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The subject

The macroscopic properties of materials result from the interactions of
their constituents. To study the properties of materials at atomic and
molecular levels, science has developed a wide variety of methods. An
essential class of these methods is scattering experiments, in which radia-
tion with known properties is directed onto a sample with which it interacts.
The laws of the interaction are known and the scattering of an individual
quantum of radiation at a scattering centre (for example an atom or elec-
tron in the sample) can be described by a simple quantity, the "scattering
length". The special strength of scattering experiments lies in the fact that
the radiation leaving the individual scattering centres superimposes in
space as well as in time, in a way that leads to calculable changes of direc-
tion of the radiation (Figure 1). As a result the spatial structure and the
collective motions of the scattering centres can be inferred from the distri-
bution of the scattered radiation, and if appropriate, its energy change in
the scattering process. Mathematically the relation between these proper-
ties and the scattering of radiation is described by the so-called "scattering

The smallest detectable amount of radiation
Is called a quantum.

Vectors are characterized by thei r magn itude
and their direction, for example velocity. They
are represented by arrows pointing in the
direction of the vector and of length
corresponding to their magnitude. Letters
designating a vector are either underscored
or marked with a small arrow above the letter
(y or v). The momentum p is also a vector (cf.
Figure 2). Frequently the wave vector
k=p/h is used instead. T> is Planck's universal
constant h divided by 2JI.

Figure 1:
A periodic arrangement of scattering centres (atoms) leads to coher-
ent, i.e. phase-related, superposition of spherical wavelets emerging
from the individual scattering centres. This results in outgoing planar
waves in well defined directions ("Bragg scattering"). The angle of
deflection 20 depends on the lattice constant d and the wavelength
X of the radiation. If X is known, d can be determined from the
measured deflection angle (structure determination). Conversely,
with d and 20 given, a beam of fixed wavelength can be selected from
a "white" beam containing many different wavelengths ("monochro-
matization").
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law", the determination of which is the goal of all scattering experiments.
The scattering law relates theoretical ideas and experimental investiga-
tions. If a scattering law, predicted with the help of a theoretical model, is
able to describe the experimental results, an important step has been
taken towards the understanding of the atomic properties of the material.

The resolution of an experiment gives the
minimum separation of distinct features in a
pattern (in units of the quantity measured)
which can be distinguished in a measurement.

The scattering law, and thus the intensity of the scattered radiation, is a
function of the energy and momentum transfer in the scattering process. If
for instance energy and momentum transfer are regarded as rectangular
coordinates, a "contour map" of the scattering law can be drawn, similar to
the display of heights above sea level on a map. The "scattering relief" will
be a sum of different contributions, just like the displayed heights on the
map, where different rock formations or glaciers may combine to give the
total elevation of a mountain. Scientific "expeditions" into the mountains of
the scattering law in general concentrate on only one peak or ridge, and
here is it important to identify those contributions which arise from the
problem under investigation. This places a few important conditions on the
type of beam used in the scattering experiment: energy and momentum
must be large enough to reach the points of interest, while the resolution of
the experiment must be good enough to resolve the details of the structure
under investigation.

Beyond that, as already mentioned, it shoud be possible to distinguish the
different contributions to the scattering law. One particulary versatile type
of radiation is neutrons. For this reason it has found an especially broad
spectrum of applications. As an illustration we list here a few mile-stones
which mark the path of neutron scattering to its present importance in
condensed matter research:

Crystal structures
Magnetic structures (Antiferromagnetism)

Lattice dynamics
Magnetic excitations

Structure and dynamics of liquids
Dynamics of quantum fluids

Dynamics of molecules and molecular crystals
Phase transitions

Metal-hydrogen systems
Diffusion in solids

Type-ll-superconductors
Polymer conformation
Disordered structures

Protein-crystallography
Biological structures

High temperature superconductors

Without wishing to be a prophet, one can predict that this list - somewhat
arbitrarily compiled - will be extended in future. Most recently for example,
the contributions could be added which neutron scattering has brought to
the understanding of high temperature superconductivity. Of particular
importance for the future is the fact that the present-day accuracy and
significance of scattering experiments is not limited by the method as
such: improvements of orders of magnitude are conceivable. A great deal
depends here on the skill of the experimenter and the power of the
available radiation source.
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Energies and orders of magnitude

In the physics of elementary particles and their applications, energy
is often expressed in "electron volts" (eV). This is that energy sup-
plied to an electron (or in general any singly-charged particle such
as a proton) when it falls through a potential of one volt. It is a very
small amount of energy, corresponding to about 1.6 x 1019 joule
(watt x seconds). The notation 1019 stands for a number consisting
of 1 followed by 19 zeroes; the inverse of this number (1 divided by
it) is written as 10 '9. For example 103 = 1000 and 103 = 1/1000 =
0.001.

The enormous range of values occurring in nature requires some
such way of expressing them. While for example the diameter of the
neutron is about 1015 cm, the average distance from the earth to the
sun is about 150,000,000 km or 1.5 x 1013 cm. In neither direction
are these by any means the most extreme dimensions known to us.

By "order of magnitude" is meant each change of the exponent by
one unit. Thus a metre is two orders of magnitude larger than a cen-
timetre (1 m = 102 cm). In order to characterize certain orders of
magnitude, prefixes have been introduced. They are

nano
micro
milli

kilo
mega

tera

(n)
(H)
(m)

(k)
(M)
(G)
m

109

106

103

10° =1
103

106

109

1012

neV
u.eV

meV
eV

keV
MeV
GeV
TeV

for example for energy
nano electron volt
micro electron volt
milli electron volt
electron volt
kilo electron volt
mega electron volt
giga electron volt
tera electron volt

Particularly in the field of neutron physics, one uses orders of mag-
nitude of energy which are not clearly distinguished, but rather de-
scribe certain energy regions.

Energy

0-1 keV

1 keV -
0 . 5 - 10
10-50

regioni Designatior

(Nuclear physics)

Slow

0.5 MeV intermediate
MeV

MeV
0.05- 10 GeV
Above 10 GeV

fast
very fast

i Subdivision

(Neutron scattering)
very cold* &
ultra-cold
cold*
thermal*

epithermal
resonance

high-energy or ultra-fast
relativistic

under
0.5-2
2-100
(about
0.1-1
1-100

0.5 meV
meV
meV
25 meV)

eV
eV

* The terms "thermal" and "cold" are used to
characterize a neutron energy regime
because neutrons of these energies can be
obtained by slowing them down to thermal
equilibrium in matter at ambient ("thermal") or
low temperature (e.g. liquid hydrogen at 20°K,
"cold").
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Two difficult problems

Much of what a professional person takes for granted now was for a long time controversial
among scientists and even today often presents conceptual difficulties to the student. The picture
presented here of two themes of this kind is naturally not an exhaustive treatment, but can per-
haps help the reader to accept the concepts more easily.

1. The neutron as a particle and as a wave

In Figure 2 various properties of the neutron are displayed, using on one hand the picture of a
particle, on the other that of a wave. The question of which picture is in fact correct split scientists
for many years into two camps. Today we know that this question is not a meaningful one because
it is not appropriate to treat observable phenomena on a scale too small to be directly accessible
to us, with the concepts of our everyday experience. What we are left with is to say something like:
"We imagine it like this:. . .". The scattering of neutrons from many, regularly arranged atomic
nuclei (Figure 1) we then imagine to be like the superposition of water waves, which are scattered
at appropriately arranged obstacles. This picture yields provably correct results: one can in fact
measure maxima of scattered neutrons in the predicted directions with the expected intensities.
But on the other hand, the fact that the neutrons can be counted individually in a detector is hardly
to be understood on the wave picture. For this we take the view that at a given point in time a
particle enters the detector and there can be detected via a nuclear reaction. Another example in
which only the particle picture allows an easy visualization, is the "spin" of the neutron, i.e. the fact
that relative to the neutron a direction in space is defined. One imagines the neutron as a tiny
spining top and indicates the spin by an arrow pointing along its axis of rotation (see Figure 2).
With a wave it is very difficult to develop an equivalent idea. Strangely, the spin is especially im-
portant for the quantitative understanding of scattering by many particles, which, as we will see
under 2., is considerably easier in the wave picture.

These two descriptions, applied from case to case as appropriate, present no fundamental
problem if we accept that both are only analogies, which we apply to be able to understand and
calculate what we observe. In the high-lighted part of Figure 2 it is shown that energy and momen-
tum are well defined in both pictures. Thus, knowing the velocity of the neutron, regarded as a
particle, one can for example at once calculate the wave-length which it has if one regards it as a
wave, and conversely. Since the application of neutron scattering in research almost always
reduces to measuring either the change of momentum, or of energy and momentum together, the
results obtained are independent of which of the two ideas is applied, as it should be of course.

2. Coherent and incoherent scattering of neutrons

The superposition of partial waves emerging from the individual scattering centres can occur in
the way shown in Figure 1 only if all scattering centres either scatter equally strongly, or if scatter-
ing centres of different strengths are regularly arranged with respect to each other. Already the
fact that different isotopes of the same element, with different scattering strengths as shown in
Figure 3, behave chemically the same and are therefore dispersed at random throughout a solid
suggests that these conditions are not always met. This implies that only a part of the total scatter-
ing fulfills the conditions required for superposition as shown. Only for this part is it possible for
the amplitudes of the partial waves to add up to a wave front in a given direction. Because of the
well-defined relations that exist between the amplitudes, this scattering is described as
"coherent".
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Since the intensity of the measured radiation is proportional to the square of the amplitude, coher-
ent scattering from many scattering centres yields high intensities. That part of the scattering
which does not fulfil the required phase relationship is described as "incoherent". Here, in contrast
to the amplitudes, the intensities of the individual components, which arise from the difference
between the various scattering lengths, add together.

If for example two scattering components of different strengths are present, whose "scattering
lengths" (radii of the circles in Figure 3) are b, and b2, and the probabilities to find them at a given
position are w, and w2 (where w, + w2= 1), then we obtain

2for the coherent scattering intensity (wt x b, + w2 x b8)
for the incoherent scattering intensity w, x w2 x (b,- b2)

2

An especially important case of incoherent scattering results from the spin dependence of the
scattering length. Like the neutron, many atomic nuclei have a spin, i.e. a defined direction in
space. The "visibility" of a nucleus for a neutron now depends on whether its spin is parallel or
anti-parallel to that of the neutron.

