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LECTORIS SALUTEM

The aim of thjg vr>1nmf» of I..f»r.tiire Notes is to form and confirm a

tradition of Introductory Courses in relation to the European Conferences on
Neutron Scattering. Following the first such Conference of 1996 in
Interlaken, Switzerland, now Budapest has the privilege of hosting the
second one, the ECNS'99. TheXsuccess of the Introductory Course having
preceded ECNS'96 encouraged tns organizers of the Budapest ECNS'99 to
ask the outstanding authors of this volume for the preparation of the
manuscripts of their intended lecturesM hope to hand you over a didactically
useful volume. t

The structure of the krtgo4l^t*M''y-A^W^/^r' he seen from the
program and the "Contents" page just opposite to this. The first day/ starts
with a general block of introduction of mainly experimental character by B.
Dorner, G. Bauer and F. Mezei, and then traditional diffraction methods are
discussed.by G. Heger and I. Sosnowska. In the second riay^grnali
neutron scattering is the topics of J. Teixeira, P. Fratzl and G. Pepy,
continuing with reflqctometrv.bv A. A. van Well, and in a final _block R. S.
T—I i . "•—fc T ^ ' 1 T ^ f~\ . . 1 * ,1 l i t I, 1 * f

Eccleston, B. Farago and R.
inelastic neutron scatterin
will be over hundred.

"urrat outline the well-known techniques of
he number of participating young scientists
1 thanks are conveyed by the editors to all

lecturers on behalf of all p«trtic ipants. , )

The Introductory Course is sponsored by the Budapest Neutron
Center, The European physical Society,\he Hungarian Academy of Sciences
and the "Neutron Rpynd Table" EU Vmcerted action. The Hungarian
Academy deserves s^eicial gratitude for conceding the Lecture Hall of her
historic building as trie venue of the two days Course.

. ? V ' • ! ; • . •

Finally thanking$gain to all lecturers for the cooperation in preparing
this volume, I think thaf all the virtues orihe volume can be attributed to the
authors and all the blajqbjps of possible errors and mistakes should be directed
(of course) to the editorls) ("in your orisons pe all my sins remembered").

Gyorgy Kadar
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Basic concepts
Bruno DORNER

Institut Laue-Langevin
6, rue Jules Horowitz

B.P. 156
38042 Grenoble Cedex 9

Introduction
Neutrons are particularly suited to study the structure and the dynamics of condensed
matter [1,2]. Neutrons with the mass m and a velocity v (for thermal neutrons v ~ 2000
m/s) have a de Broglie wavelength A, and a wavevector k.

mv — %k
(1)

The wavelength in the order of A, is comparable to atomic distances, similar to x-rays.
Therefore structures, more generally speaking correlation, can be investigated. If the
correlations are static the corresponding scattering is elastic. If the correlations depend
on time, the resulting scattering is inelastic at least partly. Fortunately thermal neutrons
have kinetic energies E (~ 25 meV) comparable to excitations (fluctuations in time) in
condensed matter.

B 2 2m
(2).

Therefore, in an inelastic scattering process, the neutrons loose or gain energy in the
same order as their kinetic energy. This can be readily observed. On the contrary hard x-
rays have energies 6 orders of magnitude higher (= 10 keV) and the observation of
inelastic scattering in the meV region became only recently possible with limited
resolution. Besides the possibility of inelastic scattering neutrons have other advantages:

Neutrons interact with the atomic nucleus. The details of the nuclear physics process do
not have interest in bur context, only the fact that the scattering length b varies strongly
from element to element and also from isotope to isotope. Therefore neutrons in contrast
to x-rays, can easily distinguish atoms of comparable atomic number. A particular
technique is called "contrast variation" where Hydrogen (H) is replaced by its isotope
Deuterium (D).

Neutrons, as neutral particles, interact rather weakly with matter, such that penetration
depths are high and generally bulk properties are studied. The radiation damage to
biological samples is low.

Neutrons carry a magnetic moment and can be polarised and are particularly suited to
investigate magnetic structures and magnetic excitations.



Neutrons are produced by reactors or spallation sources.

Reactors use the fission process and are usually (the IBR-2 in Dubna is pulsed)
continuous sources. Reactors for research should have a very compact core to produce
the highest possible flux. There are two high flux reactors operating in the world with a
flux of about 1.5.1015 n cm"2 s"1 at the ILL, Grenoble, France and at ORNL, Oak Ridge,
Tennessee, USA. It is not expected that the flux of research reactors can be considerably
increased, because heat dissipation in the core approaches the limits set by current
materials technology.

Spallation sources use proton accelerators in the order of GeV. The high energy proton
beam hits a target built of a heavy element such as Tantalum at the spallation source
ISIS at the Rutherford Appleton Laboratory, Chilton, Didcot, UK, with a pulse
repetition rate of 50 Hz. When a high energy proton (800 MeV at ISIS) hits the heavy
nucleus,, many neutrons are evaporatored. The most effective target would be Uranium
-238 where one nucleus would produce more than 30 neutrons per proton, but it is not
used due to metallurgical problems. A Tantalum target produces about half of it. The
heat production in the spallation process per neutron is about 1/10 compared to a
reactor. The future of neutron sources goes in the direction of spallation sources. The
projected European Spallation Source (ESS) with 5 MW power will produce an
averaged flux comparable to the continuous flux at ILL. The peak flux in the pulse will
be several orders of magnitude higher.

A particular spallation source SINQ, at the Paul Scherrer Institut, Villigen, Switzerland,
came recently into operation. Here the proton beam (590 MeV) is pulsed to intervals of
ns. This produces a continuous flux of neutrons. The low heat production makes it
possible to use a very effective cold source, installed very close to the target.

Theoretical aspects
The physics to be observed by neutron scattering are described by the momentum
transfer hQ and the energy transfer ho).

(3)

, _ _ n2kt
l n2k2

F
hco = E,- EF= - -

2m 2m
(4)

The characteristics of the sample are contained in the Scattering Function S(Q, co). For
elastic scattering, e.g. Bragg scattering with CO = 0 the Scattering Function reduces to

S(Q) = \X" """'''" b,e'w' e'QR>

(5)
Which is the square of the sum of the amplitudes of all scattered waves from the
particles j at position Ry b: is the scattering length and e"W) the Debye-Waller factor.



