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ABSTRACT
The present paper mediates a basic knowledge of the most commonly used experimental
techniques. We discuss the principles and concepts necessary to understand what one is
doing if one performs an experiment on a certain instrument

1. The Neutron Scattering Experiment

1.1. Introduction
"A neutron specified by the wave vector k is scattered into a state with wave

vector k'\ the transfer of momentum to the target sample is hQ (Q = scattering vector

= k — k'). Hie basic quantity that is measured is the partial differential cross-section
which gives the fraction of neutrons of incident energy E scattered into an element of
solid angle d£2 with an energy between £" and E' + dE'"

d2a k
•S(Q,a>).

dCldE'
The differential cross-section has the dimension of (area/energy-solidangle), it is

described in a 4-dimensional space spanned by the variables Q and (0.
On the one hand it is the basic task of the theorist to calculate the differential

cross-section, on the other hand the experimenter aims to extract the cross-section from
the experiment

The 'instrument' is the 'technical vehicle1 that allows the scientist to have
experimental access to the cross-section.

A generic representation of a neutron scattering experiment is shown in Fig. 1.
Neutrons when released from nuclei in the primary source have an energy spectrum that
cannot be used for neutron scattering investigations in condensed matter. The spectrum
must be shifted to the desired range by collisions with moderating material.

Neutron sources radiate more or less isotropically in real space and extend over a
certain range in momentum space. In order to select the desired momentum vector k to
impinge on the sample, a phase space operation (limitation of direction, magnitude and
uncertainty) is needed. After the scattering event, another phase space operation is
required to define k'. With suitable detectors the neutron intensity is recorded and
normalised to obtain the desired information.

We will describe the components of which almost all neutron scattering
instruments are made up and their functions and show how these components can be
combined to contribute in the best possible way to the solution of questions in a large
number of scientific areas.

The interested follower can find additional and more detailed material in the
books given in the reference list
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PS ss PO' PO" SD DP

Figure 1: Generic representation of a neutron scattering experiment; PS=primary
source, SS=spectrum shifter, PO=selective phase space operator, SE-sample
environment, S=sample, SD~signal detector, DP=data processing

12. The scattering triangle
The vector Q = k — k' can be represented as a triangle as shown in Fig. 2.

Figure 2: The scattering
triangle Q = k-k' for an
inelastic process with energy
transfer hco

13. The kinematic range
In order to see, what region in (Q,<o)-space is accessible in an experiment at a

given k, we can plot the 3-dimensional locus of point B in Fig. 2 as a function of its
co-ordinates Qj (parallel to k), Q2 (perpendicular to k), and ha>. This results in the
surface of a paraboloid with apex (k,O,Ef) whose locus is the dispersion relation for the
free neutron E = h2k2/2m (Fig. 3). In order for scattering to be possible, the scattering
law S\Q,(o) must intersect this paraboloid, whose size depends on k of the incident
neutron only. Understanding the kinematic range of an experiment is of great
importance to judge questions of resolution and the physics leading to measured inten-

£• ,

Figure 3: The locus for all
allowed (Q,a>) combi-
nations in a neutron
scattering process is a
paraboloid with apex
(k,O,E); parabolas are
shown for different
scattering angles 26
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sides especially in time-of-flight measurements, where either & or k' vary as a function
of time for a given detector.

13. Resolution
Since it is the goal of the measurement to determine S(G,G>) with the maximum

possible precision, it would be desirable to have £ and k' defined as precisely as
possible. Apart from this being impossible due the way in which available phase space
operators work, this would also result in an almost complete loss of intensity and hence
poor counting statistics. It is therefore necessary to retain a finite, but optimised volume
5it and 8k' around Jt and k'. As can be seen from Fig. 4, this results in an uncertainty
of the value of Q, SQ and, of course, also of co, Sco.

The distribution function of 5Q and Sco is called the resolution function

R\SQ,Sa)j of the experiment at (((2)»(©))- The count rate z of the measurement is

then proportional to the convolution of the resolution function with the scattering law

Z({Q),{G>)) ~ fd(SQ) d{Sa>) S({Q)+SQ,{(O)+Sa)) R (5Q,S<a)
Since Q = 2n/p and O>=2JC/T where p is a distance in real space and x is the time,
integrating over a certain range in Q or w, as one does within the resolution of the
instrument, means an average over the corresponding real space - time range. In other
words, phenomena that occur at shorter distances or times than the averaging interval
cannot be resolved.