Neutron Nucleus Neutron Nucleus

Parallel spins (+) Anti-parallel spins (-)

This is described by scattering lengths b+ and b. Again, if the probabilities to find either one of the
two above configurations are described by w+ and w, corresponding descriptions similar to the
ones given above are valid also for coherent and incoherent scattering that result from the spins.

Spin-incoherent scattering can also occur if only one isotope of an element exists.

The distinction between coherent and incoherent scattering for neutrons is so important
because it delivers different information about the investigated system:

Thus coherent scattering probes the common properties of large numbers of atoms, for example
the spatial arrangement, or oscillations of a complete crystal lattice.

In incoherent scattering, because the phase relationship is absent, the behaviour of individual
atoms can be investigated, for example their diffusion through a crystal lattice, or their uncorrelat-
ed motion around the average lattice position.

Incoherent scattering for normal (light) hydrogen is particularly strong (the yellow circle in Figure
3). This is the reason why, even behind a metal layer several centimetres thick, the hydrogen
contained in a plant can be detected by neutron radiography (see Figure 4). The detection of
hydrogen in matter by means of neutrons is of importance also in many practical applications, in
particular because it remains practically invisible to X-rays.
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The term condensed matter is used lo
designate solids, liquids and dense gases.

Why the neutron is so useful in the study of
condensed matter

As can already be inferred from the list on page 2, the neutron has, on
many different grounds, developed into an indispensible asset in the
investigation of condensed matter.

• the wave-length of thermal neutrons is of the order of atomic separations
in condensed materials (nm). They are thus especially suitable for struc-
tural investigations. (This is also true of X-rays.)

• because the kinetic energy of thermal neutrons lies in the region of the
energy of thermal motions of atoms (meV), the dynamics of condensed
matter is also accessible to investigation. (This is not true of X-rays.)

Particle Wave

Charge

Mass

"Radius"

Spin

Magn. Moment

Momentum

Energy

(v = velocity)

m

ro

H

P

E

: 0

= 1,67-10"24g

-16
= 6-10 m

: 1/2

= -1.9u.N

= m • v"

= ^ v 2

Wave length X =

Wave number k =

Momentum p = ^ = fi-jT

Energy E <=
2mA2 2m

(h = Plank's constant)

Figure 2:
Characterising the neutron as a particle and as a wave. Which of the
two representations will be used in a particular case depends on the
phenomenon under consideration. The two representations are equi-
valent because energy and momentum can be expressed in both.

Isotopes are atoms which have the same
number of protons, i.e. atomic number
(belonging to the same element) but have
different numbers of neutrons in their nuclei
(i.e. different mass number). The mass
number of an isotope is generally indicated
by putting it as a superscript in front of the
element symbol, e.g. !H or 5Te. Sometimes
the notation Fe-57 etc. is also used for
simplicity.

• the neutron has no charge, and consequently can penetrate deep into the
interior of thick samples virtually undisturbed by the atomic electron
cloud, which causes the scattering of X-rays.
it interacts with the atomic nucleus. The strength of the interaction (the
scattering length) varies strongly not only with the atomic number, but
also with the isotopic mass.

Through the substitution of isotopes a very useful "contrast variation" can
be achieved. In this context it is particularly important that the two stable
isotopes of hydrogen differ even in the sign of their scattering lengths.

The spallation neutron source SINQ at PSI



the neutron possesses a magnetic moment, and hence interacts with the
magnetic moment of the atom. For this reason the structure and
dynamics of magnetic materials are important fields for neutron
scattering research.
since the neutron also has a spin, its scattering depends on its orientation
relative to the spin of the scattering atom. This is important not only for
the production of polarised neutron beams, but also for the study of inter-
actions between atomic nuclei in oriented nuclear structures, particularly
at very low temperatures.

• as a consequence of the spin dependence of neutron scattering there is
besides coherent scattering, an incoherent part resulting from individual
scattering centres. The measurement of this incoherent scattering allows
the experimenter to study the behaviour of individual particles in the
sample, and consequently to obtain information about diffusion process-
es, free molecular rotations, etc. Hydrogen, which is practically undetect-
able with X-rays, has an especially large incoherent neutron scattering
cross-section. Neutron scattering is for this reason an especially
sensitive detection method for hydrogen.

The magnetic moment is the product of the
strength and the separation of a magnet's
poles. All elementary particles and nuclei
with non-zero spin also have a magnetic
moment, i.e. they can be imagined as being
tiny bar-magnets, and hence can be oriented
in a magnetic field.

Atomic number

1 6 8 22 26 28

Diffusion is the irregular motion of a particle
or an atom in matter.
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The diameters of the circles shown scale with the scattering amplitude fx (sin©= 0) for x-
rays, and bcoh* 10 for neutrons. Hatching indicates negative scattering amplitudes.

Figure 3:
Examples otthe "visibility" &f stems in X-ray and neutron scattering. The diameters of the circles are drawn
proportional to the *$ct#t&ting lengths", for X-rays one observes an essentially monotonic increase with
atomic number, which maMB netgfr&ouring atoms difficult to distinguish and ieaves tight atoms practically
invisible, for neutrons mi $ocfi reguUtt dependency exists. Even different isotopes of the same element
may scatter significantly differently. This is used in the method of "contrast variation". Generally the
scattering lengths for fieutrom am significantly smaller than for X-rays. For this reason they have been
enlarged by a factor of 10 in the figure.
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Figure 4:
A plant behind a 5 cm thick lead wall photographed with the help of
neutrons. The weakening of the beam due to the strong incoherent
scattering of neutrons from the hydrogen contained in the plant, and
the high penetrating power of neutrons in lead are clearly demonstra-
ted in this picture. Similar photographs were used to examine the
distribution of oil in an operating engine. At the same time the picture
demonstrates that samples can be investigated even when sealed in
thick containers to establish special environmental conditions, (photo:
AERE Harwell).

of constantly increasing importance is the fact that thermal neutrons,
because of their electrical neutrality and low energy, do very little
damage to organic materials; this together with the different scattering
properties of the two hydrogen isotopes is a valuable asset in the investi-
gation of biological samples.
the quantitative evaluation of neutron scattering data is simplified consid-
erably by the weakness of neutron scattering (in Figure 3 the radii of the
circles for neutrons compared with those for X-rays are magnified
10-fold), because to good approximation the total sample is equally
illuminated, and the intensity of the incident beam is practically un-
changed with depth. This is not the case for X-ray beams or beams of
charged particles (muons, electrons, ions) for which difficult corrections
for extinction are often required.
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The neutron, like no other probe, therefore has a very wide spectrum of
applications. A constantly growing number of researchers from ever more
disciplines is making use of this opportunity. Although not a subject of this
account, it is worth pointing out that thermal neutrons are important also in
other fields such as isotope production, irradiation experiments and
nuclear physics.

The Neutron as a Probe
in Condensed Matter Science

can investigate bulk
material
can use thick sample
containers
can treat scattering in
first Born approximation

can "see" hydrogen
can distinguish isotopes
•: contrast variation

can examine magnetic
properties on microscopic
scale
(•: antiferrogmanetism)

can determine crystal
structures and atomic
positions

can investigate dynami-
cal properties and
excitations energies

can investigate collective
phenomena as well as
single atom effects
(e.g. diffusion)

Figure 5:
The special properties of the neutron make it particularly suitable
as a prooe in condensed matter research.
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Two quantities are called mutually reciprocal
if one decreases at the same rate the other
increases and vice versa. For example,
frequency v(s1) and time t(s) are mutually
reciprocal. (In physics energy is often
expressed in terms of a frequency: E = h v).

Bragg scattering is the kind of scattering
illustrated in Figure 1 where an outgoing
plane wave forms by superposition of
individual spherical waves. The relation
n X = 2 d sin 0 is called "Bragg's law".

The unit cell is the volume circumscribing
the smallest group of atoms or molecules
which, when repeated produces the crystalline
structure of a solid.

How to obtain information with neutrons

The most important application of thermal neutrons is scattering on
condensed matter, which is governed by well-known laws (conservation of
energy, momentum, total spin etc.). From the change of energy, momen-
tum, and spin direction of the neutron in the scattering process, one can
derive information about the static and dynamic properties of the sample.
It is of course necessary, as mentioned earlier, to know what kind of inter-
action causes the scattering. This follows from the way an experiment is
performed, or from suitable tests. Now energy and time on the one hand,
and momentum and length on the other, are mutually reciprocal quanti-
ties.
Hence, if not only the absolute values of energy and momentum transfer
are measured, but also the width of a scattering peak, one obtains infor-
mation about the duration and the spatial extension of the phenomenon
that causes the scattering. For example the very strong Bragg scattering,
used for structure determination, involves no energy change (see Figure 1)
and is very sharply defined in momentum. It is for this reason representa-
tive of the time-independent average atomic positions over very large re-
gions of an ordered structure.

One determines this kind of scattering by selecting, from a beam coming
from the source (for example a reactor), neutrons with a particular speed
and direction, and thus of a well-defined momentum (m-v). Because the
scattering is elastic, the momentum change is observed as a change of
direction, with no change in energy (m-v2/2). It is measured in a detector
which is moved around the sample; Bragg reflections are identified by in-
tense scattering at certain directions (Figure 6). This kind of measurement,
used inter alia for structure determination, is known as diffractometry. It
establishes those contributions to the scattering law which are due to the
average positions of the atoms, and to the average distribution of different
atoms at lattice sites.
The spatial periodicity of these atomic arrangements leads to strong inten-
sity maxima which are periodic in momentum transfer. Their separation
becomes smaller for larger unit cells in a solid, for example in biological
materials, which are being studied ever more frequently with neutrons. To
achieve clear separation in such cases, beams of low momentum are
required, for which even a small change in momentum transfer leads to a
large change in scattering angle. Here "cold" neutrons, i.e. neutrons which
have been moderated to low velocity in a cold substance, are ideal.

The intensities of the scattering maxima measured in this way contain con-
tributions from all atoms in the periodicity cell of the sample. True, from the
relative intensities of the Bragg reflections information on the
positions in the periodicity cell of the various kinds of atoms can be
derived; but this analysis is often very complicated and frequently requires
the exact measurement of many maxima. It is considerably simpler in
many cases if the atoms of an element at special sites are replaced by a
chemically identical isotope with a different scattering length (see Figure
3). This is possible only with neutron scattering.