In the case of crystalline materials the sum is reduced to a sum over the elementary cell.

For inelastic scattering the Scattering Function for interaction with one excitation can be
written as

2
purticlns — »v - /11 iOR

(6)

Here Uj(t) is the amplitude of particle j due to thermal excitations. In single crystals the
phonons can be indentified by their modes s and their wavevector q.

It needs quantum mechanical treatments to derive from Eq. (6) the correct expressions
for inelastic scattering in energy loss and gain of the neutron. But an important aspect to
be learned from Eq. (6) is that - in the classical limit - the intensity of inelastic
scattering is proportional to the square of the amplitudes u2 of the particles.
Now we want to know how u2 depends on mass M of the atom, frequency oos of a
particular mode s and on temperature T. For this purpose we write the classical kinetic
energy E ^ o f an oscillator s and the energy Es in the quantum mechanical way.

Elm=\l2u]Mco]
Ex=hcox(<n>+1/2)

(7)

Here <n> = l/[exp(/zco/kBT-l] is the Bose occupation factor. These energies must be the
same. Then it follows

2

u~ ~ e.
Mcox

(8)
e s is now the component of the normalised eigenvector in the direction of us. This
relation does not distinguish between energy gain and loss and anyway is only meant to
elucidate the essential physical aspect. Correct expressions are given below.
In more detail and exactly the Scattering Function can be written as a product.

S(Q,(o) = \G(q,Q)\2.Fq(m;T)

(9)
The inelastic structure factor in the case of phonons in a single crystal reads

(10)

Here s indicates the phonon mode with wave vector q. ejiS is the normalised eigenvector
with 3N components when N is the number of particles in the unit cell.



The frequency dependent part can be written in different ways [3]
For non-damped (harmonic) excitations

(11)

Where Q.q is the phonon frequency.

For damped (anharmonic ) excitations:

0 ( 0 ) 2 - !
(12)

This is the so called Damped Harmonic Oscillator (DHO) expressions, which is as well
valid for small damping, for strong damping and also for the overdamped regime. The
DHO is identical (therefore I recommend to always use the DHO) to the Double
Lorentzian

1 1
F (CO T ) = —

L
co-coq)

2 + Tl (co + co^+r-
(13)

using Q2=Q)2 + T*. Here Qq is the relevant physical quantity, while coq indicates only

the position of the visible peak.

Coherent and Incoherent Scattering
The differentiation between coherent and incoherent scattering represents a particular
feature of neutron scattering.

There are different ways to explain coh. and inc. scattering.

1) In coh. scattering the scattered amplitudes are summed up and then squared ; in
incoh. scattering the intensities (amplitudes squared) from individual particles are
summed up. Therefore coh. scattering contains interference between different
particles. This interference is absent in incoh. scattering. But interference may occur
if one incoherently scattering particle is distributed over several positions with a
certain probability. This is related to tunnelling or jump diffusion of hydrogen or
hydrogen containing molecules. It is not further discussed in these lecture notes.

2) Inc. scattering yields information on the self correlation function which means the
probability to find a particle at r at time t, if the same particle has been at r = 0 at
time = 0.
Coh. scattering is given by the Fourier-transform of the sum of the self and the pair
correlation function. The pair correlation function gives the probability to find a
particle at r at t, if another parti'cle has been at r = 0 at t = 0.



3) It would be wrong to say that coh. scattering comes from waves from different
atoms, which are suited for interference and inc. scattering comes from another kind
of wave, where different atoms do not interfere. Correct is, that all scattered waves
-at least as far as this text is concerned- do interfere. If we restrict our discussion for
the moment to elastic scattering, then in the simultaneous presence of coh. and inc.
scattering the intensity from a single crystal does not go to zero between Bragg-
peaks. It is just an artificial -but very useful- trick to separate the elastically scattered
intensity from a single crystal into a system of Bragg-peaks (coh.) and a Q
independent (neglecting the Debye-Waller factor) part (inc.). The inc. scattering has
its origin in some disorder in the scattering lengths b for chemically identical
particles.

(14)
Different isotopes of an element have different values of b. If one grows a crystal from
one isotope (which has no nuclear spin) one observes exclusively coh. scattering. If the
scattering nucleus has a spin such as Hydrogen (S = 1/2) than the scattering lengths are
different for the two configurations, neutron spin parallel (btrip = 1.O85.1O"12 cm) or anti
parallel (bsjng = -4.750.10_12 cm) to the nuclear spin. It follows

<b>=\K + ^ W = -0.374.1012cm

4 trip 4 smg

(15)
In the hydrogen, case the inc. scattering disappears only if the neutrons and all H-atoms
would be polarised parallel to each other.

The simu'taneous existence of coh. and inc. scattering is a nuisance, unfortunately in
many cases not to be avoided. Generally one wants to study either coh. or inc. scattering
phenomena. Fortunately in the case of hydrogen the inc. cross section( 80 barns) is very
large such that it dominates very often.

Resolution ;

In any experimental investigation resolution has to be taken into account. Here we
present detailed considerations for inelastic neutron scattering, where one has to
measure the energy of the neutrons before and after scattering.

As said in the introduction k, and kF are the mean values of the neutron wavevectors
before and after scattering. Now we define hQo and h(£>0 as the nominal momentum
and energy transfer, as given by the setting of the corresponding instrument.



In an experiment one observes very generally a signal as a function of Qo and co0. This
could be a peak in measured intensity versus energy transfer h(HQ . Such signals contain
physical information from the sample blurred by the limited resolution of the
instrument. To derive general aspects of resolution we follow Maier-Leibnitz [4] and
write the intensity AI arriving in the detector as :

,2

AI = 0 N ^
dLldco

(16)
Here <|>0 is the intensity of the monochromatic beam, N the number of scattering
particles (i.e. the sample volume) followed by the double differential cross-section.

dLldco k,
(17)

pf(Jcf)\s the transmission of the analyser as a function of individual kf 's. The solid

angle after scattering AQ and the energy window Aco of the analyser are :

Ak..Akfv h
AQ = — ' • * , '•• ; Aco = —

k~ m
kf\Akfz

(18)

The intensity (|)0 reads :

4>0 = ^
(19)

where A(k;) describes the spectrum of the neutron source and Pj (k;) the transmission of
the monochromator for individual kj's.

