it in a shielded environment, it will 
also be possible to study specimens that present significant 
hazards while minimizing the risks to both personnel and 
equipment.

The detailed sequencing of the instruments in the ‘medium’ 
and ‘low’ priority groups is far less certain than that estab-
lished for the ‘high’ priority group. It is likely that the second 
round of instrument design would not start until the first 
group was being commissioned (i.e. about eight years after 
the start of the CNC project). The new research opportuni-
ties that the CNC will provide through its state-of-the-art 
instrumentation will attract a new generation of neutron 
beam users to Canada. As a result, both the makeup and 
the research interests of the Canadian user community will 
change. However, some trends are clear, so an outline of the 
future can be sketched.

SANS instruments are consistently oversubscribed, so either 
a second pinhole SANS (on the cold source) or an Ultra 
SANS (on the thermal source) will be part of the second 
round of instruments. Similarly, the push towards working 
with ever-smaller crystals will likely lead to the development 
of a need for sub-mm Laue capability. With a cold source 
already in place, a low-energy triple-axis machine and a 
powder diffractometer for extreme low-Q diffraction stud-
ies would be natural extensions of the primary suite. All of 
these instruments were ranked highly by one or more of the 
working groups and have been built at other facilities where 
they serve quite wide communities of users.

In the so-called ‘low’ priority group, we find the highly 
specialized instruments such as the backscattering and spin-
echo machines. Although these machines serve a relatively 
narrow community, they yield data that cannot be obtained 
by other means. These instruments are critically important 
to those who depend on them, but they need a significant 
commitment to champion and build. Similarly, while a hot 
source can provide very short wavelength neutrons that can 

be used to access diffraction data at high momentum or en-
ergy transfers, it is unclear whether such work is better done 
at a pulsed spallation source. However, several reactor-based 
hot sources are in operation with successful instruments. 
The proposed hot source and associated instruments might 
constitute unique elements of the Canadian contribution to 
the global network of neutron scattering facilities, enabling 
structural studies of amorphous materials (e.g. liquids and 
glasses), and also high-energy excitations in unconventional 
crystalline solids.

5.4  Summar y

It is worth noting that the Canadian suite of instruments 
proposed here spans a very wide range of neutron-based 
methodologies. It includes a solid mix of demonstrated 
workhorse instruments along with some more adventurous 
concepts, such as the next-generation white beam stress scan-
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ner. It also includes a (Q, ω) surveying instrument, follow-
ing the successful experience of the DCS at the NIST. We 
envision an important role for such a facility in the North 
American context. The Canadian neutron user community 
is open to the possibility of several radically new instrument 
concepts, including neutron holography for atomic resolu-
tion imaging and a hardened spectrometer environment for 
hazardous systems. The diversity of the proposed instrument 
suite reflects the strengths and depth of our research com-
munity.

Having pioneered neutron scattering, Canada maintains a 
large footprint on the international landscape of materials 
research with neutron beams. We know what we need to 
retain our leading presence in the field. We know what is 
required to attract talented scientists of the highest quality to 
choose Canada as the place to live and express their scientific 
creativity for the benefit of society. In carrying out this plan 
for neutron scattering to 2050, we believe that Canada will 
not only reinforce its world-class capacity for excellence in 
materials research, but also deliver impacts across the scien-
tific spectrum, from discovery to innovation.

The next 

50 YEARS
Opportunitywide open with

112



[1.1]	 Canadian Nuclear Laboratories, “Message from the President”, http://www.
cnl.ca/en/home/about/Restructuring/NRU_decision.aspx (2015).

[1.2]	 NIST Center for Neutron Research, “2013 Annual Report”, http://www.ncnr.
nist.gov/AnnualReport/FY2013/AR_2013.pdf (2013).

[1.3]	 U.S. Domestic Policy Council, Office of Science and Technology Policy, 
“American Competitiveness Initiative – Leading the World in Innovation”, 
http://www.whitehouse.gov/stateoftheunion/2006/aci/ (2006).

[1.4]	 W.J.L. Buyers and M. Collins, “Plan for Canadian Neutron Scattering in the 
Nineties – Canadian Institute for Neutron Scattering”, Canadian Neutron 
Beam Centre, Chalk River Laboratories (1991).

[1.5]	 NSERC Committee on Materials Research Facilities, “Major Materials Re-
search Facilities in Canada’s Future” (1994).

[1.6]	 B. Powell and K. Fitzgibbons, “Future Prospects for Neutron Beam Re-
search and Technology Development in Canada”, Discussion Paper, Na-
tional Research Council of Canada (1998).

[1.7]	 Bélanger, Richter, Halperin, Taylor, Lister, and Rowe, “Canadian Neutron 
Facility for Materials Research: Review Committee Report” (1998).

[1.8]	 CANDU Owners Group (representing Ontario Power Generation Inc., Hydro 
Québec, New Brunswick Power, and AECL), “CANDU Research and Devel-
opment Capability Review”, COG-00-059 (2000).

[1.9]	 Natural Resources Canada, “Report on Consultations with the Users of the 
Chalk River Laboratories of Atomic Energy of Canada Limited” (2003).

[1.10]	 Chamberlain, Clulow, Sommerville, and Stewart, “Report of the Research 
Review Group to the Canadian Nuclear Safety Commission”, RSP-0176 
(2004).

[1.11]	 Natural Resources Canada, “Report of the Expert Review Panel on Medical 
Isotope Production”, http://www.nrcan.gc.ca/node/7795 (2009).

[1.12]	 Canada’s Public Policy Forum, “Canada’s Nuclear Energy Sector”, http://
www.ppforum.ca/publications/canadas-nuclear-energy-sector-where-here-
final-report (2014).

[1.13]	 Canadian Nuclear Association, “The Canadian Nuclear Factbook 2013” 
(2013).

[2.1]	 B. N. Brockhouse, Rev. Mod. Phys., 67, 735 (1995).

[2.2]	 M. Mori, Y. Yamada, and G. Shirane, Solid State Comm., 17, 127 (1975).

[2.3]	 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am. Chem. Soc., 
130, 3296 (2008).

[2.4]	 A. Chubukov, Annu. Rev. Condens. Matter Phys., 3, 57 (2012).

[2.5]	 G. Celentano and A. Augieri, Energia, Ambiente e Innovazione, 3 (2012); 
Power Engineering International, “Superconductors are ready to relieve 
urban congestion”, http://www.powerengineeringint.com/articles/print/vol-
ume-21/issue-5/features/superconductors-are-ready-to-relieve-urban-con-
gestion.html (2013); Phys.org, “Operation of longest superconducting cable 

worldwide started”, http://phys.org/news/2014-05-longest-superconducting-
cable-worldwide.html (2014); Phys.org, “CERN: World-record current in a 
superconductor”, http://phys.org/news/2014-04-cern-world-record-current-
superconductor.html#inlRlv (2014); A.N. McCaughan and K.K. Berggren, “A 
Superconducting-Nanowire Three-Terminal Electrothermal Device”, Nano 
Letters, 14, 5748 (2014); Massachusetts Institute of Technology Lincoln 
Laboratory, “Forecasting superconductive electronics technology”, The 
Next Wave, 20, 1 (2014).

[2.6]	 R. Swarup, “Energy Storage Takes Off”, Physics World (July 2007).