While the Bragg peaks yield information about the average order in the
crystal, very important information is also contained in scattering produced
by deviations from this order and by defects (see Figure 7). These defects,
and the distortions of the crystal lattice caused by them, lead to some scat-
tering in between Bragg reflections; because in most cases this scattering
is very much weaker, powerful neutron sources are required to study it.
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Detector

Monochro-
mator

Source
Q=JSi-i<o

AE=0 (ko= k,

Figure 6:
Schematic representation of a diffractometer used to measure elastic
scattering. A crystal monochromator selects neutrons of the desired
wavelength (energy) from a white beam emerging from the modera-
tor. The momentum transfer in the scattering process is determined
by moving a detector around the sample (or using a position sensitive
curved detector) and finding the angles into which neutrons are
deflected with high intensity. The momentum transfer is found from
the vector diagram as shown.

Figure 7 f, g and h show that certain phenomena, which have a relatively
large spatial extension, lead to a marked intensity increase at very small
momentum transfers and near the Bragg reflections. On practical grounds
it is often simplest to investigate this intensity at small momentum trans-
fers, since one can use neutrons with long wave-length (i.e. small momen-
tum), which experience more easily measurable deflections. Because the
deflections are in fact still very small, the term "small angle neutron scat-
tering" (SANS) has been introduced for this kind of measurement. The
phenomena leading to small angle scattering (see Figure 8) are frequently
of special interest in practice, since they allow important conclusions in the
fields of material science and biology.
The spectrometers used for this kind of measurement (Figure 9) are very
long instruments with tight collimation of the neutrons before the sample
and with a two-dimensional position-sensitive detector at a long distance
(up to 40 m) from it, which is able to distinguish neutrons incident a few
millimetres apart; momentum transfers down to 0.001 nnv1 are attainable.
Even smaller values are possible if the sample is placed between two
nearly perfect crystals, and the angular deflection of the beam is analysed

The crystal monochromator makes use of
Bragg scattering to single out of a ("white")
beam containing many different wavelengths,
a particular wavelength which is deflected
into a fixed direction.

The spallation neutron source SINQ at PSI 11
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Figure 7:
Schematic representation of the
lattice. Fora random distribution
c of the foreign atoms &ntf th
moms (bj. if the distribution
distorted by th& foreign atoms,
characteristic ways.

^mg b&tw&m Bragg reflections caused by foreign atoms in a crystal
a constant level of intimity is observed, depending on ihe concentration

diffmmwe in scattering amplitudes of the foreign atoms (bj and the host
from random (ordering or clustering) and/or if the host lattice is

the distribution of intensity between the Bragg peaks is modified in

by a slight mutual tilting of the crystals (double-crystal spectrometer, or
DCS). In this way, the measurement of momentum transfers down to
0.0001 nm 1 is possible, allowing the investigation of structure on a scale
of about 50,000 nm or 50 micron.
Besides the applied research fields shown in Figure 8, such instruments
are naturally also used for basic research in various ways. In particular,
the effects of isolated defects in crystals lead to scattering intensities that
are considerably lower than those shown in Figure 8. Scattering which
involves an energy change, i.e. inelastic scattering (see Figure 10), is very
much weaker than the elastic Bragg-scattering used in structural analysis.
To distinguish the two, and to measure the energy change, not only is a
well collimated monochromatic primary beam needed, but also the direc-
tion and the energy of the neutrons have to be measured accurately after
the scattering. For this purpose two techniques are used:
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• creep and fatigue
• micro cracks
• polymer demixing
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Figure 8:
Fields of application of mu&m scmimng in materials science and related ><il&n&iti&$ and momentum
transfers. Depending m IM promm under investigation, different types of spectrometer MB used. A
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scattering (source: GKSB..
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Germanium is a chemical element which is
often used as neutron monochromator
because it can be obtained in single crystals,
has convenient lattice spacing and
reasonably low absorption.

Figure 10:
Distribution of intensity deflected by a germanium crystal torn) a
puiimd. white, beam of neutrons && tn&asur&d by a position and time
rmoiving detector. P&aks recorded 8f th& name time represent
neutrons of the same velocity but having undergone different
momentum changes as represented by the different positions on the
detector.

8} Th& intense Bragg peaks cart he indexed and represent the crystal
$Uuctur& of germanium.

b) A much higher magnification r&veais weak scattering between the
BI&QQ peaks which results from the motion of the atoms in the crystal
tint? hence is inet&stic (the crystal only contains one kind of atom and
therefore defect scattering as in Figure 7 is not present) (source:
Min&raiogisches tnstitut der UniversMt Bonn)
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In what is known as triple-axis spectroscopy (Figure 11a) the energy of
the neutrons which hit the sample is selected from the spectrum coming
from the source by means of a crystal located before the sample. Since
neutrons coming from the source reach the sample only if they fulfil the
Bragg condition in this "monochromating crystal" (Figure 1), their energy
is accurately known. The energy of the scattered neutrons is selected in
the same way by a crystal between the sample and the detector
("analyser crystal"). The difference represents the energy transferred in
the scattering process. The momentum transfer then comes from the
energies of the incident and the scattered neutrons, together with the
angular deflection in the scattering process. In triple-axis spectroscopy,
only one pair of values of energy and momentum transfer is selected at a
time; the probability with which neutrons receive just this energy and
momentum transfer is then measured. The scattering law is scanned
point by point.

• In conventional time-of-flight spectroscopy (Figure 11b) the neutron
beam coming from the monochromator is chopped into short pulses, and
the flight time of a neutron between the chopper and the detector is
measured. Since the velocity before the sample (v0), and the chopper-
sample and sample-detector distances (s0 and s,), are all known, the
velocity after the sample can be easily determined from the measured
flight time. The momentum transfer is again found from the known veloc-
ities and scattering angle, set by the detector position. With this method
values of the scattering law are determined along a curve in energy-
momentum space, rather than at one point only. An example of a simple
time-of-flight spectrum is shown in Figure 12. While most of the neutrons
(about 99-99.5%) are supressed by the beam pulsing, this disadvantage
can be partly compensated by the simultaneous use of many detectors
at different angles; however many of the measured data often may not
then belong to the region of interest.

Triple-axis spectroscopy and time-of-flight spectroscopy are thus comple-
mentary methods; one or the other can be more effectively used depend-
ing on the problem under study. Unfortunately both use a very small
fraction of the available neutrons.

Besides the basic types of spectrometer described above, there exists a
large variety of special designs and equipment which cannot be indivi-
dually discussed here. They are in particular also dependent on the type of
neutron source available.

The spallation neutron source SINQ at PSI 1 5
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Figure 11;
Ways to measure inelastic scattering (scattering with energy transfer)

a) fn triple-mis sp&ctroscopy crysmM &?$ used to determine the energy scattered through preselected
angles before andaft&r the sample, fot 0 complete scan, movement around three axes can be used to follow
the desired paitt in the energy-rnotn&niutn space: the incident energy can be varied by rotation around the
monochromator &x®: th0 fin&i energy c$n &=> varied by rotation around the analyser axis and the scattering
angle can b& vari&doy rotation arouna tfr& $&mpi& axis. The momentum transfer i$ obtained for each setting
from the vector diagram shown, and the energy transfer can oe calculated from the monochromator and
analyser settings-

b) In time-of-fiigM sp&ctroscopy the energy of the scattered neutrons is determined from their flight time
between the chopper md the detector Pulsing the monochromatic beam with a chopper defines the zero
tor the measurement of the time unUi & neutron is recorded at the detector. With $y vc and s, known, v,
can be determined from the measured total flight time, in this technique neutrons of different energy after
scattering (different &mrgy transfer) can t>& recorded at the detector for each chopper pulse. Using many
detectors at different s-eMt&ring angiz-s simultaneously compensates for the intensity tosses due to chop-
ping if wide ranges of energy and n momentum transfer are to be investigated. For each detector the
momentum and energy transfer vary <.§;> 4 function of time as shown in the vector diagram.
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Figure 12;
Example of a time-oMfigrtt sp&ctrum from a copper crystal. The width
of the line representing et&sticaify (incoherently in this case) scattered
neutrons (shown in green) giv&s the resolution of the instrument as
determined by the chopper opening time and tne energy width of the
incident beam. Neutrons which gained energy upon scattering arrive
at the detector earlier (shown in biue). those which lost energy come
later (snown in red).
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An example of neutron scattering results obtained at PS Is reactor SAPHIR

Structural changes in a high temperature superconductor through variation of the oxygen content.

The property of conducting current practically without resistance ("super-conductivity") at relatively high
temperatures (up to 90 K), depends very sensitively on the oxygen content in the compounds of
Barium(Ba)-copper(Cu)-oxygen(0) with Yttrium or an element of the rare earth group. A precise
knowledge of the position and effects of the oxygen atoms in the crystal lattices of these materiais and of
the effect they have on their environment is therefore considered essential for the understanding of this
phenomenon, first discovered a few years ago. in X-ray diffractometry the weakly scattering oxygen can
be detected only with great difficulty m the presence of the strongiy scattering "heavy" metal atoms. But it
is exactly the determination of its position that matters. The technique of neutron scattering is especially
suitable for this.

With the heip of the multi-detector diftractometer DMC (Figure I), operated by the Laboratory tor Neutron
Scattering (LNS) at the reactor SAPHIR, such systematic investigations have been carried out. For exam-
ple, the compound TmBa,Cu,O7 (Tm == Thulium) is super-conducting, while with one oxygen atom iess
(TmBaXu.p,,) super-conductivity does not occur. The neutron powder diffractograms recorded in both
materiais at 10 K (Figure II) show c*ear differences. Their analysis reveals that the additional oxygen is
included in the layers consisting only of Cu atoms in TmBa?Cu,Os (the top and bottom layers of the "cell"
shown in Figure ill). The additional oxygen atoms (part of them belong to neighbouring ceils, and are
shown for clarity only) are cfeariy recognizable in Figure Ilia. Less clearly visible is the change in the
distances between the Ba atoms and the layers above and beiow, which contributes to the strong
difference in the diffractograms. The Cu-0 (copper-oxygen)-chains formed in the top and bottom layers
on the addition of oxygen are very probably partly responsible tor super-conductivity in these systems.
Structural investigations aione are no- sufficient here for a full understanding of the phenomenon, but are
an important prerequisite. Neutrons can also be used, however, to investigate dynamic effects and local
distortions in such systems.

(Figures and explanations: P. Fischer. LNS)

Figure I:
DMC-Multidetector Powder Neutron Diffractometer at the reactor SAPHIR.

18 The spallation neutron source SINQ at PSI
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Why neutrons from a reactor cannot be used
more efficiently

The term moderator is used fora substance
in which neutrons losse energy by collisions
with its nuclei and are thus slowed down until
they reach the average energy of thermal
motion of the moderator atoms.