We rewrite AI in terms of S(Q,co) which is more suitable for the description of inelastic
scattering than the cross-section.

AI = A(ki)NPi(ki)AViS(Q,co)Pf(kf)AVf

(20)

Here we defined volume elements in reciprocal space

AVi = AkixAkisAkLz; AV, = AkfxAkfyAku

(21)

In Eq. 20 S(Q,co) describes the physical properties of the sample and pj, pf the
transmission, i.e. resolution of the instrument. This concept is symmetric for
monochromator and analyser and therefore it is preferable to use S(Q,co), see also
Fig. 1. V, and VF in Fig. 1 are given by [5] :



= fPf(kf)dvf

(22)
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Fig. 1 : Scheme of an inelastic scattering experiment in real space at the left.
Monochromator and analyser are shown as "black boxes". On the right: the
triangle Q = k, - kF and the connection to the triangle -Q = t + q where l i s a
reciprocal lattice vector and q the wave vector of an excitation.

The intensity at the detector at a nominal Qo and co0 can be written :

a>0)«f R(Q0 -Q, co0 - co)S(Q, co)dOdco

(23)

as the convolution of resolution R and scattering function S. The resolution R is
obtained by the convolution of V, and VF, while the maximum intensity is proportional
to the product of V, and VF. Therefore, in an optimised experiment, V, and VF should
have similar sizes.

For a crystal analyser [5] on a Three-Axis Spectrometer (TAS).

where 6 is the Bragg angle.

For a time of flight (TOF) analyser

*

(24)

(25)



These expressions show how analysers control intensity. Very often the analyser energy
is kept fixed in TAS experiments to avoid corrections for VF TAS and analyser
effectivity. Then the monitor in the monochromatic beam takes care of the variation of
Vj such that the measured signal does not require any correction (neglecting higher
order contamination in the monochromatic beam). The signal is just given by Eq. 23,
where the resolution may vary in width during the scan but it remains normalised.

2JCT

Fig. 2 : Q-constant-scan with k, fixed. <p and iff are scattering angle and sample
orientation. The dashed areas give the distributions of k; around k,, and of kf

around kF. q is the phonon wave-vector. In q-co space a constant-Q scan is
drawn with varying resolution given by the ellipse. The ellipse is the projection
of the 4-dimensionaI resolution ellipsoid R which results from the convolution

of V, and VF.

Coherence volumes
Recently, an interesting new approach [6] was developed by means of "Coherence
Volumes". In [6] coherence in space and time is based on quantum mechanical
considerations and then applied to neutron scattering.

Let us consider a monochromatic beam with a certain distribution of kj around k( as
already given in Fig. 1. First we consider reciprocal space (k-space) and real space (r-
space).



The relation between the two spaces is essentially given (Fourier transform) by

Ar=±
Ak

(26)

This means that a resolution in k-space given by a component Ak defines a coherence
interval in r-space. In three dimensions one obtains then a coherence volume with
dimensions and orientations in real space such that small dimensions in k-space relate to
large dimensions in r-space and vice versa. In other words, a neutron beam with a given
resolution Ak can be related to a volume in real space in which the neutrons are
coherently present.

So far we considered three dimensions of resolution. But the problem is 4 dimensional
due to energy resolution. Energy resolution AGO provides a coherence interval A in time

Aco
(27)

where Aco = (hk, /m)Akz

Now we come back to our monochromatic beam, where the neutrons are travelling with
a velocity

hk,
u = —-

m
(28)

Correspondingly the coherence volume is travelling through real space with the
velocitiy v. The coherence time interval At defines how long in time or how far (v .At)
the coherence volume is travelling coherently.

Now we will consider the overall resolution of a TAS instrument. From the foregoing
and from Fig. 2 we understand that the overall resolution in AQ and Aco is obtained by
the convolution of the distribution A, around k, and AF around kF.

Again we can consider the three dimensions AQX, AQy and AQZ to derive a coherence
volume. Correlations in space within this volume can be observed, while correlations
with longer extensions are not observable. If the correlations are static, the energy
resolution or time coherence do not play a role.

But if the correlations are time dependent then they can be observed for a time interval
At given by eq. (27). Now Aco is the energy width of the 4 dimensional resolution
ellipsoid. This means frequencies larger than Aco can be identified. This implies that
oscillations or relaxations faster than At can be studied.



Very often it is difficult to visualise the 4 dimensions Q and co or r and t. As a hint for
better understanding the authors of [6] explain a particular case, such as Fig. 2 where
the resolution ellipsoid (the projection on q and co in Fig. 2) has its long axis very
parallel to the dispersion of, say acoustic, phonons. This fact, which neutron specialists
call focussing in reciprocal space, can be visualised following [6], by a coherence
volume which travels with the phonons (rides on the phonons) with their group velocity
for a time At. Lifetimes (phonon decay) which are shorther than At can be observed.
This way of looking to the 4 dimensional problem may provide new insight to
correlation in space and time.

Monochromators
Most experiments with neutrons need so called monochromatic beams with different
resolutions (an exception is e.g. Laue-diffraction).

Crystal monochromators make use of the wave like nature of the neutrons and select a
wanted wavelength by means of the Bragg equation

2d sin 0 = nl
(29)

Here d is the lattice spacing of the monochromating planes, 0 the Bragg-Angle and n
the number of order of reflection. Note that higher orders are in most cases an unwanted
contamination. In these days crystal monochromators are complicated mechanical
objects with variable curvature, horizontal and vertical, to focus as many neutrons as
possible onto the sample.

A TAS uses crystals as monochromator and also as analyser. The (TOF) technique uses
choppers to produce monochromatic pulses. On spallation sources, where the neutrons
are most often produced in short pulses, TOF is naturally applied. Flight distances vary
from several meters to about 100 m, and the corresponding times are in the order of
ms/m. Therefore the time analysis does not request very sophisticated electronics. The
problems of TOF lie more on the speed of the detectors and the handling of the data
rates.