[2.7]	 Q.Y. Chen, IEEE Trans., 41, 824 (1992); A.S. Brown, “Maglev Goes to 
Work”, Mechanical Engineering magazine (June, 2006).

[2.8]	 Q.Y. Ma, “RF applications of high temperature superconductors in MHz 
range”, in Applied Superconductivity, IEEE Transactions, 9, 3565 (1999).

[2.9]	 D. Koelle, R. Kleiner, F. Ludwig, E. Dantsker, and J. Clarke, Rev. Mod. 
Phys., 71, 631 (1999).

[2.10]	 S.R. Dunsiger, Y. Zhao, Z. Yamani, W.J.L. Buyers, H.A. Dabkowska, and 
B.D. Gaulin, Phys. Rev. B, 77, 224410 (2008).

[2.11]	 J.J. Wagman, G. Van Gastel, K.A. Ross, Z. Yamani, Y. Zhao, Y. Qiu, J.R.D. 
Copley, A.B. Kallin, E. Mazurek, J.P. Carlo, H.A. Dabkowska, and B.D. 
Gaulin, Phys. Rev. B, 88, 014412 (2013).

[2.12]	 C. Stock, W.J.L. Buyers, Z. Yamani, Z. Tun, R.J. Birgeneau, R. Liang, D. 
Bonn, and W.N. Hardy, Phys. Rev. B, 77, 104513 (2008).

[2.13]	 Z. Yamani, W.J.L. Buyers, F. Wang, Y.-J. Kim, R. Liang, D. Bonn, W.N. 
Hardy, Physica, C460–462, 430 (2007).

[2.14]	 C. Stock, W.J.L. Buyers, Z. Yamani, C.L. Broholm, J.-H. Chung, Z. Tun, R. 
Liang, D. Bonn, W.N. Hardy, and R.J. Birgeneau, Phys. Rev. B, 73, 100504 
(2006).

[2.15]	 S. Li, Z. Yamani, H.J. Kang, K. Segawa, Y. Ando, X. Yao, H.A. Mook, and P. 
Dai, Phys. Rev. B, 77, 014523 (2008). 

[2.16]	 Z. Yamani and W.J.L. Buyers, Phys. Can., 67, 96 (2011).

[2.17]	 H. Luo, Z. Yamani, Y. Chen, X. Lu, M. Wang, S. Li, T.A. Maier, S. Danilkin, 
D.T. Adroja, and P. Dai, Phys. Rev. B, 86, 024508 (2012).

[2.18]	 S.D. Wilson, Z. Yamani, C.R. Rotundu, B. Freelon, P.N. Valdivia, E. Bourret-
Courchesne, J.W. Lynn, S. Chi, T. Hong, and R.J. Birgeneau, Phys. Rev. B, 
82, 144502 (2010).

[2.19]	 S.D. Wilson, C.R. Rotundu, Z. Yamani, P.N. Valdivia, B. Freelon, E. Bourret-
Courchesne, and R.J. Birgeneau, Phys. Rev. B, 81, 014501 (2010).

[2.20]	 S.D. Wilson, Z. Yamani, C.R. Rotundu, B. Freelon, E. Bourret-Courchesne, 
and R.J. Birgeneau, Phys. Rev. B, 79, 184519 (2009). 

[2.21]	 X. Lu, H. Gretarsson, R. Zhang, X. Liu, H. Luo, W. Tian, M. Laver, Z. Ya-
mani, Y.-J. Kim, A.H. Nevidomskyy, Q. Si, and P. Dai, Phys. Rev. Lett., 110, 
257001 (2013).

113

P
L

A
N

 to 2050
P

L
A

N

REFERENCES



[2.22]	 H. Luo, R.Zhang, M. Laver, Z. Yamani, M. Wang, X. Lu, M. Wang, Y. Chen, 
S. Li, S. Chang, J.W. Lynn, and P. Dai, Phys. Rev. Lett., 108, 247002 (2012).

[2.23]	 F. Steglich, J. Aarts, C.D. Bredl, W. Lieke, D. Meschede, W. Franz, and H. 
Schäfer, Phys. Rev. Lett., 43, 1892 (1979).

[2.24]	 J.A. Mydosh and P.M. Oppeneer, Rev. Mod. Phys., 83, 1301 (2011). 

[2.25]	 C.R. Wiebe, G.M. Luke, Z. Yamani, A.A. Menovsky, and W.J.L. Buyers, 
Phys. Rev. B, 69, 132418 (2004). 

[2.26]	 J.A. Janik, H.D. Zhou, Y.J. Jo, L. Balicas, G.J. MacDougall, G.M. Luke, J.D. 
Garrett, K.J. McClellan, E.D. Bauer, J.L. Sarrao, Y. Qiu, J.R.D. Copley, Z. 
Yamani, W.J.L. Buyers, and C.R. Wiebe, J. Phys. Cond. Matt., 21, 192202 
(2009).

[2.27]	 C.R. Wiebe, J.A. Janik, G.J. MacDougall, G.M. Luke, J.D. Garrett, H.D. 
Zhou, Y.J. Jo, L. Balicas, Y. Qiu, J.R.D. Copley, Z. Yamani, and W.J.L. Buy-
ers, Nat. Phys., 3, 96 (2007).

[2.28]	 P. Chandra, P. Coleman, and R. Flint, Nature (London), 493, 621 (2013).

[2.29]	 K.A. Ross, L. Harriger, Z. Yamani, W.J.L. Buyers, J.D. Garrett, A.A. 
Menovsky, J.A. Mydosh, and C.L. Broholm, Phys. Rev. B, 89, 155122 
(2014).

[2.30]	 E. Fawcett, Rev. Mod. Phys., 60, 209–283 (1988); C.P. Adams, T.E. Mason, 
E. Fawcett, A.Z. Menshikov, C.D. Frost, J.B. Forsyth, T.G. Perring, and T.M. 
Holden, J. Phys. Cond. Matt., 12, 8487 (2000).

[2.31]	 W. Bao, C. Broholm, J.M. Honig, P. Metcalf, and S.F. Trevino, Phys. Rev. B, 
54, R3726 (1996).

[2.32]	 J.P. Clancy, B.D. Gaulin, C.P. Adams, G.E. Granroth, A.I. Kolesnikov, T.E. 
Sherline, and F.C. Chou, Phys. Rev. Lett., 106, 117401 (2011).

[2.33]	 B. Lake, D.A. Tennant, and S.E. Nagler, Phys. Rev. B, 71, 134412 (2005).

[2.34]	 W.J.L Buyers, R.M. Morra, R.L. Armstrong, M.J. Hogan, P. Gerlach, and K. 
Hirakawa, Phys. Rev. Lett., 56, 371 (1986).

[2.35]	 B.D. Gaulin, S.-H. Lee, S. Haravifard, J.P. Castellan, A.J. Berlinsky, H.A. 
Dabkowska, Y. Qiu, and J.R.D. Copley, Phys. Rev. Lett., 93, 267202 (2004).

[2.36]	 S. Haravifard, B.D. Gaulin, Z. Yamani, S.R. Dunsiger, and H.A. Dabkowska, 
Phys. Rev. B, 85, 134104 (2013).

[2.37]	 H.J. Silverstein, A.E. Smith, C. Mauws, D.L. Abernathy, H. Zhou, Z. Dun, J. 
van Lierop, and C.R. Wiebe, Phys. Rev. B, 90, 140402(R) (2014). 