Figure 4: Effect of uncer-
tainties of k and k' on Q

0.0.0

At the same time it becomes obvious that, if an experiment is performed without
energy analysis this mean integration over all a or measuring the properties of the
sample at t=0, i.e. taking a "snapshot" picture of the sample. This would strictly be true
under the condition that the integration is performed for constant Q, which is not the
case in neutron scattering when measuring at fixed angles due to the kinematic
conditions. On the other hand, if a measurement is made with energy analysis for
G) = 0, this amounts to taking a long time average, i.e. measuring the static properties
or, for example, the mean position of the scattering centres.

Knowing the resolution of an experiment is therefore important in order to be able
to interpret the measured data correctly (in terms of the underlying physics). The shape
of the resolution function is the result of the phase space operations performed on die

vector fields {£} and {£'}, which we will discuss below.
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2. Phase Space Operators

2.1. Beam holes and static collimators
Thermal neutrons (close to the source) are always accompanied by fast and

epithermal neutrons as well as by Y-radiation, therefore heavy shielding is necessary
with only a few penetrations (beam holes) to allow the neutrons to exit The beam tube
is the innermost section of the neutron beam path, it is the first place for installations to
remove unwanted particles and to insert beam forming elements (adapted to the
instrument in the line) as there are shutters, filters, collimators, apertures for beam
cross-section, etc.. Typical dimensions of beam tubes are: length > 400 cm , and

diameters »15 cm. This results in the limitation of the orientation of the vectors \k\ in
space.

Figure 5: Beam tube of
rectangular cross-section

The neutron current becomes

l(k) = \xydxdy0(k)dkxdky

where <P\kj is the neutron flux distribution. Reducing x and y to better define 8kx

and Sky immediately results in a corresponding loss of beam cross section. This
problem can be alleviated by subdividing the cross section into slits, using thin sheets of
a material that is opaque to neutrons. Such an arrangement with only vertical slits is
called a "Soller" collimator. It limits the divergence of the beam in the (horizontal)
scattering plane while leaving the divergence perpendicular to the scattering plane
unchanged, This is allowed in many cases, because, as can be seen (Fig. 3) from
looking down along P , a deviation of k along ky by an angle fi/2 moves the base

point F (projection of k into the scattering plane) and hence the resolution in Q and
co only in 2nd order (Fig. 6).

Figure 6: Effect of vertical
divergence of the beam on
Qand co
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22. Neutron guides
In order for a collimator to be effective, its walls must be opaque for all neutron

momenta. As a consequence, Skx and Sky are given by kz-x/L and kx-y/L
respectively. By contrast, if the walls of a neutron transporting channel are extremely
flat, well aligned and coated with a material of high refractive index for neutrons,
neutrons with a momentum component perpendicular to the walls not exceeding a
certain maximum value will be totally reflected. Since the refractive index is given by
the ratio of the neutron velocities in the medium and in vacuum, one has (using the
Fermipseudopotential 2jc-h2/m• Nb) and AE « E:

_kf_JET 1AE_. 12xh2/

cosj

total reflection occurs for cos yc « 1 -

2n j-
1 N b

which yields Akx = 47cNb or Ak""* - -^4itNb
as the maximum component of the neutron momentum perpendicular to the

surface which does not allow it to penetrate into the medium. Hence, such a channel
will transport neutrons with kx,ky < Ak"™* over long distances. Thus, while at a beam
tube kx and ky depend on kz> they are independent of kz on a neutron guide. This is

shown schematically in Fig. 7. In practice it is possible to increase Ak""" by reflection
from a

Beam tube Neutron guide

Figure 7: Neutron momentum distribution transmitted through a beam tube and a
neutron guide
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Figure 8: Neutron
spectra expected for
SINQ at a 65 m long
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long neutron guide of
same cross section for
natural nickel (m=l,
reflectivity R=995%)
and a super mirror
(m=2,R=90%)
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sequence of layers with alternan'ngly high positive and negative scattering length
density of variable thickness. Such arrangements are called "supermirrors". They can be
characterised by a number m giving the gain over Ah""* for natural nickel, the element
with the In practice it is possible to increase Ak""* by reflection from a sequence of
layers highest scattering length density. Nowadays m = 2 or more can be routinely
achieved. Fig. 8 compares the neutron spectra obtainable for SINQ at a 6.5 m long
beam tube, a 50 m long guide coated with natural nickel, and a similar guide coated
with a supermirror m = 2. Despite the poorer reflectivity of the SM-guide (R=0.9 vs.
0.995 for Ni), there results a significant gain, even for longer wavelengths, where many
reflections occur in the guide.