A particular technique is Spin Echo which provides extremely high resolution. The
primary monochromatorisation is very coarse (10 %). But then on the path through the
instrument each neutron of the polarised beam is individually followed up before and
after scattering. Therefore the energy resolution is not produced by a particular
monochromator, but is inherently connected to the Spin Echo technique.

Conclusion
Most aspects which are presented above will be discussed again in more detail in the
following lectures. The present text is written by an experimentalist, who likes to
understand and to visualise physical properties in a simplified way. Exact theory for
example will be presented in the following talk.

10
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HU9900720 Neutron Sources
G.S. Bauer

Paul Scherrer Institut
CH-5232 Mlligen PSI

email: Guenter.Bauer@psi.ch

1 Introduction

#;
As neutron scattering experiments have grown more and more demanding with respect to
resolution and quality, it became more and more necessary to include the neutron source
itself in the design of an experimental setup. In this sense the generic representation of a
neutron scattering arrangement fciypfi nrFiffrAj includes the primary neutron source and
the associated spectrum shifter (or moderator).

PS ss PO' PO" SD DP

PS = primary source SE = Sample envrironment
SS = spectrum shifter S = Sample
PO = (selective) phase space operator SD = Signal detector

DP = Data processing

Figure 1: Generic representation of a neutron scattering setup.

In fact, the design of a modern neutron source will start from a set of users' requirements
and will proceed "inwards" through a selection of the moderators (spectrum shifters) to
the primary source best suited to meet these often conflicting needs. This paper aims at
explaining the options source designers have to match the neutron source performance to
the users' demands.

2 Thermal neutron fission and spallation as primary
sources of neutrons

Although a number of reactions are known which release neutrons from nuclei, only ther-
mal neutron fission and proton induced spallation play a real role a s primary sources for
neutron scattering facilities.

2.1 Fission

In the past fission of the uranium isotope 235 by slow neutron capture has been the most
frequently used reaction in neutron sources. The reaction can be made self-sustaining
because it is exothermal and releases more neutrons per fission process than are needed
to initiate the process. If a slow neutron is captured by a fissionable nucleus, the resulting

12



deformation can cause the nucleus to break up into two fragments (Fig. 2). Very often a
neutron is released directly during this process but mostly the neutrons "evaporate" off
the surface of the fragments. This is a very important feature because a small fraction of
these evaporation neutrons are released with a time delay of the order of seconds and thus
enable a critical arrangement to be run in a controlled fashion. The fraction of delayed
neutrons in 235U is 8 = 0.6% and the average decay constant of the parent nuclei is A =
0.0785 s— 1

Fission

chain reaction via
moderated neutrons

Spallation

evaporation

highly excited
nucleus

• proton
O neutron

Figure 2: Schematic representation of fission and spallation

The spectral distribution of the fission neutrons can be well described by a Maxwellian
distribution

^ ( ! ) (2.1)

with a characteristic energy ET = 1-29 MeV. This characteristic energy is | of the mean
energy E of the neutron which leads to a mean energy of fission neutrons of about 2 MeY.
A calculated spectrum of fission neutrons is shown in Fig. 3.

2.2 Spallation

The term "spallation" is applied to a sequence of events that take place, if target nuclei
are bombarded with particles of a de-Broglie wavelength A = yJh2/2mE which is shorter
than the linear dimensions of the nucleus. In this case collisions can take place with
individual nuclides inside the nucleus and large amounts of energy are transferred to the
nuclides which, in turn, can hit other nuclides in the same nucleus. The net effect of this
intra-nuclear cascade is twofold:

1: Energetic particles may leave the nucleus and carry the cascade on to the other
nuclei (inter-nuclear cascade) or escape from the target.

2. Energy is more or less evenly distributed over the nucleus leaving it in a highly
excited state

13



The excited nucleus left behind will start evaporating neutrons - and to a lesser extent
protons and other light nuclei - from, its surface. The spectrum of these evaporation
neutrons is quite similar to the one resulting from fission, but as a consequence of the
neutron escape during the intranuclear cascade, the overall spectrum extends to energies
up to that of the incident particles (see curve in Fig. 3). The release of spallation neutrons
takes place within less than 10~15 sec after the nucleus was hit. This means, that the
time distribution of spallation neutrons is exlusively determined by the time distribution
of the driving particle pulse.
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Figure 3: Logarithmic representation of calculated neutron spectra from fission and spallation
[1]

It should be noted that, while there are only a few thermally fissionable isotopes, spallation
can occur in every nucleus, although the neutron yield increases with the nuclear mass.
Finally, whereas about 200 MeV of energy are deposited in a reactor core per useful
neutron generated, this value is down to somewhere near 25 MeV in a spallation target
(lead).

3 Moderation of neutrons

3.1 The slowing-down process

The energy spectrum of neutrons released in the primary neutron sources (reactor fuel or
spallation target) is in the MeV range whereas meV or at most eV neutrons are required
for scattering experiments. Therefore a shift of several orders of magnitude is necessary,
which is accomplished by collisions with the atoms of a ':moderator"-substance. The goal
in the layout of a moderator is to create the highest possible flux of moderated neutrons
either in the shortest possible time (pulsed neutron sources) or in the largest possible
volume (steady state neutron sources). It is therefore important to consider the number
of collisions that occur per unit time and the energy transferred in each collision. An
important quantity to characterize a moderator is its mean logarithmic energy decrement
per collision, f, which is for all practical purposes given by

= inEo —
—- for A > 2

A + 2/3
1 for A = 1

(3.1)

14



with EQ and E\ being the neutron energies before and after the collison and A the atomic
number of the moderator atom. So, hydrogen is the most effective moderator in terms of
energy transfer per collision.

This allows to calculate immediately the average number of collisions x, to shift the
spectrum from one mean energy value to another. For EQ = 2 MeV and Ej = 25 meV.
one has for example:

x
= 7 • *nTF = 7 ">(8 • 107) =

18.2
(3.2)

Table 1 gives values of A, £ and x for several commonly used moderator atomic species
and, for comparison, for Uranium.

Parameter

x (2 MeV -» 25 meV)

Element
H
1
1.000
18

D
2
0.725
25

Be
9
0.209
86

C
12
0.158
114.