[2.38]	 J.S. Gardner, M.J.P. Gingras, and J.E. Greedan, Rev. Mod. Phys., 82, 53 
(2010)

[2.39]	 K.C. Rule, J.P.C. Ruff, B.D. Gaulin, S.R. Dunsiger, J.S. Gardner, J.P. Clan-
cy, M.J. Lewis, H.A. Dabkowska, I. Mirebeau, P. Manuel, Y. Qiu, and J.R.D. 
Copley, Phys. Rev. Lett., 96, 177201 (2006).

[2.40]	 K. Kimura, S. Nakatsuji, J.-J. Wen, C. Broholm, M.B. Stone, E. Nishibori, 
and H. Sawa, Nat. Commun., 4, 1934 (2013).

[2.41]	 R.M. D’Ortenzio, H.A. Dabkowska, S.R. Dunsiger, B.D. Gaulin, M.J.P. Gin-
gras, T. Goko, J.B. Kycia, L. Liu, T. Medina, T.J. Munsie, D. Pomaranski, 
K.A. Ross, Y.J. Uemura, T.J. Williams, and G.M. Luke, Phys. Rev. B, 88, 
134428 (2013).

[2.42]	 K.A. Ross, L. Savary, B. D. Gaulin, and L. Balents, Phys. Rev. X, 1, 021002 
(2011).

[2.43]	 K. Binder and A. P. Young, Rev. Mod. Phys., 58, 801 (1986).

[2.44]	 J.E. Greedan, M. Sato, X. Yan, and F.S. Razavi, Solid State Commun., 59, 
895 (1986).

[2.45]	 J.S. Gardner, B.D. Gaulin, S.-H. Lee, C. Broholm, N.P. Raju, and J.E. 
Greedan, Phys. Rev. Lett., 83, 211 (1999).

[2.46]	 H.J. Silverstein, K. Fritsch, F. Flicker, A.M. Hallas, J.S. Gardner, Y. Qiu, 
G. Ehlers, A.T. Savici, Z. Yamani, K.A. Ross, B.D. Gaulin, M.J.P. Gingras, 
J.A.M. Paddison, K. Foyevtsova, R. Valenti, F. Hawthorne, C.R. Wiebe, and 
H.D. Zhou, Phys. Rev. B., 89, 054433 (2014).

[2.47]	 J.E. Moore, Nature, 464, 194 (2010).

[2.48]	 Lawrence Berkeley National Laboratory, “Studies Bolster Promise of To-
pological Insulators”, http://www-als.lbl.gov/index.php/research-areas/
chemistry/737-studies-bolster-promise-of-topological-insulators.html 
(2012); Z.-H. Pan, A.V. Fedorov, D. Gardner, Y.S. Lee, S. Chu, and T. Valla, 
Phys. Rev. Lett., 108, 187001 (2012); M.-X. Wang, C. Liu, J.-P. Xu, F. Yang, 
L. Miao, M.-Y. Yao, C.L. Gao, C. Shen, X. Ma, X. Chen, Z.-A. Xu, Y. Liu, 
S.-C. Zhang, D. Qian, J.-F. Jia, and Q.-K. Xue, Science, 336, 52 (2012); M. 
Neupane, A. Richardella, J. Sánchez-Barriga, S. Xu, N. Alidoust, I. Belopol-
ski, C. Liu, G. Bian,	  D. Zhang, D. Marchenko, A. Varykhalov, O. Rader, M. 
Leandersson, T. Balasubramanian, T.-R. Chang, H.-T. Jeng, S. Basak, H. 
Lin, A. Bansil, N. Samarth, and M.Z. Hasan, Nat. Commun., 5, 3841 (2014). 

[2.49]	 C.L. Kane and E.J. Mele, Phys. Rev. Lett., 95, 146802 (2005).

[2.50]	 D. Hsieh, D. Qian, L. Wray, Y. Xia, Y.S. Hor, R.J. Cava, and M.Z. Hasan, 
Nature, 452, 970 (2008). 

[2.51]	 F. Pulizzi, Nat. Mater., 11, 367 (2012).

[2.52]	 D. Pesin and L. Balents, Nat. Phys., 6, 376 (2010). 

[2.53]	 W. Witczak-Krempa and Y.B. Kim, Phys. Rev. B, 85, 045124 (2012).

[2.54]	 C. Dhital, S. Khadka, Z. Yamani, C. de la Cruz, T.C. Hogan, S.M. Disseler, 
M. Pokharel, K.C. Lukas, W. Tian, C.P. Opeil, Z. Wang, and S.D. Wilson, 
Phys. Rev. B, 86, 100401 (2012). 

[2.55]	 C. Dhital, T. Hogan, Z. Yamani, C. de la Cruz, X. Chen, S. Khadka, Z. Ren, 
and S.D. Wilson, Phys. Rev. B, 87, 144405 (2013).

[2.56]	 C. Dhital, T. Hogan, W. Zhou, X. Chen, Z. Ren, M. Pokharel, Y. Okada, M. 
Heine, W. Tian, Z. Yamani, C. Opeil, J.S. Helton, J.W. Lynn, Z. Wang, V. 
Madhavan, and S.D. Wilson, Nat. Commun., 5, 3377 (2014).

[2.57]	 C.P. Adams, J.W. Lynn, V.N. Smolyaninova, A. Biswas, R.L. Greene, W. 
Ratcliff II, S.W. Cheong, Y.M. Mukovskii, and D.A. Shulyatev, Phys. Rev. B, 
70, 134414 (2004).

[2.58]	 G. Busch, Ferroelectrics, 71, 17 (1987).

[2.59]	 R.A. Cowley, Phys. Rev., 134, A981 (1964).

[2.60]	 W. Cochran, R.A. Cowley, G. Dolling, and M.M. Elcombe, Proc. R. Soc. 
Lond., A 293, 433 (1966). 

[2.61]	 O. Delaire, J. Ma, K. Marty, A.F. May, M.A. McGuire, M.-H. Du, D.J. Singh, 

114



A. Podlesnyak, G. Ehlers, M.D. Lumsden, and B.C. Sales, Nat. Mater., 10, 
614 (2011).

[2.62]	 A.A. Aczel, G.E. Granroth, G.J. MacDougall, W.J.L. Buyers, D.L. Aberna-
thy, G.D. Samolyuk, G.M. Stocks, and S.E. Nagler, Nat. Commun., 3, 1124 
(2012).

[2.63]	 J.W.L. Pang, A. Chernatynskiy, B.C. Larson, W.J.L. Buyers, D.L. Abernathy, 
K.J. McClellan, and S.R. Phillpot, Phys. Rev. B, 89, 115132 (2014). 

[2.64]	 R. Zorn, M. Monkenbusch, D. Richter, A. Alegría, J. Colmenero, and B. 
Farago, J. Chem. Phys., 125, 154904 (2006).

[2.65]	 R. Inoue, T. Kanaya, K. Nishida, I. Tsukushi, and K. Shibata, Phys. Rev. 
E, 74, 021801 (2006); R. Inoue, T. Kanaya, K. Nishida, I. Tsukushi, and K. 
Shibata, Phys. Rev. Lett., 95, 056102 (2005).

[2.66]	 T. Hong, M. Kenzelmann, M.M. Turnbull, C.P. Landee, B.D. Lewis, K.P. 
Schmidt, G.S. Uhrig, Y. Qiu, C. Broholm, and D. Reich, Phys. Rev. B, 74, 
094434 (2006).