Precession is the rotational motion of the
axis of a spinning top (in this case the neutron
spin) around a fixed direction in space under
the action of an external force. The "spin
echo" method makes use of the fact that the
angle covered in this rotation is proportional
to the time during which the top was exposed
to the external force (a magnetic field in this
case).

The most powerful neutron sources being used for neutron scattering to-
day are the high flux reactors (HFR) in Grenoble, Oak Ridge and
Brookhaven. Some 4 to 7 x 1018 neutrons at energies of about 1 MeV are
produced per second by nuclear fission of the uranium isotope 236U. These
neutrons are slowed down to thermal energies of about 25 meV in a
moderator (usually heavy water or beryllium).
A small part is lost by absorption. About half of the remaining neutrons are
needed to keep the chain reaction going, so that about 1.6 to 3 x 1018

thermalised neutrons are in principle available. Of those, a fraction of 10 10

is actually directed onto the sample, i.e. about one in ten billions! Even at a
reactor like the HFR Grenoble, equipped with about 30 instruments, less
than one neutron per billion produced is actually used. The reasons for this
are for the most part imposed by nature and are beyond our control:

• On their escape from atomic nuclei, neutrons are distributed over a large
volume and have energies that are much too high for use in a scattering
experiment. The moderating process inevitably also distributes the
neutrons over an even larger volume.

• After release from nuclei as well as during moderation, the neutrons
move randomly in all directions. There is no practical method of collect-
ing them and guiding them in a particular direction. Only the fraction
which happens to move towards a beam tube is usable.

• Even after moderation, the neutrons still have a broad energy spectrum.
The monochromator, which is required in all of the instruments described
above, selects less than 0.5% of this distribution.

• Besides the neutrons which have the desired velocity, crystal monochro-
mators also transmit those with integer multiples of it. To suppress
these, a filter needs to be inserted into the beam, which frequently also
attenuates the useful neutron intensity.

• Another problem is that the detector also registers neutrons which do not
carry the information being sought, and which form the so-called back-
ground. Eliminating this background by a difference method can often
considerably lengthen the required measuring times.

Despite all these difficulties, neutrons are so valuable to research that sci-
entists have continued to develop ever more ingeneous instruments and
ever more powerful reactors. So far the HFR at Grenoble marks the high-
est point on this route. Due to the high thermal power density in the reactor
core, further substantial progress in this direction is not to be
expected. The development of experimental methods for dc-neutron
sources has also concentrated mostly on refining standard techniques.
Some further progress can be expected from the increased use of
multi-detectors.
Recently, the last of the so far unexploited properties of the neutron,
namely the (slow) precession of its spin in a magnetic field, has been used
to push the energy resolution into the region of 108 eV, in a technique
known as the "spin echo" method. Further substantial progress will require
new neutron source concepts.

20 The spallation neutron source SINQ at PSI



One possibility is the development of sources with a time structure, open-
ing up new degrees of freedom for more efficient experimental methods.
While it is true that pulsed reactors have been designed and even built, the
required technology is extremely demanding. Moreover, it is not possible
to achieve very short pulses, since several generations of neutrons are
necessary to build up the required flux. Again, since the energy release
amounts to 200 MeV per neutron, the attainable average neutron flux is
relatively modest and the reactivity variation required limits the repetition
rate to a few pulses per second.

Recently, the "reduced enrichment in research and test reactors" (RERTR)
program, encouraged by the USA to limit the proliferation of nuclear weap-
ons, has further greatly impeded the construction of new high-power reac-
tors. In this situation, the development of pulsed neutron sources has con-
centrated more on exploiting another process in which neutrons are re-
leased from nuclear matter: spallation.

How a spallation neutron source works

In contrast to nuclear fission, spallation is not restricted to a few types of
nuclides. This is because energy not released, but on the contrary even
consumed. Naturally, this is a disadvantage in so far as energy must be
supplied. It is also an advantage, however, since the process immediately
stops as soon as the energy supply is switched off. This means, on the one
hand, considerably relaxed safety provisions. On the other hand, it also
allows us to produce neutrons with practically any time structure. A proton
beam serves as energy source, the protons being accelerated to high
enough energies to make the spallation process possible. This requires a
few hundred MeV. In comparison to the binding energies between
nucleons, these energies are so high that the incoming projectiles do not
see the nucleus as an entity, but rather as a collection of individual,
quasi-free nucleons with which they collide, transferring a substantial
amount of energy.
The struck nucleon can now strike further nucleons in the nucleus, forming
the so-called intranuclear cascade, which is shown schematically in Figure
13. Consequently, the energy is distributed among many particles, and the
nucleus is "heated". The heated nucleus now tries to get rid of its excess
energy by "evaporation" of neutrons and, to a lesser extent, also of
protons.
The kinetic energy of these evaporated neutrons lies in the region of a few
MeV, similar to that of fission neutrons. About 8 MeV per neutron are
required to overcome the binding energy. More energetic particles
(so-called cascade particles) can leave the nucleus during the cascade
phase and initiate the same process in another nucleus (internuclear
cascade) or leave the target.
Even though the highly energetic cascade neutrons make up only a small
part of the released neutrons, they impose special requirements on the
shielding of the spallation neutron source. The evaporation neutrons on
the other hand can be moderated and used for beam-tube experiments.
While moderation of the neutrons is required here also, there is substan-
tially more freedom in the design of the moderator than with a reactor,

The term nucleon is used to describe the
constituents of a nucleus, i.e. protons and
neutrons.

The word target is used here for the piece of
material which is put in the flight path of a
particle beam to cause an interaction (in this
case the spallation reaction).

The spallation neutron source SINQ at PSI 21
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' o moderated neutrons
Splitting of the excited nucleus

Figum 13:
&&&&$& of neutrons from nuclei. Nuclear fission (low&i part) can b&
mgg&r&a in certain nuclei, in particular m-:U, by slow neutron capture.
Afim fission of th& nucleus. 2.4 neutrons are released on average,
B&cati&G energy iss&t tree in the reaction, a chain reaction is possible.

{upper part) is possible in ail kinds of nuclei, ttis triggered
by energetic partivtes hitting individual nuclei inside the nucleus. As
<sf consequence of & cascade of intranuclear collision proc&ss&s, Ihe
nucleus as a whole is "heated* The excited nucleus gets rid of most
<tf its energy by "evaporating' nucleons.. mainly neutron$, from its

Although mergetfc particles can leave the nucleus again,
trigger simitar reactions in & different nucleus ("nternuclear

energy is consumed in ihe overall process and no chain
reaction is possible.

The neutron flux is essentially the product of
the number of neutrons per unit volume times
their velocity. Its dimension is therefore
cm2s•'. Often the flux for a certain velocity
interval or mean velocity is given, e.g. "ther-
mal flux" etc.

since it is not necessary to scatter thermal neutrons back into the target in
order to sustain the reaction. The arrangement of materials around the
target can therefore be selected according to experimental needs. Two
distinct aspects can be important here, more or less mutually exclusive:

• well-defined time structure with short pulses of high peak flux (for
neutron scattering experiments using different variants of the
time-of-flight method)

• high thermal neutron flux in a large volume (e.g. for irradiation experi-
ments or a cold neutron source).

A prerequisite for the first case is an accelerator which delivers protons in
short pulses, with sufficient intensity and a suitable repetition frequency
(10 to 100 Hz). To keep the neutron pulses suitably short, the neutrons
must be moderated in as small a space as possible, as quickly as possible.
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To accomplish this, a volume of less than 1 litre of light water (H2O) is suf-
ficient. Naturally, many of the primary neutrons will not hit this volume at
all, or will leave it again before being fully moderated. To minimize these
losses, the moderator is surrounded, on all sides not equipped with beam
tubes, with a strongly-scattering but only weakly-moderating material, the
so-called reflector (see Figure 14). The most powerful source of this type
so far (ISIS, 160 kW, proton beam) has been built at the Rutherford Apple-
ton Laboratory in England.

Light water (H2O) is water containing the
naturally occuring mixture of hydrogen nuclei
(almost exclusively of mass number 1, H)
whereas heavy water (D2O) contains the
"heavier" isotope of mass number 2 (D),
which must be obtained by a rather
complicated isotope separation process.

Shielding

Figure 14:
Schematic representation of "pulsed"spallation neutron source. Eva-
poration neutrons wi<ih !&av& the target with a velocity of some.
20.000 km/sec are stow&tf down within a few microseconds to "ther-
mal" velocities around 2 ktn/s&c in a water volume of about 1 litre. A
small fraction is extracted vm t&am tubes. In order to make this
fraction as large as p&&sibte, th& moderator & surrondedd by a
reflector which directs part of th& neutrons escaping from the moder-
ator back into it Since &# fame processes occur very fast, pulsed
operation of such neutron sources is possible if a pulsed accierator is
available. Puise durations of thermal neutrons can be made as short
as 30 microseconds if suitable measures are taken to shorten the life
time of the neutrons in the moderator.
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The target, in analogy to a reactor core, is surrounded by a large D2O tank
where the neutrons spend a considerable time, diffuse over large distan-
ces and consequently produce a high thermal neutron flux in a large
volume (Figure 15). In this region of high flux, the ends of the beam tubes
are arranged or, alternatively, further moderators are installed which serve
to shift the neutron spectrum ("cold" or "hot" "sources").

The number Y of neutrons produced per proton incident on the target
(Figure 16) can be described by the semi-empirical relation

Y = a(A + 2 0 ) x ( E - b ) (1)

where A is the atomic weight of the target nuclei and E is the energy of the
protons. For a target of 10 cm diameter and 60 cm length, the constants a
and b are 0.1 GeV1 and 0.12 GeV, if A lies between 9 and 210; for
depleted uranium (23BU), a is 0.2 GeV\

Figure IS:
T&rgei-moderatorarrangement ixi& continuous neutron sourc&. Her&
n<e goal Is to maximize the thermal neutron flux by ensuring a long life-
tftn& of the neutrons in th& moderator. For this reason heavy water
with its very lovs absorption for tfi&rm&i neutrons is used for modern-
bar* and as a reflector. The resulting thermal ftux is maximum near the
istget and decreases rather siowiy with increasing distance as indi-
cated by the shading in the figure. Thus a sufficiently large volume of
tiiQh tiux is available to accommodate team tubes which do not view
tn# target directly, and sp&eiai moderators, The peak thermal HUM
VBiit the target is about 2-1Gu crrrs&' for & proton beam of f mA at
600 MeV and a lead target.
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If, as in the case of the ring cyclotron at PSI, an accelerator is available
which delivers a practically continuous current of high-energy protons,
then a lay-out with a large volume and high neutron flux is the obvious
choice (case 2). In its design, this spallation neutron source resembles
more a research reactor, which is particularly apparent from the use of
heavy water (D2O) as combined moderator and reflector.
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Figure 16;
Neutron yield Yandft&&t r&iease H by spailation as a function of proton
energy tors typical t&rg®t of 10 cm diameter and 60 cm length. At 600
MeV about 10 neutr&fi& ar& obtained per incident proton in iead.
Depleted uranium f-^U} gives a higher yield due to fission, which aiso
results in more heat per neutron and hence enhanced cooling re-
quirements. Unlike &#4 titanium cannot be used in liquid form and
must be cooied in th& reaction zone.
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The PSI project for a spallation neutron
source (SINQ)

Pions are particles of mass intermediate
between electrons and protons. Pions and
the decay products of their charged varieties
- muons -can also be used as nuclear
probes and allow important insights into the
properties of matter.