O
16
0.120
150

U
238
0.00838
2172

Table 1: Slowing-down parameters of various elements [2]

In a mixture of nuclei, f is given by

N

(3.3)

with Es being the macroscopic scattering cross section.

The important quantities to characterize the performance of a moderator for steady state
neutron sources are called its "slowing-down power" £-Es and its "moderating ratio"
£ • £ S /E a with Ea being the mean absorption cross section. Values for the moderator
substances of practical importance are given in Table 2.

Moderator

H2O
D2O (pure)
D2O (99.8 mole %)
Graphite
Beryllium

Densitv

(g/cm3)
1.00
1.10
1.10
1.60
1.85

Slowing-Down
Power

£ • S s (cm"1)
1.35

0.176
0.178
0.060
0.158

Moderating
Ratio

(£ • Ss/Ea)
71

5670
2540

192
143

Table 2: Slowing-down power and moderating ratio of common moderator substances [2]
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3.2 Time characteristics

For neutron sources with a pronounced time structure of the neutron flux ("pulsed
sources") the time characteristics of the slowing-down process and the life time of neu-
trons in equilibrium with the moderator are important. During the slowing-down process,
the time interval during which a neutron "lives" at a certain velocity is the mean time
between collisons

t{ — —, or ti • Vi = A = const (3-4)

with A being the mean'free path between collisons (A = ^ in the absence of absorption).

Similarly, the product of neutron velocity and the average slowing down time ts (i.e. the
time required to shift the spectrum to the energy E = m-v2/2) and the standard deviation
of the slowing-down time Ats (i.e. the "width" of the time distribution of the neutrons
reaching the energy E or velocity v) are also found to be constant for any given moderator
[3].

ts • v = (1 4- 2 / 7 ) 7 (3.5)

7

(£
(3.6)

for . 4 = 1
(3.7)

This is an important feature of intrinsically pulsed sources relative to chopped beams,
because it means that the time-of-flight resolution is constant down to energies
where thermal equilibrium is reached in the moderator of pulsed sources.
Values of the relevant quantities for the most commonly used moderator materials are
given in Table 3, where £1/2 is the full width at half maximum of the slowing-down time
distribution. This shows, that for neutrons of 2.2 • 105 cm/sec (thermal energy), it takes
about 10 fxs to slow down from the primary fast spectrum in H2O. The FWHM of the
time, during which neutrons reach thermal energies ("transient" regime) is about 11 /is.
There is no way to achieve shorter thermal neutron pulses with an H2O-moderator!

Material

H2O
CH4

D2O
Be
C
Fe

Density

1
0.94
1.1
1.7
1.8
7.9

v

(cm"1)
1.5
1.8

0.35
0.75
0.43
0.75

0.92
0.9
0.51
0.21
0.16
0.035

7

0.99
0.98
0.56
0.15
0.11
0.024

v • ta

(cm)
2.17
1.84
14.3
13.6
30.7
77.1

v • A t ,
(cm)
1.25
1.05
6.71
3.61
7.0
8.4

v • h/2
(cm)
2.4
2.0
14.2
7.9
16.0
19.2

Table 3: Neutron slowing-down properties of some materials [2], [5] with slowing-down times
calculated according to [3]

Methane can be seen to be about 20% better, but in practice is difficult to use except on
very low power sources due to its susceptibility to radiation damage.
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3.3 Asymptotic distributions

After reaching the energy corresponding to the temperature of the moderator, neutrons
start diffusing around and spreading out in space without further changing their mean
energy until they either are absorbed or leak out of the system. This manifests itself in
two ways:

a) In addition to the contribution from the "transient" neutrons to the pulse shape as
described above, there is a contribution from the "asymptotic" or "stored" neutrons,
resulting from the finite life time without change in mean energy. If the transient
pulse were a square function (pulse of duration ts at constant level), the pulse shape
of these neutrons would be given by:

<j,(t) = ~ exp (-£ f o r t < ts

cj>(t) = <j)as • ( l - exp ( - ^ ) ) • exp {-—"•) f o r t < t

(3.8)

Here 4>as is the flux level that would be reached, if the constant supply of neutrons
from <ptT were on at all times. In real moderators <f>(t) is a convolution of eqn. 3.8
with the shape of <ptT.
Fig. 4 shows a measured neutron pulse analyzed in terms of a transient and a
storage component. This pulse is from a moderator where the storage time was
kept short by adding absorber material. Without such' absorbing material and if
the moderator is surrounded by a reflector, r would be of the order of 0.1 to several
ms and would clearly dominate the pulse shape and duration (cf. Fig. 12).
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. / / • \

data
total
slowing-down
storage

V

6985.0 7005.0 7025.0 7045.0 7065.0 7085.0

• Time, microseconds

Figure 4: Measured thermal neutron pulse from a poisoned polyethylene moderator analyzed
in terms of the slowing down (transient) and storage component [4]

b) Depending on the properties of the modeartor the neutron field may either spread
out in space over long distances (low absorption and large moderator, e.g. DoO-
tank) or the spatial distribution may remain virtually unchanged from <f>tT if the
mean free path between collisions is small and absorption is relatively high (H2O).
Therefore, for neutron sources with time structure (pulsed neutron sources) the
choice of moderator material and geometry is a very .important issue. For continuous
neutron sources the preferred moderator materials are D2O, Be and C due to their
low neutron absorption.
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4 Examples of practical neutron source designs

4.1 Steady state fission reactors

Any system of finite dimensions and composed of fissionable and non fissionable materials
has a so called "multiplication factor" k, which gives the ratio of neutrons released in
the system to those removed from it per unit time. For a stationary neutron population to
exist in the system, k must be exactly 1. Some useful insight in the parameters affecting k,
may be gained with the help of the so-called four factor formula giving k for an infinitively
large system.

fcoo = v • e • p • f

v mean number of fast neutrons emitted per thermal neutron absorbed in the
fuel

e total number of neutrons released in fission processes of all kinds relative to
number of fast neutrons released in a thermal fission process

p probability of a neutron to escape resonant absorption during slowing-down
/ number of thermal neutrons absorbed in the fuel relative to the total number

of thermal neutrons absorbed.