[2.67]	 H.N. Bordallo, K.W. Herwig, B.M. Luther, and N.E. Levinger, J. Chem. 
Phys., 121, 12457 (2004).

[2.68]	 P. Martel, Prog. Biophys. Molec. Biol., 57, 129 (1992).

[2.69]	 P. Martel and F.U. Ahmed, J. Biol. Phys., 16, 75 (1988).

[2.70]	 J. Smith, S. Cusack, U. Pezzeca, B. Brooks, and M. Karplus, J. Chem. 
Phys., 85, 3636 (1986); W. Doster, S. Cusack, and W. Petry, Nature, 337, 
754 (1989); P. Martel, P. Calmettes, and B. Hennion, Biophys. J., 59, 363 
(1991); W. Doster, Physica B, 385-386, 831 (2006).

[2.71]	 J.A. Rodriguez, D.M. Adler, P.C. Brand, C. Broholm, J.C. Cook, C. Brocker, 
R. Hammond, Z. Huang, P. Hundertmark, J.W. Lynn, N.C. Maliszewskyj, J. 
Moyer, J. Orndorff, D. Pierce, T.D. Pike, G. Scharfstein, S.A. Smee, and R. 
Vilaseca, Meas. Sci. Technol., 19, 034203 (2008).

[2.72]	 The Mantid Project, “About Mantid”, http://www.mantidproject.org/Main_
Page (2014).

[2.73]	 D.H. Ryan and L.M.D. Cranswick, J. Appl. Cryst., 41, 198–205 (2008). 

[2.74]	 D.H. Ryan and I.P. Swainson, J. Appl. Cryst., 42, 43–47 (2009).

[2.75]	 R. Flacau, J. Bolduc, T. Bibienne, J. Huot, and H. Fritzsche, J. Appl. Cryst., 
45, 902–905 (2012). 

[2.76]	 J.L. Anderson, R.C. Peterson, and I. Swainson, Am. Minerologist, 97, 1905 
(2012).  

[2.77]	 P. Wei, M. Bieringer, L.M.D. Cranswick, and A. Petric, J. Mater. Sci., 45, 
1056 (2010).  

[2.78]	 F. Ramezanipour, B. Cowie, S. Derakhshan, J.E. Greedan, and L.M.D. 
Cranswick, J. Solid State Chem., 182, 153 (2009); F. Ramezanipour, J.E. 
Greedan, L.M.D. Cranswick, V. Ovidiu Garlea, R.L. Donaberger, and J. 
Siewenie, J. Am. Chem. Soc., 143, 3215 (2012).

[2.79]	 H.J. Silverstein, K. Cruz-Kan, A.M. Hallas, H.D. Zhou, R.L. Donaberger, 
B.C. Hernden, M. Bieringer, E.S. Choi, J.M. Hwang, and C.R. Wiebe, Chem. 
Mater., 24, 664 (2012).   

[2.80]	 R.A. Müller, N.R. Lee-Hone, L. Lapointe, D.H. Ryan, T. Perez-Barnea, 

A.D. Bianchi, Y. Mozharivskyj, and R. Flacau, Phys. Rev. B, 90, 041109(R) 
(2014). 

[2.81]	 D.H. Ryan, J.M. Cadogan, S. Xu, Z. Xu, and G. Gao, Phys. Rev. B, 83, 
132403 (2011).

[2.82]	 J.M. Cadogan, D.H. Ryan, and L.M.D. Cranswick, J. Phys.: Conf. Ser., 251, 
012020 (2010).

[2.83]	 H.J. Silverstein, A.Z. Sharma, A.J. Stoller, K. Cruz-Kan, R. Flacau, R.L. Do-
naberger, H.D. Zhou, P. Manuel, A. Huq, A.I. Koesnikov, and C.R. Wiebe, J. 
Phys. Cond. Matter, 25, 246004 (2013). 

[2.84]	 C.M. Thompson, J.E. Greedan, V.O. Garlea, R. Flacau, M. Tan, P.T Nguyen, 
F. Wrobel, and S. Derakhshan, Inorg. Chem., 53, 1122 (2014).

[2.85]	 G.B. Olson, “Beyond Discovery: Design for a New Material World”, Calph-
ad, 2, 175–190 (2001).

[2.86]	 Health Canada, “Chemical, Biological, Radiological, Nuclear and Explosive 
(CBRNE) Events”, http://hc-sc.gc.ca/hc-ps/ed-ud/event-incident/index-eng.
php (2013).

[2.87]	 R.B. Rogge, Q. Alexander, G. Bentoumi, F. Dimayuga, R. Flacau, G. Li, L. 
Li, and B. Sur, “The 19th Pacific Basin Nuclear Conference (PBNC 2014)”, 
Vancouver, British Columbia, Canada (August, 2014).

[2.88]	 M.T. Hutchings, P.J. Withers, T.M Holden, and T. Lorentzen, “Introduction 
to the Characterization of Residual Stresses by Neutron Diffraction”, Taylor 
and Francis, London (2005).

[2.89]	 T.M. Holden, O. Muránsky, and C.J. Hamelin, Eds., “Mechanical Stress 
Evaluation by Neutrons and Synchrotron Radiation VII”, MECA SENS VII 
2013 (2013). 

[2.90]	 P.R. Dawson, D.E. Boyce, and R.B. Rogge, Computer Modeling in Engi-
neering & Sciences, 10, 123–142 (2005).

[2.91]	 P.R. Dawson, D.E. Boyce, and R.B. Rogge, “Correlation of diffraction peak 
broadening to crystal strengthening in finite element simulation,” Mater. Sci. 
Eng. A, 399, 13–25 (2005).

[2.92]	 R.E. Loge, H.S. Turkmen, M.P. Miller, R. Rogge, and P.R. Dawson, “Influ-
ence of modelling variables on the distribution of lattice strains in a de-
formed polycrystal, with reference to neutron diffraction experiments”, Mod-
elling Simul. Mater. Sci. Eng., 12, 633–663 (2004).

[2.93]	 P. Rangaswamy, M.A.M. Bourke, D.W. Brown, G.C. Kaschner, R.B. Rogge, 
M.G. Stout, and C.T. Tome, “A study of twinning in zirconium using neu-
tron Diffraction and polycrystalline modeling”, Metall. Mater. Trans. A, 33, 
757–762 (2002).

[2.94]	 M.A. Gharghouri, G.C Weatherly, J.D. Embury, and J. Root, “Study of the 
mechanical properties of Mg-7.7at% Al by in-situ neutron diffraction”, Phil. 
Mag. A, 79, 1671–1695 (1999)

[2.95]	 S.Y. Lee, W.C. Woo, M.A. Gharghouri, Cheol Yoon, K. An, Materials Sci-
ence Forum, 777, 130, DOI: 10.4028, www.scientific.net/MSF.777.130 
(2014).

[2.96]	 M.A. Gharghouri, M.J. Watson, D. Dye, and R.B. Rogge, Mater. Res. Soc. 
Symp. Proc., 1027E, Warrendale, PA, D3.5 (2007).