Since 1972, Switzerland has operated one of the three existing "pion fac-
tories" in the world.

Its proton beam of almost 600 MeV energy is supplied by an isochronous
ring-cyclotron. Pions are produced in two targets of different thicknesses
(M and E, cf. Figure 32 on the last page). The great technical and scientific
success of this research facility led to the plan to raise the beam current
from 250 |iA to 1.5 mA. The beam remaining after passage through the
meson targets, about 80% of the total, would be used to drive a spallation
neutron source.

This project was approved by the Swiss Federal Council in spring 1988.

With this decision, SINQ, as the new project was named, became the most
ambitious project of that kind in the world for which permission had been
granted. The mean proton current being aimed at is an order of magnitude
higher than at the pulsed spallation-neutron source ISIS, in operation at
the Rutherford Appleton Laboratory in England. The increase in beam cur-
rent required not only an upgrade of the ring accelerator for higher rf-pow-
er, but also the reconstruction of the proton beam line and the pion produc-
tion targets. This latter task was completed in 1991. The essential prereq-
uisite for the step-by-step increase in the beam current has thereby been
provided.

On 8/8/1988, the construction of the buildings for SINQ started, and in
1990 the beam tunnel between target E and SINQ was built. The goal is a
neutron source whose thermal neutron flux corresponds to that of a medi-
um-flux beam reactor (about 10ucnr2s 1). With an optimised cold modera-
tor and an efficient system of neutron guides, it will offer excellent condi-
tions for the use of the particularly desirable long-wavelength, i.e. low-ve-
locity, neutrons.

Because the proton beam delivered by the accelerator is continuous,
SINQ cannot offer the advantages of a pulse structure. But its construction
represents a substantial step towards future high-power neutron sources,
including pulsed ones, owing to the technological developments connect-
ed with it.

After traversing the pion production target E, the proton beam is directed
downwards through a sloping drift-tube to reach the beam transport base-
ment of the SINQ installation. There, it is bent vertically upwards, to hit the
neutron production target from below (Figure 17). This leads to the follow-
ing advantages:

• the handling rooms required for target changes are located above the
target and the neutron guides; neither they nor the proton beam shield-
ing limit the usable solid angle around the target.

• the neutron source has an essentially cylindrical symmetry with its axis
vertical, favouring the arrangement of horizontal beam tubes.
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figure 17:
Cut-away model of the SiNQ t&rget &pck &r>d proton beam line.
Focussing (red) and &&Ming {Mm} m&gmfe gwd$ the proton b&am
in a vacuum turn om& tm tergeifrom imdwmattt. We target is piac&d
in the centre of a targ& D^O i&nk. Its b&gm lub&s are shown to the (eft,
and the horizontal and vertical in$$rt$ ft>r th$ cold moderator can be
seen to the right of tft# Dp tank. A mutton tfiffmctometer and its
massive monochrom&tor shielding are shown at the end of the beam
tube.

The spallation neutron source SINQ at PSI 27



A collimator is a piece of equipment which is
used to limit the angular divergence of a
beam (by a set of pinholes, or an arrangement
of slits or parallel plates, depending on the
situation).

Zircaloy designates a group of alloys based
on zirconium which are used in nuclear reactor
technology because they have low neutron
absorption, high mechanical strength and
high melting temperature.

• the target geometry is suitable for a liquid-metal target. It permits an op-
timal source configuration since the liquid metal is directly circulated for
heat removal, and no dilution of the target zone by cooling water is
required.

Because losses during proton beam transport would lead to unwanted
activation of the surroundings, and because the proton beam hitting
uncooled matter would melt it within a very short time, the proton beam
line is equipped with a diagnostic system which allows as good a determi-
nation as possible of beam position and losses, and hence an optimal
adjustment of the beam line elements. If preset limits are exceeded the
beam is switched off. To protect the walls of the central tube in the moder-
ator tank and the outer container coating of the target itself, a collimator \s
installed in front of the target, which should ensure that protons can enter
the target only through the window intended for this purpose.

On hitting the target material, the proton beam releases, depending on the
target used, between 3 and 6 x 1016 neutrons per second and milliampere
and about 400 kW of heat. Losses of the produced neutrons are minimized
by restricting the materials in the target region to those that are as trans-
parent as possible to neutrons. Since, for most materials, the cross section
for neutron capture increases with decreasing neutron energy, moderation
in the target itself should be avoided as far as possible. Heavy water is
used as coolant for a solid target because compared to light water, it mod-
erates less efficiently and has much lower absorption.

The lay-out of the target itself naturally represents an essential optimising
task since, on the one hand, safe operation with as little down-time as
possible must be achieved, while on the other hand a series of conditions
have to be fulfilled from the neutronic point of view. Thus it is important not
only to produce as many neutrons as possible, but also to do this in as
small a volume as possible. This is essential for the build-up of a high
neutron flux in the moderator. It is also important that as few neutrons as
possible are lost in the target itself and in its surrounding structure (e.g.,
through absorption). Lead and bismuth are in this respect promising mate-
rials. Since they also have relatively low melting points, it is even conceiv-
able to use them in liquid form. An especially high material density can be
reached in this way, because it is possible to remove heat by circulation of
the target material, without having to accept a dilution of the reaction zone
by coolant channels. However the implementation of a such a liquid-metal
target requires considerable development. In order to avoid time pressure
at this stage, a development program for SINQ has been decided on,
which should first demonstrate a secure target enclosure. For this purpose
a target of high-melting-point Z/rca/oy-rods will be used at first, which,
even though it is not optimal from the neutronic point of view, is not expect-
ed to present significant operational problems.

Moving in stages to targets with improved neutron yield, a target concept
should be realised which ensures an optimal use of the proton beam for
the generation of a high neutron flux. According to present ideas, it will be
a liquid-metal target, using lead or one of its low-melting-point alloys as
target material.

The shielding of the highly energetic cascade neutrons is one of the new
problems of a spallation neutron source, as compared to a reactor. The
target and moderator are therefore surrounded by massive shielding,
consisting mostly of iron. The channels for the extraction of the neutron
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Figure 18:
Schematic representation of a target mm from solid metai rods (left)
and & liquid metal target {right), both equipped with a separately
cooled safety container. Heat is removed from the reaction zone by
heavy wat&r cooling in m& c&$& of me rod target whereas a convec-
tiv& flow & us&d in th& liquid rri&t&l target While the liquid metai is its
own primary coolant andtms the heat exchanger built into the target,
me rod targst requires & pumped primary coolant circuit flowing
Ifuough components in fft&ptmi service building and a delay tank and
purification system to reduce me t&efi&iion load on sensitive compon-
ents, H&nc$t &p&rt fret?! 8 Mtl&t ov&r&i! neutron yield, the liquid metal
target Has the add&fi b®mfft of mi mqumng a radioactive coolant loop
outside the target. Three windows separate the target material from
the vacuum of the proton tt&am Hn&.

beams and for the installation of the special moderators run through this
shielding. At SINQ, there are two possible positions for special modera-
tors, five channels for two neutron beams each, and one channel for a set
of seven neutron guides. Since at all these locations great care must be
taken that neutrons escape only where they are to be used for experimen-
tal purposes, these channels are shaped so that no direct gaps are left
open. This entails a relatively complicated lay-out of the shielding, which
consists overwhelmingly of steel blocks with 30 x 30 cm2 cross-section and
up to 3 m in length. The horizontal gaps between the blocks are filled with
a heavy mortar, specially developed for the purpose. Wherever the use of
the blocks is not possible, specially shaped steel parts are used. To facili-
tate later disassembly, the vertical gaps are filled with a very iron-rich
granular garnet sand, which activates only weakly. Figure 19 shows the
target-block during construction from iron blocks and specially shaped
pieces.

Towards the outside, the iron shielding is surrounded by a wall of borated
concrete, 30 cm thick. This means that on the one hand the surface of the
shielding is less strongly activated than would be the case with iron, and
on the other hand, neutrons in the energy region in which the cross-sec-
tion of iron is especially small, are moderated and absorbed there.

Boron is a chemical element whose isotope
with mass number 10 (10B) strongly absorbes
thermal and epithermal neutrons, and hence
can be used to shield against neutron
radiation.
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The inside of the target block consists of three coaxial, vertical, cylindrical
containers. The outermost two are made of steel, the space between them
being filled with steel plates. They guarantee a double atmospheric
containment of the radioactivity that originates in the target and its
surroundings. For this purpose, they are filled with continually monitored
helium at different pressure levels (outer and inner helium containment).

Figure 19:
<he SINQ target block during construction. White tne bulk of the
-shielding consists of standard 30 x 30cm' steel blocks cut to length,
wacially shaped fillers are used to give maximum overall density,
nonzontai gaps between block are carefully blocked with a heavy
"p.ortar: special dust-free garnet is used to fill the vertical gaps in order
f'> facilitate later dismantling.

*lt is interesting to note how many free
neutrons per cm3 are present in a moderator
at the (relatively high) thermal flux of
1014 cm 2s•': Using a mean velocity of 200,000
cm/s one obtains a number of 5-108 per cm3.
On the other hand, one cm3 of a gas at
atmospheric pressure contains about 5-10'9

molecules. Reducing this number to 108,
amounts to creating a vacuum of 10a mbar is
required!