23. Time-of-flight monochromators
A static collimator has no effect on the magnitude kx of the wave vector of the

transmitted neutrons, it does not "monochromate". This can be achieved by moving the
collimator at right angles to its direction of transmission in the scattering plane. This
movement can be translational (Fig. 9a) or rotational (Fig. 9b).

In practice, case (a) is accomplished by arranging many slits on a drum whose
axis is parallel to the neutron beam, case (b) is accomplished by slits in a drum whose
axis of rotation is perpendicular to the neutron beam. In both cases the slits are curved
to match the flight path of the neutrons in the moving frame of reference for optimum
transmission.

f
a) Figure 9: "Monochromat-

isation" of neutrons by
moving a collimator; in
translational motion (left,
example: Dornier velocity
selector); in rotational
motion (right, example:
Harwell chopper, Bedford et
al. 1968)

Figure 10: Monochro-
mating effect of two disk
choppers at a distance L
from each other; the first
disk chops the beam whereas
a limited velocity band is
selected by the phase angle
between the two disks
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Case (a) allows a continous transmission on neutrons of the desired velocity
range; it is called a "mechanical velocity selector" whereas case (b) chops the beam into
pulses and is called a "Fermi chopper".

A monochromating effect through flight time is of course also possible by having
two disks which are opaque for neutrons with a transmitting slit rotating at a certain
distance from each other. To define the opening time more precisely normally
stationary slits are placed near a disk chopper (Fig. 10) or a second disk rotating in
opposite direction close to the first one can be used.

2.4. Reflection from stationary crystals
While transmission through a collimator limits and defines the direction of kz in

space, Bragg reflection from a single crystal changes the direction of ^ . If the crystal is
at rest, the magnitude of kz is unaffected. The locus for all vectors kz that can fulfil the
Bragg condition Q = G w is the plane through GmJ2 perpendicular to Gm (Fig. 1 la).
This provides an easy way of visualising the effects of imperfections and angular
divergencies o the phase space volume transmitted by a crystal. For a well-defined

direction of kt the effect of the mosaic r\ (i.e. angular distribution of Gm arising from
orientational imperfections) is a broadening of the diffracted beam and a range of
diffracted wave vectors (Fig. lib). If, in addition k has an angular divergence a, the
phase space volume is as shown in Fig. l ie. Obviously, a diffracting crystal in
conjunction with a collimator (to define a) acts as a monochromator. In fact, this is
the most widely used phase space operation to define kt or i / in an instrument.

Figure 11: Bragg reflection;
(a) from the lattice planes of
a perfect crystal through an
angle of 20; (b) of an
ideally collimated beam from
a crystal with mosaic spread
V; (c) of a beam of angular
divergence a from a mosaic
crystal

a)

c)

25. Neutron beam filters
Neutron beam filters are used for two reasons: i) beams coming from the

moderator always contain unwanted radiation like fast neutrons and y-rays which
contribute to the experimental background and to the biological hazard potential; ii) the
beam transmitted by a crystal monochromators not only contains the neutron
momentum k the monochromator is designed for, but may also be contaminated by
higher (or lower) order reflections. In order to eliminate or at least substantially reduce
these contaminations, material is placed in the beam path which has good transmission
properties for the desired wavelength and a high cross section for the unwanted ones.
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Strong energy-dependent variation in neutron cross section occurs either in the
case of resonant absorption or by Bragg scattering. In polycrystals scattering occurs
whenever the diameter of the Ewald sphere coincides with the magnitude of a
reciprocal lattice vector. This is shown schematically in Fig. 12a. As an example the
cross section of polycrystalline beryllium is shown in Fig. 13. Beryllium has the "Bragg
cut-off at 4 A; for longer wavelength (smaller energies) Bragg scattering is not
possible and the cross section is determined by phonon scattering and is therefore
strongly temperature dependent due to the occupation numbers of the phonon states.
For large k (short wavelength), the cross section of the polycrystal approaches the free
atom cross section.

Loci for reciprocal
lctt̂ M v«cton

N m a polycrysta!