[2.97]	 D. Sediako, F. D’Elia, A. Lombardi, A. Machin, C. Ravindran, C. Hubbard, 

115

P
L

A
N

 to 2050
P

L
A

N



R. Mackay, “Application of neutron diffraction in analysis of residual stress 
profiles in the cylinder web region of an as-cast v6 al engine block with cast-
in Fe liners”, Journal of the Minerals, Metals, & Materials Society (2011).

[2.98]	 M.J. Walker, D.R. Hess, D.G. Sediako, “Residual stress analysis in semi-
permanent mold engine head castings”, Journal of the Minerals, Metals, & 
Materials Society (2014).

[2.99]	 G.J. Baczynski, D.J. Lloyd, R. Rogge, and J. Root, “Effect of processing 
schedules on surface roughening and roping behavior in textured 6111 alu-
minum alloys”, 2nd International Symposium on Aluminium Surface Science 
and Technology, ASST, Manchester, England, U.K. (May, 2000).

[2.100] European Spallation Source, “The First ESS Instruments Recommended 
for Construction”, http://europeanspallationsource.se/first-ess-instruments-
recommended-construction (2013).  

[2.101] International Association of Atomic Energy, “Characterization and Testing 
of Materials for Nuclear Reactors”, TECDOC 1545 (2007).

[2.102] R.B. Rogge, “Next generation strain scanner – A white beam approach”, 
Report #NPMR-2002-4 (2002).

[2.103] G.E. Ice, C.R. Hubbard, B.C. Larson, J.W.L. Pang, J.D. Budai, S. Spooner, 
S.C. Vogel, R.B. Rogge, J.H. Fox, R.L. Donaberger, Mat. Sci. Eng., A437, 
120 (2006).

[2.104] H. Abuluwefa, J.H. Root, R.I.L. Guthrie, and F. Ajersch, Metal and Mat. 
Trans., 27B, 993–997 (1996). 

[2.105] Z. Tun, J.J. Noël, and D.W. Shoesmith, Pramana-Journal of Physics, 71, 
4, 769–776 (2008).

[2.106] J.J. Noël, D.W. Shoesmith, and Z. Tun, J. of Electrochem. Soc., 155, 
C444–C454 (2008).

[2.107] J.J. Noël, B.M. Ikeda, N.H. Miller, S.R. Ryan, D.W. Shoesmith, S. Sunder, 
and Z. Tun, in Proceedings of the Symposium on Surface Oxide Films, Ed. 
J.A. Bardwell, 96–18, The Electrochemical Society, Inc., Pennington, NJ, 
U.S. 246–257 (1996).

[2.108] M. Vezvaie, J.J. Noël, Z. Tun, and D.W. Shoesmith, J. of Electrochem. 
Soc., 160, C414–C422 (2013).

[2.109] L.D. Unsworth, Z. Tun, H. Sheardown, and J.L. Brash, J. Colloids and 
Interface Science, 296, 520–526 (2006). 

[2.110] N.M. Pawlowska, H. Fritzsche, C. Blaszykowski, S. Sheikh, M. Vezvaie, 
and M. Thompson, Langmuir, 30, 1199 (2014).

[2.111]	 J.A.C. Bland, C. Daboo, B. Heinrich, Z. Celinski, and R.D. Bateson, Phys. 
Rev. B, 51, 258–272 (1995).

[2.112] L. Cheng, Z. Altounian, D.H. Ryan, J.O. Ström-Olsen, M. Sutton, and Z. 
Tun, Phys. Rev. B, 69, 144403 (2004).

[2.113] M.J. Bentall, R.A. Cowley, W.J.L. Buyers, Z. Tun, W. Lohstroh, R.C.C. 
Ward, and M.R. Wells, J. Phys. Condens. Matter, 15, 4301 (2003).

[2.114] M.R. Fitzsimmons, S. Park, K. Dumesnil, C. Dufour, R. Pynn, J.A. Borch-
ers, J.J. Rhyne, and Ph. Mangin, Phys. Rev. B, 73, 134413 (2006).

[2.115] H. Fritzsche, M. Saoudi, Z. Yamani, W.J.L. Buyers, R.A. Cowley, and 
R.C.C. Ward, Phys. Rev. B, 77, 054423 (2008).

[2.116] G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn, Phys. Rev. B, 39, 
4828 (1989); M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen Van Dau, F. 
Petroff, P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. 
Lett., 61, 2472 (1988).

[2.117] A. Schreyer, J.F. Ankner, Th. Zeidler, H. Zabel, M. Schäfer, J.A. Wolf, P. 
Grünberg, and C.F. Majkrzak, Phys. Rev. B, 52, 16066-16085 (1995).

[2.118] M. Pannetier, T.D. Doan, F. Ott, S. Berger, N. Persat, and C. Fermon, Eu-
rophys. Lett., 64, 524 (2003).

[2.119] S.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M. Daughton, S. von Molnár, 
M.L. Roukes, A.Y. Chtchelkanova, and D.M. Treger, Science, 294, 1488 
(2001).

[2.120] S.A. Meynell, M.N. Wilson, H. Fritzsche, A.N. Bogdanov, and T.L. 
Monchesky, Phys. Rev. B, 90, 014406 (2014).

[2.121] H. Zabel and A. Weidinger, Comments Cond. Mat. Phys., 17, 239 (1995).

[2.122] F. Klose, Ch. Rehm, D. Nagengast, H. Maletta, and A. Weidinger, Phys. 
Rev. Lett., 78, 1150 (1997).

[2.123] H. Fritzsche, M. Saoudi, J. Haagsma, C. Ophus, E. Luber, C.T. Harrower, 
and D. Mitlin, Appl. Phys. Lett., 92, 12, 121917 (2008). 

[2.124] H. Fritzsche, C. Ophus, C.T. Harrower, E. Luber, and D. Mitlin, Appl. Phys. 
Lett., 94, 24, 241901 (2009).

[2.125] H. Fritzsche, W.P. Kalisvaart, B. Zahiri, R. Flacau, and D. Mitlin, Int. J. 
Hydrogen Energ., 37, 4, 3540 (2012).

[2.126] P. Kalisvaart, E. Luber, H. Fritzsche, and D. Mitlin, Chem. Commun., 47, 
14, 4294 (2011).

[2.127] K. Temst, M.J. Van-Bael, and H. Fritzsche, Appl. Phys. Lett., 79, 991 
(2001).

[2.128] G. Decher, Science, 277, 1232 (1997).

[2.129] O.M. Tanchak, K.G. Yager, H. Fritzsche, T. Harroun, J. Katsaras, and C.J. 
Barrett, Langmuir, 22, 5137 (2006).

[2.130] K.G. Yager, O.M. Tanchak, C.J. Barrett, M.J. Watson, and H. Fritzsche, 
Rev. Sci. Instrum., 77, 045106 (2006).

[2.131] G.H. Koch, M.P.H. Brongers, and N.G. Thompson, “Corrosion Costs and 
Preventive Strategies in the United States”, FHWA-RD-01-156 (2001).

[2.132] M.-P. Nieh, T.A. Harroun, V.A. Raghunathan, C.J. Glinka, and J. Katsaras, 
Phys. Rev. Lett., 91, 158105 (2003).

[2.133] M.-P. Nieh, T.A. Harroun, V.A. Raghunathan, C.J. Glinka, and J. Katsaras, 
Biophys. J., 86, 2615–2629 (2004).

[2.134] B. Yue, C.-Y. Huang, M.-P. Nieh, C.J. Glinka, and J. Katsaras, J. Phys. 
Chem. B, 109, 609–616 (2005).