The innermost of the three containers is a double-wall aluminum tank 2 m
in diameter. It contains the heavy water (D2O) which is circulated for heat
removal, and which is used to moderate the neutrons. The neutrons from
the target enter the D2O at high velocity (about 20,000 km/s) and are mod-
erated by collisions with D-atoms, to the "thermal" velocity of about 2 km/s.
At this velocity, they are in equilibrium with the thermal motion of the mod-
erator atoms and, because of the low absorption in D2O, they can drift
through it for quite some time. In this way, a "thermal neutron flux" is built
up in the moderator, the size of which has an important influence on the
magnitude of the thermal neutron flux, which in turn is an essential figure of
merit of a neutron source. At SINQ, it will lie in the region of 2 x 1014 cm 2 s r .
This flux is reached in the vicinity of the target and decreases with increas-
ing distance. At the entrance to the beam tube noses, it will amount to
about 75 to 80% of its maximum value.

Neutrons which do not leave the moderator through the beam tubes and
which are not absorbed in structural materials, drift towards the outside of
the moderator tank. To avoid the absorption of too many thermal neutrons
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in the surrounding iron, leading to heat and activation, the moderator tank
has been designed with double walls, and the space between the walls
has been filled with demineralised water (H2O). The latter has a substan-
tially larger capture cross-section than D2O. A 10 cm layer allows only a
very small fraction of the thermal neutrons to escape through its outer
surface.

The central tube, which runs vertically through the centre of the moderator
tank, is connected to the vacuum of the proton beam line and holds the
target insert. It is designed to be exchangable. Horizontally, the moderator
tank is penetrated by two systems of three tubes connected together in the
shape of a T, and two thimble-shaped tubes at different heights around the
target position (Figure 20). The two thimble-shaped tubes and the cross-
beams of the T-tubes serve to extract neutrons. Provision has been made
to allow the installation of a pneumatic (rabbit) system in one of the two
thimble-shaped tubes, for the irradiation of samples and for isotope
production. The middle tubes of the T's can be used to insert special
moderators which shift the neutron energies to other regions than are pop-
ulated naturally in the D20-moderator.

Of the two T's, the one whose cross-pieces form beam tube pairs will
originally contain a simple water scatterer, to supply the beam tubes with
thermal neutrons. It is possible, however, to exchange this scatterer as
desired. For example a container with liquid hydrogen could be used, to
shift the neutron energies to lower values ("sub-thermal neutrons"), or al-
ternatively, a graphite block, which is heated up by radiation and shifts the
neutron energies to higher values ("hot neutrons").
The second T will hold a cold D2-moderator (heavy hydrogen at a tempera-
ture of 25 K), to supply a beam tube pair and a system of neutron guides
with long-wavelength ("cold") neutrons. These have proved to be particu-
larly valuable in materials research and in the investigation of biological
substances.

Neutron guides are evacuated glass
channels with a special inner surface coating
that make it possible to transport neutrons
over long distances with low losses.

Helium-I- containment HgO- Shield Collimator Filter

Shielding Shutter drums

Figure SO:
Schematic horimnt&t cut through the moderator tank and a beam
chann&t <A SfNO, 8&&m porte && on two different levels. The T-
shaped structures &m <fe&$g&<®d tc &ccommodate special moderators
to scatter neutrons ivith othet than thermal energies into the beam
kibes. A set of drums tft&i can rotate around their vertical axes are
provid&d to dos& oft th& bmm&, in their outer sections ifte beam ports
are equipped with instrument-specific inserts that can house collima-
tors or fliters as required

The spallation neutron source SINQ at PSI 31



The neutron guides are curved and run through a bunker about 25 m long,
which is shielded by concrete walls 1 m thick. The space above this
bunker is occupied by the plant service building (Figure 21). Here the
supporting equipment required to run SINQ is located. Besides the
circulation, supervision and heat-removal equipment for water and gas
circulation and for ventilation, it includes the main station for the computer-
ised control system, as well as an airlock and service area. The
installations for central electricity supply are placed on galleries along the
walls of the target hall.

To be able to move the heavy shielding parts and the equipment for
changing the target or beam channel installations, the target hall is
equipped with a bridge crane of 60 t capacity.

Main target shield
Services and
control building

Neutron guide hall

Neutron guides

Containment
steel tankMonochromator

shielding

\Proton beam
transport line

Neutron
diffractometer

Used target
temporary
storage

The SINQ Facility

Figure 21:
Computer modei of im SINQ hails with m& outer *#&//$ r&m&ved The target block and the plant service
building are located in the t&rget ft&ti which has a floor area of 35 A- SQ m?. The accessible space around
the target block te& b&$r> r&sew&d form&iwments. 4 set of seven neutron guides running through a heaviiy
shielded cavern in (he ground fioot oi th& pfont s&tvics building transport cold neutrons into the neutron
guide halt, which measures S3 x $0 tv? and is exclusively reserved for neutron spectrometers and their
ancillary equipment.
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Under normal running conditions, a target change will be required about
every 2 years. For this the movable concrete shielding above the target-
block (not shown in Figure 21), which stops unacceptable amounts of radi-
ation from escaping upwards - and also being backscattered into the hall -
must first be dismantled. The target is then pulled into an exchange flask,
placed on top of the target-block and which can be hermetically sealed by
means of a sliding shield and a gate valve. The storage positions for spent
targets, located in the floor along the north wall of the hall, consist of
multiply-lined tubes, up to 7m deep and covered with massive concrete
lids (Figure 22). If a storage position is occupied, it is sealed with an
additional shielding cap, and its humidity, temperature and radioactivity
are continually monitored. The heat production of the spent targets is so
low that active cooling is not required.

Figure 22:
Vie w of the storage pits for used targets with part of the upper shieiding
blocks removed. The round concrete lids covering the unused storage
positions will be replaced by protective shielding covers after an
irradiated target has been inserted.
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Ways to use SINQ

The main purpose of SINQ is to supply neutron beams for scattering
experiments. While its general concept has been geared accordingly,
other uses are not excluded. As already mentioned, provision has been
made for the installation of pneumatic irradiation systems in one of the
thimble-shaped tubes. The major part of the provision made is however
related to neutron scattering. Neutrons with long wave-lengths, provided
by moderation in a cold substance, have very recently attained special
importance in this field. Because of the additional facilities that are
required, they are not available in sufficient numbers at all neutron
sources. In this respect, one big advantage of a spallation neutron source
over a reactor is that, because it produces less gamma radiation per
neutron, a cold moderator is heated less. It can therefore be installed in
regions with higher neutron flux.

The use of cold neutrons at SINQ is a preferred option for two more
reasons: first, due to their low velocity, the lack of a pulse structure is less
significant for cold neutrons than for thermal and hot ones; and secondly
the shielding, thicker than for a reactor, is not disadvantageous because
cold neutrons can be transported by neutron guides over large distances
essentially without loss. A particular advantage arises from the fact that
these neutron guides can be curved, and then transport over their whole
length only neutrons above a characteristic wavelength. Here, the charac-
teristic wave-length (X*) is the neutron wave-length that is still available
over the whole cross-sectional area at the end of a curved guide. In this
way, a considerable reduction of unwanted background in the measure-
ments is achieved.

The properties of the neutron guides at SINQ are listed in Table 1.

Guide
designation

1RNR11

1RNR12

1RNR13

1RNR14

1RNR15

1RNR16

1RNR17

Angis relative
to c<s**e iine

o\ bundle

• $ •

-A 8'

-4.0*

, 4

Cross section
with x height

50 x 120

20x120

30x120

35x120

30 x 120

50x50

two times
24.5 x 50

Length of
curvature

20

20

20

20

20

20

24

Radius of i Characteristic
curvature : wave length
Rcurv (m) /.* (A)

1445 2.4

3612 : 1.7
(m=1.2)

2408 ; i .5

2063 1.7

2408 1.5

1445 4.2
: (Ni)

1234 1.9

Table 1: Specifications of the neutron guides at SINQ. Guide coating is
with supermirrors m = 2 unless otherwise indicated.
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Figure 23 shows part of a neutron guide. Neutron guides are constructed
from glass channels, fabricated and adjusted to high precision, whose
interior is coated with a material that has an especially large critical angle
for total reflection. This angle is determined by the refractive index, which
depends on the "scattering-length density". This is the product of the
number of atoms per cm3 and their scattering length. Of the naturally
occurring elements, nickel has the most favorable value. It can be
improved further by using the isotope with mass number 58, which, as
shown in Figure 3, has a larger scattering length than natural nickel. This,
however, is a rather costly business. For this reason, people are now
changing to a mixture of nickel and carbon. Carbon is implanted between
the nickel atoms, increasing the total number of atoms per cm3. Even
better results can be achieved by using so-called "super-mirrors". Here,
layers with very different scattering-length densities are deposited
alternately on the glass, with decreasing thickness. When doing this, one
makes use of the fact that the scattering lengths for neutrons can have
positive as well as negative values (hatched circles in Figure 3). An
especially high contrast is achieved when layers of nickel with embedded
foreign atoms alternate with those of titanium. A procedure for the produc-
tion of such super-mirrors has been developed at PSI. Most of the SINQ
neutron-guide system will be coated in this manner.

The name supermirror is used, because for
small glancing angles neutron guide walls act
like mirrors for neutrons. This angle is
increased by supermirrors by a factor m rela-
tive to natural nickel.

Figure 23;
Glass channel neutron guide. The neutron guides are up to SO m iong, assembled from 0.5 m iong segments
fabricated to high precision and covered on their inner surfaces with a layer of high refractive index for
neutrons. The segments &m pmsimty aligned and connected to one another by giass plates giued to their
outer surfaces. Alignment mirrors, giued to the outside of the glass channels and precisely parallel to the
inner surface, serve as ref&r&nce marks during initial set-up and later checks.

The limiting angle for the total reflection in neutron guides is set by the
maximum momentum transfer perpendicular to the surface relative to the
total momentum of the neutron. In Figure 24 the neutron flux that can be
obtained at the end of a 50 m long neutron guide with different coatings
and reflectivities is compared to that of a beam tube of cross section 12 x
3.5 cm2 at 6.5 m distance from the moderator face, as a function of neutron
wavelength. Note that the vertical scale is not linear! In this figure, m gives
the ratio of the limiting angle of total reflection obtained by a
super-mirror coating to that of natural nickel. The reflectivity R is the
fraction of neutrons within this angle which is actually reflected. The rest is
lost due to imperfections. As shown in Figure 2, the momentum of the
neutron isproportional to its velocity. Slow neutrons therefore have a
larger limiting angle for total reflection, and are transmitted with larger
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figure 24;
Calculated perturbed wavelength spectrum for the SINQ moderator
tor a beam cross section of 120 x 35 mirf. The length of the beam tube
& 8,5 m. Also shown are the spectra fora SO m long guide coated with
&/-S5 (m » ?, 16. R ~ 99,5%) sod with supermirrors (m = 2,R = 90%),
respectively, illustrating the intensity and spectral gain obtained by
using supermirrors (note the logarithmic ordinate scale).

gence. For this reason, neutron guides are preferred in combination with a
cold moderator. Conversely, it is worthwhile to invest a corresponding ef-
fort on a cold moderator, if it is possible to equip it with neutron guides. In
the design of SINQ, special attention has been paid to this combination.