The various loss factors depend on the geometric arrangement as well as on the materials
chosen for moderation, control absorbers and the supporting structures. These problems
will not be dealt with here in detail. Since thermalization and recapturing of neutrons
only take less than a msec after a fast neutron is released, the possibility to affect k
by inserting or withdrawing neutron absorbing material into or from the assembly relies
heavily on the fraction /? of delayed neutrons mentioned before and on the life time of
their precursors.

In a practical research reactor design it is attempted to obtain most of the neutron mod-
eration outside the core in order to maximize the neutron flux in regions where it is
accessible for beam extraction. Since the neutron flux is essentially the product of neu-
tron density and their velocity, achieving a high density is the design goal. To this end
fast slowing down and long life time are required. The quantity characterizing the combi-
nation of these properties is the moderating ratio listed in Table 2. It is obvious that D2O
is the favoured candiate and in what follows, we will concentrate on the concept of a D2O
moderated reactor, although H2O moderated reactors are still widely used. However, it
is unlikely that any new ones would be built in the future.

A very successful family of D2O reflected reactors were the DIDO-PLUTO type reactors
developed in Great Britain during the late oOies. They have a rather loosely packed
core which results in a flux peak inside the core. This, together with the fact that they
have either radial beam tubes (DIDO) or tangential through tubes (PLUTO) limits their
usefulness for neutron scattering.

A real break through was achieved when reactors were built, which were specifically de-
signed for neutron scattering experiments. Early examples are the HFBR at Brookhaven
and the RHF at Grenoble where a rather compact core of highly enriched uranium is
cooled and reflected by D2O. Fig. 5 gives the flux distribution as a function of distance
from the core of the RHF for various energy groups. It can be seen, how rapidly the fast
and epithermal flux drop off while the thermal flux stays high due to the thermal neutron
diffusion.

A similar situation prevails at the H2O-cooled but D2O reflected reactor ORPHEE in
Saclay, a horizontal section through which is shown in Fig. 6. As a special feature, the
beam tubes are arranged in pairs, ending in a common thimble in the reflector in order
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Figure 5: Distribution of different neutron energy groups in the reflector of the RHF at the ILL
Grenoble [6]

to minimize flux perturbance while maximizing the nuber of extracted beams.

In addition to the ambient temperature reflector supplying beams of thermal neutrons, all
modern research reactors are equipped with low temperature moderators, mostly liquid
hydrogen or deuterium, to enhance the supply of long wavelength ("cold") neutrons.
Some also have so called "hot" sources which is a small mass of thermally insulted and
radiation heated graphite to rethermalize neutrons at a higher mean energy. Fig. 7 shows
the neutron energy spectra obtained from the thermal, cold and hot moderators at the
RHF in Grenoble.

1 Core
2 Haavy Water Reflector
3 Hot Source
4 Cold Source
5 Pool
S Pool Tar*
7 ArrxJarVoid
8 Pool Structure
9 Channels for

isotope Production
10 Pneumatic Channels
11 Vertical Irradfetion

Channels

3T

Figure 6: Horizontal Section through the block of the D2O-reflected reactor ORPHEE at Saclay
[9]
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core (estimate)!

Energy (eV)

Figure 7: Neutron spectra obtained form different moderators at the RHF in Grenoble. Curve
2 is_ obtained by rethermalisation and does not yield into curve 1 b, which is in the D2O close
to the core, (after [10])

4.2 Steady-state spallation neutron sources

Heat dissipation in the reactor core has long been recognized as the limiting factor to the
flux that can be achieved. In view of the lower heat release per neutron in the spallation
process, it was suggested as early as 1962 to build a very high flux neutron source using
spallation in a liquid lead-bismuth eutectic. The Chalk River ING-project [7] aimed at
a thermal reflector neutron flux of 1016 cm~2s~1 but was terminated in 1968. Mainly
because of the lack of a suitable accelerator no further attempt to build a steady state
spallation neutron source was undertaken, until, in 1987, the Swiss government approved
plans of the then SIN (Swiss Institute for Nuclear Research, now part of PSI) to upgrade
its successful isochronous cyclotron from 250 /zA to 1.5 mA and to add a spallation neutron
source to it.

The concept of SINQ, as the new project was called, takes into account much of the
knowledge about modern beam hole reactors. This source which started routine operation
in 1997, features a large DoO thermal moderator, twin beam tubes, a 25 K D2-cold source
and neutron guides much like a modern research reactor. In addition to what is present
at a reactor, there is a high energy group which is, however, several orders of magnitude
lower than the other groups. Although these neutrons are difficult to moderate and to
shield they turned out not to be a concern in the utilization of SINQ [8]. For this it is
crucial to have beam tubes not viewing the spallation target in order to avoid direct sight
onto the high energy neutron source. The unperturbed thermal flux in SINQ for various
potential target materials is shown in Fig. 8 .

It can be seen that a 2.5-fold gain over the zircaloy target used for commissioning the
source can be anticipated from a PbBi-target presently under development. Plans also
exist to increase the proton current on target by some 60% over its present value of nearly
1 mA.
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—«- Pb-Bi; 2mm steel cont.
—<—Pb rods without cladding
- •» • Pb + Zr-cladding (0.7 mm)
—»-Pb + Al-cladding (0.7 mm)
—»- Pb + Fe-cladding (0.5 mm)
—*— Zircaloy-rods
—•• - Ta-block + Pb-rods
— - H g

20 30 40 SO SO 70 80 90 100

Figure 8: Calculated unperturbed thermal neutron flux in the D2O moderator for different
target materials at 1 mA of 579 MeV protons on target (present value). The units are 3.2 -1013

cm~1s~1

4.3 Pulsed spallation neutron sources

An important feature of the spallation reaction is that neutron release occurs practically
instantaneously as the driving beam hits the target. Since it takes as little as 10 /us to
slow these neutrons down to thermal energies, spallation neutron sources can be operated
in a pulsed mode, if accelerators with suitably short pulses are available. The required
pulse duration depends on the upper energy limit to be used. For example, for energies up
to 100 eV = 1.4 • 107 cm/s) to be used with good time resolution, it follows from Table
3, that a pulse duration of 100 ns would be desirable.