[2.135] M.-P. Nieh, V.A. Raghunathan, S.R. Kline, T.A. Harroun, C.-Y. Huang, J. 
Pencer, and J. Katsaras, Langmuir, 21, 6656-6661 (2005).

[2.136] Y. Xia, M. Li, N. Kučerka, S. Li, and M.-P. Nieh, “Neutron Diffraction on 
Bicellar Mixtures Aligned by an In-Situ Temperature Controllable Shear 
Flow Device”, submitted to Rev. Sci. Instrum., http://cins.ca/docs/exp_rep/
CNBC-2014-SM-6.pdf (2014). 

116



[2.137] T.B. Norsten, M.D. Guiver, J. Murphy, T. Astill, T. Navessin, S. Holdcroft, 
B.L. Frankamp, V.M. Rotello, and J. Ding, Adv. Func. Mater., 16, 1814–1822 
(2006).

[2.138] G. Gebel and O. Diat, Fuel Cells, 5, 261–276 (2005).

[2.139] L. E. Millon, M.-P. Nieh, J. Hutter, and W.-K. Wan, Macro-molecules, 40, 
3655–3622 (2007).

[2.140] P. Bradshaw, M.J.M. Darkes, T.A. Harroun, J. Katsaras, and R.M. Epand, 
Biochemistry, 39, 6581–6585 (2000).

[2.141] T.A. Harroun, J. Katsaras, and S.R. Wassall, Biochemistry, 45, 1227–1233 
(2006).

[2.142] N. Kučerka, D. Marquardt, T.A. Harroun, M.-P. Nieh, S.R. Wassall, and J. 
Katsaras, J. Am. Chem. Soc., 131, 16358–16359 (2009).

[2.143] D. Marquardt, J.A. Williams, N. Kučerka, J. Atkinson, S.R. Wassall, J. Kat-
saras, and T.A. Harroun, J. Am. Chem. Soc., 135, 7523−7533 (2013).

[2.144] D. Marquardt, J.A. Williams, J.J. Kinnun, N. Kučerka, J. Atkinson, S.R. 
Wassall, J. Katsaras, and T.A. Harroun, J. Am. Chem. Soc., 136, 203−210 
(2014).

[2.145] C.L. Armstrong, M. Barrett, L. Toppozini, N. Kučerka, Z. Yamani, J. Katsar-
as, G. Fragneto, and M.C. Rheinstädter, Soft Matter, 8, 4687–4694 (2012).

[2.146] J. Pencer, V.N.P. Anghel, N. Kučerka, and J. Katsaras, J. Appl. Crystallogr., 
40, 771–772 (2007).

[2.147] C.L. Armstrong, D. Marquardt, H. Dies, N. Kučerka, Z. Yamani, T.A. Har-
roun, J. Katsaras, A.-C. Shi, and M.C. Rheinstädter, PLOS ONE, 8, 6, 
e66162 (2013).

[2.148] M.C. Rheinstädter and O.G. Mouritsen, Science, 18, 440–447 (2013).

[2.149] L. Toppozini, S. Meinhardt, C.L. Armstrong, Z. Yamani, N. Kučerka, F. 
Schmid, and M.C. Rheinstädter, Phys. Rev Lett., in press (2014).

[2.150] W. Feng, M.-P. Nieh, S. Zhu, T.A. Harroun, J. Katsaras, and J.L. Brash, 
Biointerphases, 2, 34–43 (2007).

[2.151] X. Gao, N. Kučerka, M.-P. Nieh, J. Katsaras, S. Zhu, J.L. Brash, and H. 
Sheardown, Langmuir, 25, 17, 10271–10278 (2009).

[2.152] The Freedonia Group, in “Nanotechnology in Health Care to 2009” (2005) 
and “Health Care to 2011 Report” (2007).

[3.1]	 Canadian Institute for Neutron Scattering, “Meeting Notes and Decisions – 
Annual General Meeting of the Canadian Institute for Neutron Scattering, 
2006”, The University of Western Ontario, London, Ontario, Canada, http://
www.cins.ca/docs/2006cinsagm.doc (October, 2006).

[3.2]	 Canadian Institute for Neutron Scattering, “Meeting Notes and Decisions – 
Annual General Meeting of the Canadian Institute for Neutron Scattering, 
2014” The University of Toronto, Toronto, Ontario, Canada, http://cins.ca/
docs/agm2014/CINS%20AGM%202014%20Minutes%20Full.pdf (Novem-
ber, 2014). 

[3.3]	 Canadian Institute for Neutron Scattering, “Meeting Notes and Decisions – 
Annual General Meeting of the Canadian Institute for Neutron Scattering, 
2006”, The University of Western Ontario, London, Ontario, Canada, http://
www.cins.ca/docs/2006cinsagm.doc (October, 2006). 

[3.4]	 R. Cubitt, in “Neutron Reflectometry: A Probe for Materials Surfaces, Pro-
ceedings of the IAEA Technical Meeting”, Vienna, Austria (August, 2004).

[3.5]	 D.I. Svergun, M.H.J. Koch, P.A. Timmins, and R.P. May, “Small Angle X-Ray 
and Neutron Scattering from Solutions of Biological Macromolecules”, IUCr 
Texts on Crystallography, 19, 358, Oxford University Press, ISBN: 978-0-
19-963953-3 (2013). 

[3.6]	 Small Angle Scattering Biological Data Bank, “Curated Repository for Small 
Angle Scattering Data and Models”, http://www.sasbdb.org/ (2014).

[3.7]	 S.-M. Choi, J.G. Barker, C.J. Glinka, Y.T. Cheng, and P.L. Gammel, J. Appl. 
Crystallogr., 33, 793–796 (2000).

[3.8]	 F.M.A. Margaca, A.N. Falcão, J.F. Salagado, and F.G. Carvalho, Physica B, 
276–278, 189–191 (2000).

[3.9]	 The Bragg Institute, R. Robinson, “Draft Decadal Plan for Neutron Scatter-
ing at OPAL (2006)”, Australian Nuclear Science and Technology Organisa-
tion, http://www.ansto.gov.au/__data/assets/pdf_file/0019/3844/w14report.
pdf (2006).  

[3.10]	 L.F. Ruppert, R. Sakurovs, T.P. Blach, L.He, Y.B. Melnichenko, D.F.R. Mild-
ner, and L. Alcantar-Lopez, Energy Fuels, 27, 2, 772–779 (2013). 

[3.11]	 L.M. Anovitza, D.R. Cole, G. Rother, L.F. Allard, A.J. Jackson, and K.C. 
Littrell, Geochimica et Cosmochimica Acta, 102, 280–305, DOI: 10.1016/j.
gca.2012.07.035 (2013).

[3.12]	 C. Wilkinson, J.A. Cowan, D.A.A. Myles, F. Cipriani, and G.J. McIntyre, 
“Chemistry and Materials Science”, Neutron News, 13, 37 (2002).

[3.13]	 G.E. Ice, C.R. Hubbard, B.C. Larson, J.W.L. Pang, J.D. Budai, S. Spooner, 
S.C. Vogel, R.B. Rogge, J.H. Fox, and R.L. Donaberger, Mat. Sci. and Eng., 
A437, 120 (2006).

[3.14]	 J. McIntyre, L. Mélési, M. Guthrie, C.A. Tulk, J. Xu, and J.B. Parise, J. Phys. 
Condens. Matter, 17, S3017 (2005).