/ // .
! ! !

intersections of rings
4 concentric to c—axis
7 in reciprocal lattice

' yrolytc graphite
L drawing plane

v-. v><-- j i t*- i y
N-N —^~—r"ut \ •'

I I
I I
I I

V—
a)

Figure 12: The In-
dependent scattering
cross section of a
polycrystal (a) and of
pyrolithic graphite
with the beam incident
along the c-axis (b)

b)

An unusual case is pyrolithic graphite with reasonable good single crystalline
property along it's c-axis but random orientation perpendicular to it As a consequence,
"rings" are formed in reciprocal lattice space in the planes perpendicular to the c-axis
and with c-axis running through their centre. When one of these rings lies on the
surface of the Ewald sphere, the cross section for a beam incident along the c-axis
becomes very high, but in contrast to a polycrystal drops off again, as the diameter of
the Ewald sphere increases and the ring lies within the sphere (Fig. 12b).

2.6. Shielding
Shielding is an important component of any neutron scattering experiment and it is the
dominating aspect when looking into a neutron experimental area. Shielding has two
main objectives: (i) to protect the experimentalist against biological hazards (primary
shielding, around the source), and (ii) to protect the detector against background
contributions (secondary shielding, around the detector). Neutrons are destroyed by
nuclear reactions whose cross-sections are energy dependent. Neutron shielding is
therefore a mixture or a sandwich structure of slowing-down- and absorbing materials.

Table 1: Absorption cross-sections; Neutron News 3,26 (1992); En=25J meV (1.798 A
2200mis); barn (1 barn-lOOfn?)

3He

5*333 940

10 B

3'83S

n3Cd
20'600

157 Gd

259'000
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Figure 13: The
. „ scattering cross section

•'-!'•• i'fo^~; of polycrystalline
Beryllium as a function
of the neutron energy
and the temperature
(BNL)

2.7. Detectors
Nuclear reactions commonly used for neutron detection are

WB^W' + 4He->7Li+4He

Figure 14: Schematic
layout of neutron
detection

3. Design of Instruments

The phase space operators described in the previous chapter can be combined in a
variety of ways to obtain the desired properties of an instrument, depending on the kind
of science in question (Fig. IS). We will restrict ourselves to a few important examples
of different neutron spectrometer designs. A survey of the range in Q and 6), where
the different instrument types are commonly used is given in Fig. 16.

I
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Figure 15: Schematic
representation of some
of the types of inelastic
and elastic processes
studied by neutron
scattering; elastic
scattering often studied
with no energy
discrimination; (Axe et
al, MRS 1990)
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Olttuse Scattering Liquids Olllractomeler

Figure 16: Different
types of neutron
spectrometers and
their approximate
useful range of energy
and momentum
transfer
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3.1. Elastic scattering
Elastic Bragg scattering, i.e. with no energy change of the neutron has normally

a much higher cross section than inelastic scattering and therefore no analysis of the
scattered neutron energy is performed. This in fact amounts to integrating the scattered
intensity over all fl) in the kinematic range. Under the limitation that, according to the

paths followed in IQ,CO)- space, the inelastic contributions do not belong to exactly
the same momentum transfer as the dominating elastic ones do, the scattering
measured in this way represents the time average properties of the specimen.

3.1.1. Small angle SANS
Since the spatial dimensions investigated in an experiment at a momentum

transfer Q are of the order of R — 2n/Qt very small Q-values must be measured if the
properties of large structures such as extended defects, voids, macro molecules, etc. are
to be investigated. With the smallest wave vectors present in the spectrum of even cold
sources this still means measurements at very small angles. As can be seen from Fig.
17, the resolution in Q depends only weakly on Akz and directly on Akx. Such
instruments therefore use narrow collimation and coarse monochromatisation as, e.g.
obtained with a mechanical velocity selector. A schematic layout of a SANS-facility is
shown in Fig. 18.

- 0/nox - 0-min

Figure 17: The dependence of Q on Akz and Akx for small scattering angles

3.13. Powder diffraction
Diffraction from polycrystaline samples is a widely used technique to determine

crystal structures and refine parameters. The phase space diagram of powder diffraction
is the same as for the polycrystalline filter, only in this case the directions are
determined into which neutrons are scattered (Fig. 19). This can either be done using a
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collimator
iris

direct beam
stopper

neutron
guide

(mechanical)
velocity selector

2—dimensional
position sensitive

detector
Figure 18: Schematic representation of a neutron small angle instrument

fixed incident energy and examining the scattering at fixed angles or by a combination
of both.