Moderators on pulsed neutron sources should allow neutrons to leak from their surface in
a short time, which requires small linear dimensions. Typical size moderators are 10x10x5
cm3. This allows to place several moderators of different characteristics near a spallation
target. A schematic drawing of a target-moderator arrangement with several moderators
is shown in Fig. 9.

In order to keep pulses short also in the energy regime around 25 meV, where thermal
equilibrium with an ambient temperature moderator prevails, two options exist:

a) make the "aparent" size of the moderator even smaller by placing a layer of absorbing
material at a certian depth (typically 2 cm) below its radiating surface (poisoning)
or

b) use a cryogenic moderator to shift the slowing-down regime into the thermal energy
range.

Moderators which are designed for very short pulses must also be neutronically decoupled
from their surroundings to prevent neutrons to be scattered from them after having rattled
around for some time elsewhere.

Fig. 10 shows typical spectral distributions and pulse widths for various types of pulsed
source moderators. Also included is the case for a '"coupled" moderator, i.e. without
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poisoning and decoupling. Depending on the instrument to be attached to it and the
resolution required, such a moderator may be preferable because it yields much better
intensities.

Hg-outlet

Hg-inlet

-side flow baffle
-Hg-container
•Hp-moderator

- supercritical H,-moderator
1 double-wall safety Hull

reflector

Figure 9: Example of a target moderator reflector arrangement for a pulsed spallation neutron
source (ESS-project [12])

Although increasingly successful also in the cold neutron regime, a particular strength
of pulsed sources lies in the epithermal and hot neutron range. Such neutrons escape
in copious numbers from the small moderators of pulsed sources with a pulse length
inversely proportional to their velocity (cf. eqn. 3.8 and Table 3). This does not only
lead to extraordinarily high peak-to-average flux ratios but also makes it possible to use
these neutrons in time-of-flight techniques, whereas small scattering angles from crystals
with the associated resolution and background problems must be used on steady state
neutron sources.

Since the advent of pulsed neutron sources and in particular since the startup of ISIS at
the Rutherford Appleton Laboratory, the potential of these facilities has been widely rec-
ognized and has continuously improved with the implementation of matched spectrometer
designs.

Superior resolution in diffraction, accessibility of higher neutron energies with the corre-
sponding increase in accessible Q-^-space and a much better utilization of the neutrons
make these sources competitive to even the most powerful steady state neutron source
available.

It is in recognition of this fact, that new high power spallatin neutron source projects
studies have been launched in Europe. Japan and the US with the latter one being on the
verge of starting construction (cf. Table 4).
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Source
and
Location
SINQ. CH

ISIS. L*K

ML NSC.
USA
SNS. USA

AUSTRON
Austria
JNS-1
Japan
ESS, EL'

MMF, RL'S

Type of
accelerator

cycloton

synchrotron

linac plus
PSR
linac plus
compressor
synchrotron

linac +
Synchrotron
linac plus 2
compressors
Linac
(plus comp)

Proton
energy
(GeV)
0.57

0.8

0.3

1

1.6

3

1.33

0.6

Pulse
frequency
•Hz)
com.

5 0

20

50

10

25

50

Beam [ Type ot
power > av ; target
; M\V> !
0.6 i solid. Zy

I liqu.. PbBi
0.16 1 solid, vol.

! cooled. Ta
0.03 ! solid, vol.

i cooled. W
2 i liquid

! metal (Hg)
0.5 j solid, edge

! cooled W
1 | liqu. metal

} (solid b.-up)
5 j liuqtd

I metal (Hg)
0.6 1 solid, vol.

! cooled W

Therm, flux
(peak)-
(cm-^s- 1 )
3.2 x 101J

8.5 1013

2.3 x 10'°

2.3 x 10'°

4.4 x 10'°

4 x 10'°

4.5 x 10'°

2 x 10"

Therm, flux
time av. "

3.2 x 10 t J

S.5 1013

2 x 101J

1 x lO1"

5 x X0ilJ

1.2 x 101<s

2.5 x l0 i J

1.2 x 10i4

Status

operating
in preparation
operating

operating

under design

proposed

proposed

under study

commisng.

* typical maximum values; precise figures vary, depending on type of moderator

Table 4: Overview of existing and proposed spallation neutron source
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Figure 10: Typical spectral and temporal distributions of neutrons on a pulsed spalltion neutron
source (a) time average intensity of the ambient moderators (closed symbols): poisoned Water
(triangle), decoupled water (circle), coupled water (square) and cryogenic modeators (open
symbols): decoupled hydrogen (circle) and coupled hydrogen (square) moderators. Units are
4.4- 10u n/(eV s cm2 MW) (b) the pulse width (FWHM /us) for the above moderators. The
pulse shapes are asymmetric with a sharp rising edge and whose decay, constan(s) depends on
the type of moderator tail [11].
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5 Prospects for development

5.1 Reactors

The history of reactor development was impressive in the 40ies and 50ies but progress was
levelling off in the 60ies, as shown in Fig. 11. The main reason for this is the difficulty of
removing the heat from the reactor core. Modern core designs have a power density up
to 4 MW/1 and grading of the fuel inside the plates must be used to avoid higher peak
power density which would lead to boiling, channel blockage and fuel burnout. Another
problem is the growing consciousness about the risk of nuclear weapons proliferation which
prompted the Carter administration in the US to insist on an enrichment reduction to
a level of less than 20% 235U wherever reasonably achievable. This makes it difficult to
surpass the performance of existing high flux reactors even with the newly developed high
density silicide fuel.

Presently only one new high performance research reactor is under construction, the FRM-
II in Munich, Germany, with a thermal power of 20 MW and a projected unperturbed
reflector flux of up to 5 • 1014cm~2s~I.