[3.15]	 G.J. McIntyre, L. Mélèsi, M. Guthrie, C.A. Tulk, J. Xu, and J.B. Parise, Crys-
tallography Reports, 49, 969–974 (2004).

[3.16]	 J.F. Van der Maelen, E. Gutiérrez-Puebla, Á. Monge, S. García-Granda, I. 
Resa, E. Carmona, M. T. Fernández-Díaz, G.J. McIntyre, P. Pattison, and 
H.-P. Weber, Acta Cryst., B63, 862 (2007).

[3.17]	 A.W. Hewatt, Physica B, 385–386, 979 (2006).

[3.18]	 A.J. Studer, M.E. Hagen, and T.J. Noakes, Physica B, 385–386, 1013 
(2006).

[3.19]	 K.-D. Liss, B. Hunter, M. Hagen, T. Noakes, and S. Kennedy, Physica B, 
385–386,1010 (2006) 

[3.20]	 B.N. Brockhouse, in “Inelastic Neutron Scattering in Solids and Liquids”, 
International Atomic Energy Agency, 113 (1961).

[3.21]	 G. Shirane, S.M. Shapiro, and J.M. Tranquada, “Neutron scattering with 
a triple axis spectrometer, basic technique”, Cambridge University Press 
(2004).

[3.22]	 J. Kulda, “Proceedings of the international symposium on research reactor 
and neutron science”, Daejeon, Korea, 733 (April, 2005).

117

P
L

A
N

 to 2050
P

L
A

N



[3.23]	 Institut Laue-Langevin, “The ILL Millennium Programme Report”, ILL 
01CA01T (2001); Institut Laue-Langevin, “The ILL three axis spectrometers: 
present state and future perspectives”, www.ill.fr/pages/science/Docs/TAS.
pdf (2005).

[3.24]	 M. Loewenhaupt and N.M. Pyka, Physica B, 267–268, 336 (1999).

[3.25]	 J.W. Lynn, Y. Chen, S. Chang, Y. Zhao, S. Chi, W. Ratcliff II, B.G. Ueland, 
and R.W. Erwin, Journal of Research of the National Institute of Standards 
and Technology Volume, 117, 61 (2012). 

[3.26]	 M.D. Le, D.L. Quintero-Castro, R. Toft-Petersen, F. Groit, M. Skoulatos, 
K.C. Rule, and K. Habicht, Nucl. Instr. and Meth. A, 729, 220 (2013). 

[3.27]	 J. Kulda, Nuclear Engineering and Methodology, 38, 433 (2006). 

[3.28]	 H. Conrad, Th. Brückel, A. Budwig, K. Bussmann, R. Engels, V. Fracassi, J. 
Heinen, H. Heybutzki, A. Ioffe, E. Küssel, T. Kulessa, M. Pap, B. Schmitz, F. 
Suxdorf, and T. Zeiske, Journal of Neutron Research, 16, 31 (2008). 

[3.29]	 S.A. Danilkin, M. Yethiraj, T. Saerbeck, F. Klose, C. Ulrich, J. Fujioka, S. 
Miyasaka, Y. Tokura, and B. Keimer, Jour. Phys.: Conf. Ser., 340, 012003 
(2012). 

[3.30]	 A.C. Komarek, P. Böni, and M. Braden, Nucl. Instr. and Meth. A, 647, 63 
(2011).

[3.31]	 K. Lefmann, D.F. McMorrow, H.M. Ronnow, K. Nielsen, K.N. Clausen, B. 
Lake, and G. Aeppli, Physica B, 283, 343 (2000).

[3.32]	 J.O. Birk, M. Markó, P.G. Freeman, J. Jacobsen, N.B. Christensen, C. Nie-
dermayer, H.M. Rønnow, and K. Lefmann, Phys. Inst. Det., http://arxiv.org/
abs/1408.0551 (2014). 

[3.33]	 F. Demmel, N. Grach, and H.M. Rønnow, Nucl. Instr. and Meth. A, 530, 404 
(2004). 

[3.34]	 K.N. Clausen, D.F. McMorrow, K. Lefmann, G. Aeppli, T.E. Mason, A. 
Schröder, M. Issikii, M. Nohara, and H. Takagi, Physica B, 241–243, 50 
(1998). 

[3.35]	 S.N. Klausen, K. Lefmann, D.F. McMorrow, F. Altorfer, S. Janssen, and M. 
Lüthy, Appl. Phys. A, 74 [Suppl.], S1508 (2002). 

[3.36]	 A. Ivanov, M. Jimenez-Ruiz, and J. Kulda, “Proceedings of Dynamics of 
Molecules and Materials-II 2013”, J. Phys.: Conf. Ser., in press (2014). 

[3.37]	 R. Born and D. Hohlwein, Z. Phys. B – Condensed Matter, 74, 547 (1989); J. 
Kulda, H. Schober, and S. Hayden, “The Flat Cone setup for excitation map-
ping on TAS”, in The ILL Millennium Programme, Report, 26, ILL 01CA01T 
(2001).

[3.38]	 M. Kempa, B. Janousova, J. Saroun, P. Flores, M. Boehm, F. Demmel, and 
J. Kulda, Physica B, 385–386, 1080 (2006).

[3.39]	 V. Hutanu, M. Meven, S. Masalovich, G. Heger, and G. Roth, J. Phys.: Conf. 
Ser., 294 012012 (2011).

[3.40]	 M. Takeda, M. Nakamura, Y. Shimojo, and K. Kakurai, Nucl. Instr. and Meth. 
A, 586, 229 (2008).

[3.41]	 D.R. Rich, S. Fan, T.R. Gentile, D. Hussey, G.L. Jones, B. Neft, W.M. Snow, 
and A.K. Thompson, Physica B, 305, 203 (2001); G.L. Jones, F. Dias, B. 
Collett, W.C. Chen, T.R. Gentile, P.M.B. Piccoli, M.E. Miller, A.J. Schultz, 

H. Yan, X. Tong, W.M. Snow, W.T. Lee, C. Hoffmann, and J. Thomison, 
Physica B, 385-386, 1131 (2006).

[3.42]	 C.Y. Jiang, X. Tong, D.R. Brown, S. Chi, A.D. Christianson, B.J. Kadron, J.L. 
Robertson, and B.L. Winn, Rev. Sci. Instrum., 85, 075112 (2014).

[3.43]	 E. Lelièvre-Berna, E. Bourgeat-Lami, P. Fouilloux, B. Geffray, Y. Gibert, K. 
Kakurai, N. Kernavanois, B. Longuet, F. Mantegezza, M. Nakamura, S. Pu-
jol, L.-P. Regnault, F. Tasset, M. Takeda, M. Thomas, and X. Tonon, Physica 
B, 356, 131 (2005).

[3.44]	 M. Janoschek, S. Klimko, R. Gahler, B. Roessli, and P. Boni, Physica B, 
397, 125 (2007). 

[3.45]	 A. Ivanov, M. Jimenez-Ruiz, and J. Kulda, J. Phys.: Conf. Ser., in press 
(2014).

[3.46]	 J.R.D. Copley and J.C. Cook, Chem. Phys., 292, 477 (2003).

[3.47]	 J. Voigt, E. Babcock, and Th. Bruckel, J. Phys.: Conf. Ser., 211 012032, 
(2010). 