Loci for reciprocal
lattice vectors

in a polycrystol

nodes of reciprocal
crystal lattice of

•*" ^single crystal

intersection of
Ewald sphere

\ /with drawing
f\ plane

directions of scattered intensity in
the drawing plane

Figure 19: Momentum space
diagram for powder diffract-
ion: at constant k intensity
is measured in a detector
scanning the angle around
the sample whenever the
Ewald sphere intersects a
reciprocal lattice sphere

Steady state powder diffractometers are mostly used on neutron sources without
time structure. Rather than moving a single detector around the sample, they are
nowadays equipped with position sensitive detectors to cover a wide range of scattering
angles simultaneously. Fig. 20a shows a schematic layout of the double axis
multicounter diffractometer to be installed at a cold guide at SINQ. The resolution
depends on the d£volume of the incident beam. As can be seen from Fig. l ie, the
momentum resolution of the monochromator depends on the angle 26M. Therefore
large monochromator angles arc preferred. Fig. 20b gives the resolution function of the
instrument for a germanium monchromator crystal. The colllimator in front of the
position sensitive detector eliminates scattering from the sample environment, it
furthermore is oscillating to avoid shadowing effects of its channel walls.

Time-of-flight powder diffractometers vary the incident energy and hence the
diameter of the Ewald sphere by using a pulsed neutron beam. If the pulsing is achieved
by a chopper in the beam, the pulse width A t is the same for all neutron velocities v or
flight times L/v. Therefore the resolution A t/t varies inversely with flight time,
becoming very poor for short wavelength or small rf-spacing. Fig. 21 compares such an
arrangement together with a typical diffraction pattern (Fig. 21b) to that of a
conventional 2-axis diffractometer (21a). If a short pulsed neutron source is available,
the pulse width in the slowing-down regime is inversely proportional to the neutron
velocity escaping from the moderator. This leads to a practically constant resolution
over the whole diffraction range and is one of the important reasons for the great
success of pulsed neutron sources in the field of powder diffraction.
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' beam
stop

Fig. 21: Functional principles and
diffraction patterns of (a) a
conventional 2-axis diffractometer
and (b) a tirne-of-flight diffrac-
tometer
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Figure 20: Schematic layout
of the multicounter diffrac-
tometer DMC at the reactor
Saphir at PSI; instrument to
be moved to SINQ
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5.7.4. Single crystal diffraction
If single crystals are used to determine the crystal structure, more information can

be obtained because in addition to the magnitude and structure factor of the reciprocal
lattice vectors Gm also their orientation in space can be determined. Therefore it is
necessary that the specimen can be rotated around three axes in space, which is
accomplished by an Eulerian cradle. In this case only one or a few reciprocal lattice
vectors will lie on the Ewald sphere simultaneously and will lead to diffracted intensity.
It is therefore normally sufficient to have one or two detector arms. Using a (small)
position sensitive detector of good angular resolution is still an advantage because it
allows to determine the intensity distribution of the reflection in all three dimensions
(optimal scanning Fig. 22).

32. Inelastic scattering
Although important information on the time-averaged properties of matter can be

obtained by measuring the total scattering, the real strength in neutron scattering lies in
its potential to investigate the energy transfer in the scattering process and thus provide
information on time dependent processes in matter. The amount of energy transferred,
h(o, represents the time scale involved in the various processes through the relation
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Neutrons From
Jl| Reoctor

In* Pile Collimolor

Figure 23: The 4 circle dif-
fractometer (in construction) for
SINQ, schematic elevation sho-
wing the possible motions of the
(2-dim) detectors in the vertical
plane

Figure 22: Neutron diffrac-
tion experiment and dia-
grams in Q-space
illustrating detector
movements for optimal
scanning (Werner, Acta
Cryst. A27,665 (1971))

2—dimensionol
^position 3«nsitive
detector

sample detector
table table

t — 2nfh(Q while the resolution in hco gives the time interval over which an average is
taken. In order to obtain the full information on space-time properties of the specimen,
both it and k' must be determined in the scattering process. This can be done by
suitable combinations of the phase space operations discussed in chapter 2. Although
there are many ways to proceed, it is customary to distinguish between those
instruments directly involving neutron time of flight and those, which don't