A cold moderator or cold neutron source is
a device which slows neutrons down to very
low velocities by collisions with a liquid or
dense gas of high scattering length at very
low temperature.

The SINQ cold moderator consists of a 20 litre volume of liquid deuterium
(D2) which shifts the neutron spectrum to the desired lower energies
(Figure 25). The cold moderator is connected via a coaxial pipe system to
a heat-exchanger, which is in turn cooled by cold helium (Figure 26). The
heat generated during moderation of the neutrons and by absorption of
radiation in the moderator and in its container walls, is removed in this
way. The cold D2 system is located completely within the target block and
is thereby protected from damage. To prevent the formation of an explo-
sive air deuterium-mixture, the insulating vacuum system is completely
surrounded by a helium barrier, preventing the entry of air even in the case
of a leak. Helium and vacuum chambers are continuously monitored for
contaminating gases. The refrigerator for the preparation of cold helium is
placed on the connecting bridge between the target block and the service
plant building. A compensation and collection vessel of 20 m3 capacity,
serving as buffer for the D2 in case the cold moderator should warm up, is
located on the roof of the entrance lock to the target hall. From it, the D2

gas can be transferred to solid matter storage.
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The cold moderator and neutron guides are the most important facilities of
the experimental infrastructure. Further support facilities, such as central
services for the neutron spectrometers, underground cable channels, a
local computer network, and appropriate access control to the instru-
ments, also contribute to the efficient use of SINQ. Not the least of these
are the preparation rooms on the north side of the target hall, and offices
on the PSI site, which will be available to experimenters. The accessible
regions around the target block and the whole area of the neutron-guide
hall are reserved for experiments (Figure 27). Only in the case of a major
repair effort in the proton beam line would part of the experimental area in
the target hall have to be cleared, to allow heavy equipment access to the
beam transport basement.

SINQ will be the first continuous spallation neutron source with compre-
hensive instrumentation for neutron scattering. Insofar as instruments at
the neutron guides are concerned, no essential differences from estab-
lished working procedures at a reactor are expected. For instruments set

rColcT \ rihermali
ineutron^tneutrons

1 O2O 300K

2 D2 25 K

10"* 10"' 1
Neutron energy (eV)

Figure 25:
Neutron spectra ofthermal&nd co!4moderators. Rethermalizing (i.e.
putting into thermal equitibriutu) of neutrons in a moderator of liquid
deuterium at a temperature of 25 Kyields a substantial fiux gam atiow
energies. The classification into "cold*, "thermal" and "hot" regions is
not a sharp one; boundaries am approximately indicated by a change
in background colour.
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Heavy water
reflector
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Figure 26:
Schematic representation of the SINQ cold moderator system. Liquid
deuterium is contained in a thin-waiied aluminium vessel near the
target, and is heated by nuclear radiation. Gas bubbles drive the
cooling loop which contains, in its vertical ieg. a heat exchanger
where cold helium is used to condense the deuterium gas again
Qgiore it returns to the moderator vessel. The heiium refrigerator is
located near the target block on the top of the service tunnel to the
plant service building. A buffer tank outside the target hail is perma-
nently connected to the cold D? circuit and takes up the D? gas when
<ne system returns to ambient temperature. A protective atmosphere
surrounds the whole D, system to avoid formation of potentially
dangerous D..-O? gas mixtures even in the event of a leak. In order to
minimize neutron losses, a D,0 volume is provided in the horizontal
insert behind the cold moderator vessel.

up directly at the target block, a more effective monochromator shielding
will be required to stop highly energetic neutrons emerging from the beam
channels. Since further experience needs to be gathered here, it is
planned at first to equip only one beam-tube pair for neutron scattering,
and to block off the others. For maximum security, a system of high energy
beam shutters is installed in the beam channel housing (cf. Figure 20),
consisting of coupled drums with vertical axes of rotation. By rotating the
drums by 90 degrees, the channels inside them can be positioned perpen-
dicular to the beam direction, thereby blocking the beam.

Fully equipped, SINQ provides space for about 20 neutron scattering in-
struments, even if, as currently envisaged, one of the thermal beam ports
will be used for sample irradiation facilities.
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Figure 27:
Floor plan of the two StNQ hafts showing the space reserved for spectrometers (dark blue) and indicating
the location of the d&y-on& instruments.

At the time of commissioning of SINQ, only part of the available spectro-
meter locations will be occupied. In deciding on the instrument types,
attention has been paid on the one hand to the widest possible spectrum
of research possibilities, and on the other hand to choosing equipment
where few operational problems are expected. A brief description of the
day-one instruments is given below.

It is planned to run SINQ as a users laboratory with a solid inhouse base,
just as has been the case up to now for experiments at the accelerator and
at SAPHIR. While the exact modalities of the user system have still to be
agreed upon, a pattern is already emerging whereby PSI will not occupy all
available experimental stations with its own spectrometers, but will rather
encourage external user groups to run individual pieces of equipment as
participating research teams. From such a procedure, one expects not
only better use of the source, but also a stronger involvement of the user
community and more intense scientific interactions.

In the following we give a brief description of the basic set of neutron
scattering instruments at SINQ. Most of the operational principles have
been explained in chapter 3.

High resolution powder diffractometer

A high resolution powder diffractometer is located at one of the thermal
beam ports in the target hall of SINQ. Its schematic layout is shown in
Figure 28. For maximum intensity, a 20 cm high vertically focussing
Germanium-monochromator concentrates the primary neutron beam to a
cross section of 2 x 5 cm2 at the sample position. Two monochromator
angles 20mon = 90° and 120° can be chosen to adjust the incoming neutron
wavelength. The position sensitive detector with an angular range of 160°
and a resolution of 0.1°, covers almost the entire scattering range around
the sample simultaneously. Using thermal neutrons, precise structure
investigations reaching small interatomic lattice spacings d are possible
with this instrument. The resolution Ad/d is of the order of 6 x 104 or 3 x 103

in the high resolution or high intensity modes of operation, respectively.

The term powder diffractometer is used for
an instrument designed to measure elastic
neutron scattering (see Figure 6) from
polycrystalline specimens by examining the
angular separations of Bragg reflections.

Position sensitive detectors allow to
measure the point of incidence of a neutron
on the detector surface. In linear (one dimen-
sional) position sensitive detectors, which
are also available as curved uits, this allows
to determine the scattering angle without
moving the detector and to measure several
reflections simultaneously.

The spallation neutron source SINQ at PSI 39



Monochromator
shielding

Sample

A four circle diffractometer is used to
measure reflections from single crystalline
specimens. This requires adjustment of the
specimen orientation around three indepen-
dent axes in space and of a detector around
the specimen axis.

Figure 28:
Schematic design of the high resolution powder diffraiometer
(HRPD).

Four circle diffractometer

Equipment used to maintain a specimen in a
desired state (temperature, magnetic field,
pressure etc.) is called sample environment
equipment.

Texture designates the preferred orientation
of microcrystals in a polycristalline material. It
results from the way the material is produced
(rolling, directional cooling etc.) and yields
important information about these
conditions.

The second beam on the same beam port is occupied by a four circle
diffractometer equipped with three 2-dimensionally position sensitive
detectors, which are mounted on individual supports and can be moved
around the sample on a common support plate. Figure 29 gives a
schematic representation of the instrument. It serves predominantly for
single crystal structural analyses. Since sample environment equipment
for a rather wide range of conditions is provided, including cryostats and
furnaces, tilting options for the sample are sometimes limited. For this rea-
son it is possible to move the detectors individually out of the horizontal
plane. The 20 x 25 cm2microstrip detectors with a resolution of 1.5 mm
horizontally and 3 mm vertically allow detailed intensity mapping of individ-
ual reflections if desired. Besides rotating and tilting, variation of the
sample-detector distance is possible by manual adjustment. In addition to
single crystal diffraction, the instrument is also well suited to texture
studies.
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Figure 29:
Schematic elevation of th& four circle diffractometet.

Triple axis spectrometers

Two triple axis spectrometers of similar design are installed on the neutron
guides. One is a conventional high resolution instrument mainly for small
energy transfers, and the other one is equipped with Heusler crystals for
polarized neutrons.

A schematic representation of the design of the triple axis spectrometers
(TAS) is shown in Figure 30. Great care was taken to keep the background
in the detectors as low as possible. Therefore, as the tables move, the
shielding of the monochromator and analyser open up only where they are
complemented by other shielding.

Polarized neutrons are neutrons whose
spins point is the same direction. They can be
obtained e.g. by reflection from magnetized
crystals by addition of magnetic and nuclear
scattering amplitudes for one direction of the
spin and by subtraction (to result in a value
near zero) for the other. An alloy specially
suited for this purpose is known as Heusler
alloy.
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Figure 30:
Conceptual layout of the triple axis spectrometers at the SINQ
neutron guides.

Structural phase transitions are abrupt
changes of a material's crystalline structure
at a given temperature or pressure.

Spin flippers are a type of equipment which
allows to rotate a neutron's spin through a
predefined angle (90° or 180°), e.g. by pas-
sing through a short section of magnetic field
of proper orientation.

The non-poiarized triple axis spectrometer is used mainly for the investiga-
tion of structural phase transitions and high-resolution spectroscopy. The
supermirror coating of the guide allows the use of incoming energies of
approximately 2 to 3 meV, to reach a momentum transfer Q up to about
5 A'.

Although in principle of similar design, spin flippers and guide fields along
the neutron flight paths make the TAS for polarized neutrons somewhat
more complex. Apart from the obvious possibilities using this device in a
non-polarized mode, curved Heusler crystals or polarizing super-mirrors
are available as monochromators or analyzers, depending on the neutron
energies required.