[3.48]	 B. Alefeld, Bay. Akad. Wiss. Math.-Nat. K1, 11, 109 (1967); B. Alefeld, T. 
Springer, and A. Heidemann, Nucl. Sci. Eng., 110, 84 (1992); M. Birr, A. 
Heidemann, and B. Alefeld, Nucl. Instr. and Meth., 95, 435 (1971); P.M. 
Gehring, and D.A. Neumann, Physica B, 64, 241–243 (1998).

[3.49]	 L. van Eijck, L. Gérard, B. Frick, T. Seydel, and H. Schober, Nucl. Instr. and 
Meth. A 672, 64 (2012). 

[3.50]	W. Häuβlera, O. Holdererb, T. Unruha, and J. Wuttkeb, Neutron News, 22, 
24 (2011).

[3.51]	 F. Mezei, Z. Phys., 255, 146 (1972).

[3.52]	 T. Keller, B. Keimer, K. Habicht, R. Golub, and F. Mezei, in Neutron Spin 
Echo Spectroscopy, Springer Lecture Notes in Physics 601, Eds. F. Mezei, 
C. Pappas, and T. Gutberlet, Heidelberg/Berlin: Springer, 74 (2003).

[3.53]	 T. Keller, R. Gähler, H. Kunze, and R. Golub, Neutron News, 6, 16 (1995).

[3.54]	 M.T. Rekveldt, T. Keller, and R. Golub, Europhys. Lett., 54, 342 (2001). 

[3.55]	 T. Keller, P. Aynajian, S. Bayrakci, K. Buchnera, K. Habicht, H. Klann, M. 
Ohl, and B. Keimer, Neutron News, 18, 16 (2007).

[3.56]	 Beam Facilities Consultative Group, “Report on the Neutron Scattering 
Facilities To Be Installed at the Replacement Reactor”, Australian Nuclear 
Science and Technology Organisation (1998).

[3.57]	 F. Klose, P. Constantine, S.J. Kennedy, and R.A. Robinson, J. Physics: 
Conf. Ser., 528, 012026 (2014).

[3.58]	 U.S. Department of Energy, “National Nuclear Security Administration 
Federal Funds”, “http://www.whitehouse.gov/sites/default/files/omb/budget/
fy2015/assets/doe.html (2015).

[4.1]	 Natural Resources Canada, “Archived – Government of Canada Response 
to the Report of the Expert Review Panel on Medical Isotope Production”, 
http://www.nrcan.gc.ca/energy/uranium-nuclear/7795 (2013); Natural Re-
sources Canada, “Government of Canada Response to the Report of the 
Expert Review Panel on Medical Isotope Production”, http://www.nrcan.
gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/eneene/sources/uranuc/pdf/
isotopes-gc-re-eng.pdf (2010).

118



[4.2]	 Natural Resources Canada, “Restructuring of Atomic Energy of Canada 
Limited’s Nuclear Laboratories Moves Ahead”, http://www.nrcan.gc.ca/
media-room/news-release/2014/15661 (2014).

[4.3]	 Atomic Energy of Canada Limited, “2014 Annual Financial Report”, http://
www.aecl.ca/site/media/Parent/2014_AFR_Eng.pdf (2014).

[4.4]	 Government of Saskatchewan, “The Canadian Neutron Source: Securing 
the Future of Medical Isotopes and Neutron Science in Canada”, http://
www.gov.sk.ca/adx/aspx/adxGetMedia.aspx?mediaId=883&PN=Shared 
(2009).  

[4.5]	 Kate Ross, “Working with Neutrons To Explore Novel Magnetic Phases of 
Matter”, McMaster University Department of Physics and Astronomy, 4, 
http://www.physics.mcmaster.ca/files/Current_Events/Department_News-
letter/_miscfiles/P&Anewsletter_Winter2010.pdf (Winter, 2010).

[4.6]	 Z. Tun, “Possible Neutron Sources for Canada beyond NRU Reactor: A 
Review prepared for Discussion at CINS AGM 2014”, Canadian Institute 
for Neutron Scattering, http://cins.ca/meetings/2014/4p1_n_sources_re-
view_ZT_oct30.pdf (2014).

[4.7]	 CINS Committee on Options for Neutron Sources in Canada. "Report to the 
CINS Membership." Canadian Institute for Neutron Scattering. http://cins.
ca/docs/agm2015/Report to CINS.pdf (2015).

[4.8]	 Institut Laue-Langevin, Neutrons for Science, “The high flux reactor”, http://
rencurel.essworkshop.org/documents/YellowBookCDrom/data/2_1.pdf 
(2006).

[4.9]	 Institut Laue-Langevin, Neutrons for Science, “The ILL Millenium Pro-
gramme”, https://www.ill.eu/about/modernisation-programmes/the-millenni-
um-programme (2013).

119

P
L

A
N

 to 2050
P

L
A

N



CINS Contributors to This Plan

	 At the 2006 Annual General Meeting of the CINS (held October 13–15, 2006 
at the University of Western Ontario), a workshop was included to spark a 
discussion about the long-range planning for neutron beam research re-
quirements to a time horizon of 2050. A subcommittee was appointed to 
lead the first draft of the Plan. At the 2007 Annual General Meeting (held 
October 26–27, 2007 at Queen’s University), a draft was presented. Work-
ing groups reviewed the text for their respective communities of interest 
and then recommended priorities for neutron beam instruments that would 
best serve their requirements. A subcommittee was established to finalize 
the content provided by the perspective working groups. The Plan was pub-
lished in 2008 [http://www.cins.ca/docs/CINSweb_2008.pdf]. 

The contributors included:

	 J. Greedan, C. Adams, L. Clapham, T. Harroun, J. Root, J. Barbier, M. Bier-
inger, J. Britten, W.J.L. Buyers, L. Cranswick, H. Cuthbert, M. Daymond, 
S. Derakhshan, H. Fritzsche, B.D. Gaulin, M.A. Gharghouri, P. Hungler, J. 
Katsaras, Y.-J. Kim, H. Kleinke, A. Mar, A. McIvor, Y. Mozharivskyj, M.-P. 
Nieh, J. Noël, R.B. Rogge, D.H. Ryan, I.P. Swainson, Z. Tun, Z. Yamani, 
and Z.-G. Ye.

2015 update to this plan

	 In the summer of 2014, Prof. Dominic Ryan, CINS President at the time, 
asked the CINS Science Council [http://www.cins.ca/people.html#sci] to 
lead the task of updating the Plan to not only include new and exciting 
scientific developments and future research directions, but also to reflect 
and plan for the changing environment. The updated draft, including a dis-
cussion paper on neutron source options, was sent to CINS members and 
posted on the CINS website prior to the 2014 AGM (held November 14–15, 
2014 at the University of Toronto). At the AGM, the updated scientific pro-
grams portion and the Neutron Beam Instruments and Methods section of 
the updated draft were endorsed. In addition, it was unanimously agreed to 
establish a subcommittee to explore in detail the costs and benefits of the 
possible neutron sources, and to report back their findings to the community 
in 2015 (see Section 4). 

The contributors to the updated draft are:

	 T. Harroun, M. Rheinstadter, H. Silverstein, Z. Yamani, Z. Tun, J. Greedan, 
R. Flacau, H. Fritzsche, R. Rogge, D. Banks, and M. Vigder.
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