32.1. Time-of-flight spectrometers TOF
Since neutrons commonly used in scattering experiments have velocities of the

order of a few hundred to a few thousand m/s, their energy or momentum can be
conveniently determined by measuring their time of flight over a distance of a few
meters. Owing to the fact that neutrons are detected by nuclear reactions and hence
terminate their existence at this moment, they can only be detected once. This means
that their starting time at a certain position must be defined by pulsing the beam. It also
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means that only one of the two quantities k or k' can be measured by flight time. The
other one must be enforced upon them by either the use of a crystal monochromator or
by two pulsing devices at a certain distance from one another. Depending on whether k
or k' is measured by time of flight (varied as a function of time) the method is called
direct or inverted time-of-flight techniques. Fig. 24 gives a schematic survey how the
various phase space operators are used. Since the detector positions are fixed there is
generally a large angular range covered by detectors.

In the direct TOF-technique k is fixed and k' is determined by time-of-flighL
This means that the scan for any one of the many detectors arranged around the sample
follows the kinematic curve for the corresponding scattering angle. Scattered intensity is

measured whenever this curve intersects s(Q,fi>), by recording the flight time of the

neutron with the corresponding k'.

Fermi
type
chopper

double
chopper

crystal
plus
chopper

rotating
crystal

filter

direct TOF inverted TOF

0

M It \

seurec

S0UP9»

Figure 24: Use of different
phase space operators in
time of flight instruments;
M-moderator (spectrum
shifter), R=rotor (chopper),
C=crystal, F=filter, L=flight
path, D=detector, S-sample)

If analysers or cut-off filters are used in the scattered beam (inverted TOF), the
measured energy transfer is by the amount of the analyser energy lower than the
incident energy which varies with time. The resulting loci for Q, a> are shown in Fig. 25
for two scattering angles. It can be seen from the scattering diagram, that the end points
of the momentum transfer vectors lie in planes parallel to the (£,fta>)-plane. If the
sample is suitably oriented this can be a symmetry plane of the reciprocal lattice. This
fact is exploited, e.g. in the PRISMA-spectrometer at ISIS. Here the analyser setting
angles which determine k' of 16 analysers arms are arranged in such a way that the end
points of the Q-vectors lie in the same plane (Fig. 25a). Inverted TOF is mainly used at
pulsed neutron sources, because the spreading out in incident energies comes naturally
with distance of the sample from the moderator.
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sample

b)

Figure 25: The PRISMA-spectrometer (a) schematic sketch; (b) kinematic curves with
measured dispersion curves; (c) intensity scan along the bold kinematic curve in (b)

Fig. 26 shows a schematic representation of the space-time focusing TOF-
spectrometer FOCUS in construction at SINQ. Behind the converging guide the white
beam is chopped by a disc chopper. The horizontally and vertically focusing
monochromator focuses the beam through a Fermi-chopper on the sample. The
instrument can either be run in the time focusing mode or the monochromatic focusing
mode. This can be achieved by variable distances guide-monochromator and
monochromator sample.

Disc Chopper

Fermi Chopper

Monochromator

Figure 26: Schematic drawing of the time of flight spectrometer FOCUS at SINQ (left);
cut through the main spectrometer components: guide (g), preselector chopper (p),
monochromator (m), Fermi-chopper if), sample (s), beam divergence y0, local diver-
gence per monochromator crystal piece a0 (Mesot et al.), J. Neutron Res. 3, 293
(1996)

322. The back-scattering spectrometer
If reflection from a crystal is perpendicular to the lattice planes (26 = 75(7°) the

term describing Ak* in Fig. l ie vanishes because cot6 = 0. The uncertainty in Ak2 is
then only given by the inverse penetration depth of the neutrons into the crystal
AG/G «1/N with N being the number of lattice planes contributing to the reflection.
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This is of the order of 10"4 and is much narrower than die width Ak'l0 obtained from a
crystal according to the previous section. In the back scattering spectrometer, this
advantage is used in the analyser part to determine k" with high resolution. In this case
large areas of nearly perfect crystals are arranged on a spherical support around the
sample position. Neutrons coming from the sample and satisfying the back scattering
condition are therefore reflected back to a set of detectors arranged near the sample.
The analyser system thus works at fixed energy. In order to measure an energy transfer
in the sample, the energy of the neutron hitting the sample must be varied with a
similarly high resolution. This can be done as follows: i) by very good time-of-flight
resolution using a neutron guide to cover a long distance (of the order of 100 m)
between the pulsing device (fast chopper or pulsed source) and the sample; ii) by using
a monochromator which is also designed to work in back scattering and whose lattice
constant can be varied in small intervals as a function of time (e.g. by varying its
temperature); iii) by using a back scattering monochromator mounted on a velocity
drive and using the momentum transfer to the neutrons when reflected from a moving
crystal (Doppler effect).