Standard components are used to build sample tables for all four of the
instruments described above. They are movable on air cushions and have
compatible supports for standardized sample environment equipment. The
clearance from the sample table to the beam centre line has been set to
400 mm. The spectrometer arms are designed for 0.01° positioning
precision. The precision of angular positions of the crystals has been
specified as 0.005°.
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Small angle neutron scattering

The fifth instrument ready for day-one operation is for small angle neutron
scattering (cf. Figure 9). This instrument serves for structural investiga-
tions in the 1-100 nm range with applications predominantly in materials
science, metal physics, polymer science and biology. It allows a maximum
sample to detector distance of 20 m, combined with a 18 m long neutron
guide-collimator exchanger, to match the collimation before the sample to
the resolution at the detector. The main components of the SANS-
instrument are shown in Figure 31. Equipped with a mechanical velocity
selector, it could alternatively also use a double crystal monochromator by
taking advantage of the fact that two vertically displaced primary beam
paths are possible in the neutron guide-collimator exchanger. This might
be of particular interest if polarized neutrons are desired. The 2-dimen-
sional detector has a sensitive area of 96 x 96 cm2 with 128 x 128 position
elements. It can also be moved sideways inside the large vacuum vessel
to increase the accessible Q-range at any detector position. The beam
stop in front of the detector can be adjusted independently.

The main components of the SINQ small angle scattering facility

Sample position table
with x-y-<{> adjustment

Evacuated flight
tube for scattered
neutrons with built-in
detector displacement gear

Mechanical velocity selector
with adjustable tilt angle and
lateral position

Collimator-neutron guide
exchanger with individually
movable sections of different lengths

Laterally movable 2 dimensional position
sensitive detector with independently
adjustable beam stopper

Figure 31:
Main components of the 9INQ~$AN$ instrument.
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Neutron interferometry is a technique
making use of the wave nature of the neutron
by splitting a beam into two partial beams and
investigating the pattern that results from
coherent superposition of the two partial
beams upon recombination. This pattern can
be affected by material inserted in one of the
partial beams, allowing important conclu-
sions to be drawn about the neutron-optical
properties of this material.

Back scattering is a special technique of
high resolution inelastic neutron scattering
making use of the fact that the spectral width
of neutrons scattered from a crystal
according to Bragg's law is minimal if 20 is
180 . Reflection from moving or heated
crystals is used to vary the energy of the
neutrons impinging on the sample. The
analyser is set at a fixed energy.

Further instruments

In addition to these five instruments which are designed and maintained by
PSI, we are preparing to accept at least three more spectrometers in which
interest has been expressed by external groups. These include a neutron-
optical bench (Univ. of Vienna, A) with several sets of pairs of perfect
crystals for neutron interferometry and very high resolution small angle
scattering, a backscattering spectrometer (Techn. Univ. Munich, FRG) and
a high resolution time-of-flight spectrometer (German Federal Ministry for
Research and Technology / Univ. of Saarbriicken, FRG). If these projects
mature, SINQ will provide a full suite of high performance instruments to
its customers and users, while even more space is available for new
developments.

In conformity with its purpose as an external user facility, a significant
fraction of neutron beam time will be reserved for experiments
proposed by external laboratories, depending on the instrument in
question. It is not intended to put any restrictions on who can apply for
beam time but, of course, participating research teams who run their own
instrument at SINQ will enjoy certain privileges. Research performed at
SINQ is generally expected to be published in the open literature.
Proprietory research will be possible, but most likely a fee will be charged
for the beam time used.

What SINQ means for PSI

With the inauguration of SINQ and its instruments PSI will reach a further
stage on its journey towards becoming a national and international centre
for materials science and research. This is a development which suggests
itself partly because of the economic and technical importance of these
fields, and partly because of PSI's existing installations and capabilities.

Originally designed for basic research in the field of medium energy
physics, the proton accelerator, which will also feed SINQ, has success-
fully served this field over a period of 20 years. During this time, not only
have many of the scientific questions been solved, but also experience
has been gained in the construction, operation and extension of the
installations, which are unique in the world. The fields of application of the
particles produced by the accelerator, namely protons, pions, and muons
derived from them, have continually broadened and enlarged. In
particular, installations have been built which use these particles and their
unique properties for the investigation of condensed matter, especially
crystal lattices and the defects in them. Since the irregularities in the
crystal lattice determine in all essentials its electrical and mechanical
properties, muon spin resonance and pion lattice steering, which allow
them to be studied, are important research methods. They supplement,
often in an ideal way, knowledge which can be won from scattering
experiments with X-ray or neutron beams.
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Research with thermal neutrons, carried out for many years at the SAPHIR
reactor, should be continued at SINQ after its inauguration, extending into
the increasingly important field of measurements with cold neutrons. Be-
sides the applications, already familiar today, of measurements at very
small momentum transfer in physics, chemistry, biology and materials
research, the opportunity to investigate nanometre scale structure will play
a special role here, since nano-technology and nano-science are clear
growth areas of application-oriented research. In this context the investi-
gations will cover structures whose linear dimensions are well above the
atomic level but are still not large enough to develop the typical properties
of a solid. The detailed understanding of such structures is so significant
because, with increasing miniaturisation in electronics, microoptics and in
micromechanics, components of these dimensions will come into everyday
use.

In order to be able to investigate structure of such dimensions with electro-
magnetic radiation (to which visible light belongs, with a wave-length of
about 0.5 micrometres), considerably shorter wave-lengths than that of
visible light are required, namely about 1 to 10 nanometres. This radiation,
described as "vacuum-ultraviolet", because it can propagate only through
a vacuum and not through matter, lies beyond the "near-visible" ultraviolet
which borders on visible light. It is however clearly less energetic than
X-rays. Radiation of this wave-length is generated if electrons of a few
GeV energy are directed around a sharp curve. For this, an electron
accelerator and storage ring are required. PSI is at present making use of
its wide experience to develop plans for such a machine, named SLS, as a
follow-up to the SINQ project.

With the available suite of proton, pion and muon beams, as well as the
thermal and cold neutrons from SINQ, all based on the existing proton
accelerator, complemented by the vacuum-ultraviolet radiation from SLS,
PSI could achieve a unique position based on the variety of complementa-
ry methods for materials research. Especially important here is the fact
that with the various methods, information of different kinds can be won,
which lead in their totality to knowledge that makes possible the
understanding of material properties. To combine the full research
potential of these methods at one place is the goal of the line of
development on which PSI has embarked.
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Figure 32:
Overview over the PSI accelerator complex and the experimental areas they serve. The areas shown in green are presently used for experiments
relating to condensed matter research with the SINQ complex (for neutrons) being under construction (spring 1994).



Foreword

It is part of PSI's mission as a national research centre to plan, develop,
build and operate large experimental facilities which are made available to a
wide community of external users. At present much of this capacity is
keyed to a proton accelerator complex used to generate intense beams of
pions and muons as nuclear probes. In addition, the research reactor
SAPHIR was used until recently as a neutron source. The fields of science
in which these probes can be - and have been - used span a wide range
from fundamental physics via solid state physics, chemistry, materials re-
search, all the way to biology, medicine and environmental science.

In the past few years more than 500 researchers from universities, research
centres and industry from both inside and outside Switzerland have made
active use of these facilities each year.

One of the most successful ways to obtain important information on the
atomic structure and the dynamics of the constituents of materials is neu-
tron scattering. It provides detailed answers to concrete questions such as:
"Where are the different kinds of atoms located in a complex material?"
"How do the atoms move?" "How do they affect the properties of the materi-
al?", etc. Such questions must be routinely answered in all kinds of natural
sciences in order to provide the knowledge necessary for further progress in
the struggle to improve the properties of materials and substances on which
so much of our civilization is based. For this and other reasons SAPHIR had
been in active use for many years, and only recently outstanding scientific
work has again come from it. Under these circumstances it was a very diffi-
cult decision to discontinue the operation of SAPHIR early in 1994 after it
became clear that a substantial effort would be required to adjust to the
safety and security standards which have evolved during the past few
years. This decision could, however, be justified in view of the fact that a
new neutron source has been under development for some years at PSI,
whose accelerated completion could not only make available more neutrons
than SAPHIR but would also be better able to meet the continuously extend-
ing demands regarding the quality of the neutron beams. There is a continu-
ously growing need for so-called "cold" (slow) neutrons, which are particular-
ly well suited to answer the complex questions of modern condensed matter
science.

Such neutrons are already available at several foreign research reactors.
It has been a matter of concern to PSI for some years, also to be able to
offer to its user community these interesting experimental possibilities.

With the continuing increase in the performance of the proton accelerator
at PSI, it has become possible to construct a new kind of neutron source, a
so-called "spallation" source. Rather than using a self-sustaining nuclear
fission reaction as in research reactors, neutrons are set free by the "spall-
ation" (splintering) of heavy atomic nuclei by highly accelerated particles.
At present four neutron sources based on this principle are in service
worldwide. In contrast to reactor neutron sources, which deliver neutrons
continuously, these are all pulsed sources of low average intensity. The
spallation neutron source SINQ, now under construction at PSI, will be a



continuous source - the first of its kind in the world. SINQ will reach a neu-
tron flux of about 1014 n/cm2s, which places it in the realm of the best exist-
ing national research reactors and, in contrast to the SAPHIR reactor, will
also provide cold neutron beams, so far unavailable here, on a world class
level. Progress with this source concept is being followed internationally
with great interest, since it is expected to provide a basis for decisions
about the potential and the design of future neutron sources.

This document is intended to familiarize the non-specialist with the princi-
ples of neutron scattering and some of its applications. It presents an over-
view of the foundations of neutron scattering, the basic types of instruments
used, and their principles of operation. The design concept and some techni-
cal details of the spallation neutron source are described for the benefit of
the scientifically or technically interested reader. In future this source will
form the heart of the instruments available to PSI's wide community of neu-
tron scattering researchers.

But this brochure has still another purpose. Using the example of neutron
scattering, it demonstrates the level of effort necessary in modern science
for the preparation of appropriate tools, to make it possible for researchers
today and in the future to maintain a high international scientific standard.
The technology of powerful spallation neutron sources is new. For the SINQ
project much dedicated development work must be carried out - a consider-
able challenge for a research centre. It makes the project very interdiscipli-
nary: physicists, engineers and chemists are involved and solve problems
together. Even the external research community, which has for some years
performed neutron scattering at SAPHIR, is actively involved in the project,
concentrating above all on instrumentation. State-of-the-art facilities, beam
lines and spectrometers should ensure, not only that the source offers new
possibilities, but also that the experimental facilities and the researchers
working with them are able to stay at the forefront of the international re-
search community.

Complementing the methods described in this document, electromagnetic
radiation in the short wave region is particularly well suited for the investiga-
tion of structures. PSI proposes to build a synchrotron light source (the
Swiss Light Source, SLS) as a follow-up and complement to SINQ. With this
PSI could offer - uniquely in the world - neutron, muon, proton and synchro-
tron radiation for basic and applied scientific research.

Prof. Dr. M. K. Eberle
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