Figure 27: Schematic diagram of the back scattering spectrometer IN 16 at the ILL,
which uses a Be-filter to suppress higher order reflections from the crystal in the
neutron guide and a horizontally moving second deflector to increase the intensity on
the monochromator by increasing the angular divergence. The phase space volume
reflected from this crystal is time-scanned by a moving monochromator in the back
scattering condition.

Unless a sufficiently large deviation from the back scattering condition can be
allowed to shield the detectors from the direct scattering from the sample, it is
necessary to interrupt the beam for about 50% of the time to make sure that only such
neutrons are recorded that have travelled the distance between the sample to the
analyser and back to the detector. Fig. 27 shows the layout of the new instrument IN16
at the ILL which uses a mosaic crystal to deflect suitable neutrons from a guide and a
Be-filter with background chopper to suppress higher order contaminations and reduce
the background while the detectors are counting. A second deflector which rotates in
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such a way that there exists a velocity component parallel to its lattice planes and at the
same time allows the beam coming back from the monochromator to pass for 50% of
the time is used to deflect the beam to the moving back scattering monochromator. A
very narrow momentum band is selected from the phase space volume and is Doppler
shifted as a function of time to provide the necessary energy sweep for the neutrons
hitting the sample. The energy resolution that can be obtained on a back scattering
spectrometer is in the jieV range.

323. The triple-axis spectrometer TAS
Triple-axis spectrometers are the most versatile instruments for inelastic neutron

scattering experiments. From the experimentalist's viewpoint a TAS offers the unique
possibility of measuring neutron intensities at well-defined locations in momentum and
energy space, e.g. at points of high symmetry or at wave-vector's q where theory
predicts an unusual behaviour as function of the temperature (structural phase
transition), etc..

sample

monochromator

Figure 28: Basic layout of a triple axis spectrometer (TAS); the three axes around
which the respective rest of the spectrometer is rotated are: the monochromator axis
(variation of k), the sample axis (variation of scattering angle), and the analyser axis
(variation of W)

Fig. 28 shows the basic layout of a TAS. Monochromatisation and analysis of the
neutron beam (definition of k and k') are performed by Bragg reflection from single
crystals. Mostly used materials are pyrolithic graphite, copper, and germanium; the
selection being based on the respective neutron scattering properties, the available size
of the crystals, and the mosaic spread. Soller collimators are inserted along the beam
path for tuning the resolution characteristics. Filters are often inserted in the beam in
order to suppress background and higher order contaminations.

Since all the quantities (k,k',26,(p) are variable on a TAS, there are many

possibilities to measure intensity at a point in 0.6>)-space. The most commonly used
type is a scan with k' fixed because the conversion from count rate to cross-section
needs minimal corrections. Furthermore a TAS allows the collection of data points
along well defined path's in (g,ffl)-space, as there are "constant- Q' scan (i.e. scanning
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with energy steps at a pre-defined Q-vector), best use for excitations with small
dispersion), 'constant- o>* scan (keeping the energy transfer tta constant and scanning
along a pre-defined Q, best use for excitations with strong dispersion); or a 'general'
scan with varying Q and (a, some times convenient for best resolution characteristics;
Fig. 29 shows a scattering diagram with a typical intensity distribution.
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Figure 29: Illustration of three possible scans in (Q,(o) -space on a TAS; momentum

diagram and measured intensity distribution corresponding to a general scan through
an optic and an acoustic branch

4. Conclusions

In this paper we have neither attempted to go into details of the technical design
of neutron scattering instruments, nor to cover the full suite of specialised spectrometers
in use on modern sources. It was our goal to promote the understanding of the
underlying principles and the properties of components of instruments as far as they
are relevant to understand the measurements one performs. Details of instruments in
terms of their range and resolution in (g,o)-space and their preferred application to

different fields of science can be found in the user manuals issued by most neutron
scattering centres.
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