Development of Research Neutron Sources
"Top of the line"

1E+03

DS-SA/S.-.? ESS,
^*«? i JNS-2

~ Sarkalay 37 Inch cyclotron

0,3SmCi Ra>Ba aourca

• Fiaaion raactora
a Pulsed reactor*
• Parttcla drivan, cw
« Partlcla drvn. pulaed

tntndllna raactora
• - -trandllna part.drvn. (av)

j — - -trandllna paak Hux

Year

1920 1930 1940 1950 1960 1970 1930 1990 2000 2010 2020

PSI.BCM7 06.M.M JAN17-N3.XU DLMJR.SW

Figure 11: Development of flux levels of neutron sources and as a function of time

5.1.1 Spallation Neutron Sources

The roughly 10 times lower heat dissipation per useful neutron in a spallation target
suggests that the achievable flux limit should be ten times higher than in a reactor.
However, power density also becomes a problem in spallation targets because of uneven
distribution. The proton beam will always enter the target from one side and since the
interaction with the target nuclides is governed by a practically energy independent cross
section, there is a more or less exponential decrease of heat deposition along the proton
beam path leading to rather severe peak power densities. However, development work is
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under ways in several locations around the globe to use liquid metal targets to alleviate
this problem and significant progress may be expected (cf Table 4).

Time average flux may be an important criterion for some applications, but the option
of imposing a time structure on the neutron flux is the real joker of spallation neutron
sources. The relative merit of the time structure varies from one experimental technique
to the other.

While short neutron pulses open up new fields of research when available, it should be
notet that they may be difficult to provide at very high power levels, due to target
problems as well as to difficulties in compressing the proton beam into short enough
pulses. However, even for proton pulses of several hundred microseconds duration, or
a few milliseconds as obtainable from a linear accelerator without pulse compression,
significant advantage can be drawn from the time structure. In this case, the pulse shapes
are governed by eqn. (3.9). Figure 12 shows the expected pulse shape for a coupled water
moderator for the 5 MW ESS as calculated by Monte Carlo methods [12] and as analysed
in terms of three different eigenmodes with decay constants and relative importance as
listed. Decoupling the moderator would mostly affect the long time modes, because the
short time one is the transient mode (cf. Fig. 4). On the other hand if, rather than
compressing the pulse from the linac in the two rings, the 1.2 ms long linac pulse would
be injected directly into the target, the second curve shown in Fig. 12 would be obtained.
On top of the straight forward use of choppers to shape and tailor such a pulse, methods
to use this time structure in a uitably designed set of instruments have been developed
during the German SNQ project [13]. The estimated advantage over a cw-source of similar
average flux was between 3 and 50 [14].

Approximation of ESS pulse by 3 exponentials
Ambient temperature water moderator with Pb(150x150x150) reflector

-'Fit Parameters
i Model Mode2 Mode3
Decay const (microsee) 8 56 180
Rel. importance 0.373 0.522 0.105

Monte Carlo Calc.
- - • Three expontl. fit

1.2ms full pulse

.1 \
200 400 600 800 1000 1200 1400 1600

Time (microsec) i

PSI-BO36-O6.0B 99 Ess-fb(1.xls/l.2_<T»

Figure 12: Pulse shapes-calculated for a coupled hydorgen moderator on the 5 MW ESS for
the cases of pulse compression to 1 jus and for direct injection of the 1.2 ms linac pulse

The merits quoted for neutron sources with time structure represent the present state
of instrument development but. since pulsed spallation neutron sources have only been
around for a short time and at relatively low flux levels, more progress may also be
expected in this field. If the 5 MW beam power sources will be built, their scientific
potential will be far above anything that has so far been available. Although target
problems become increasingly severe as the power goes up, it would probably be overly
pessimistic to claim that 5 MW would be the limit of technical feasibility. This field is
still open for innovative ideas!
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The Basic Physics of Neutron Scattering Experiments
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Hahn-Meitner-Institute, Glieriicker str 100, D-14109 Berlin

Introduction.

In preparing the present lecture I have tried to complementj the other contributions to this
introductory course by a discussion oflhe basic physical principles behind the well-established
but also developing practice of neutron scattering experimentsy Keeping in mind all the various
kinds of instruments and techniques which will be covered in the lectures to follow, I did not try
to give a list of all the tools and methods used in these instruments. I will invoke $ few examples

either to illustrate the physical principles or to give an idea of the variety, importance "or
i d f i h hmagnitude of various phenomena. The most intriguing aspect or tnese principles is that in the

technique used in neutron scattering experiments contradicting quantum mechanical and classical
considerations are inextricable mixed in a fashion which can rightly be called a paradox. For
example,' while in wave mechanics a very well defined momentum state of a particle has to be
extended in real space, classically treated neutron beams are the less spread out in space the more
the neutron velocity is well defined. In recent years it has been argued, that this paradox
can/should be resolved by treating quantum mechanically not only the microscopic interaction of
the neutron with matter in the sample, but its whole evolution within the more than macroscopic
instrument. I seelhe evolution of neutron scattering, experimental

%L theKcapability of taking into account more and more important and sonV<
detaTIsVbv using more and more realistic mathematical models of the evolution of the neutrons
from binh do death, eventually passing by the sample arid being scattered l lore Than one times.
Working\wjth such numerical "virtual instruments/' ftte will have to go far
resolution^ function, convolution etc, and actuallyeiiminate a large numbe
currently in. use. In view of expecting for the future more precision and detail
all that goes on, I found it compelling to re-examine the ground rules neutrons follow in our
instruments and samples and to take another look at approximations which

itimes decisive finer

beyond notions like
of approximations

in the description of

might or might not
prove to be precise enough.

1) Neutron scattering experiments: particles and waves is IM e^-ta*^ [vok*

A neutron scattering experiment in most general common terms consist of determining the
probability for a neutron in a given initial state, fully characterized by its velocity vector v and
the direction of its spin vector S (which we will define to be a unit vector pointing into a well
defined direction) to end up in another state characterized by v' and S' upon having hit a sample.
Some will be tempted to find this definition unsatisfactory: it seems to ignore the quantum
mechanical nature of both the particle propagation and the spin. In fact it does not and this will be
our first subject to examine: why can the propagation of neutrons through a spectrometer be
treated classically while the interaction with the sample must be described by quantum
mechanics. This paradoxical approach is the basis of all neutron scattering work. Before getting
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tempted of trying to generalize this "unsatisfactory sloppiness" think of the following. In landing
on the moon the computers controlling the spacecraft used Newtonian mechanics, and ignored
both special and general relativity. Actually upgrading the computer power to take into account
exactly the real but tiny relativistic corrections (an error of trajectory of less then 1 m by the time
of reaching the Moon) might have delayed the success of the mission by years.

The classical description of the flight path of a neutron consists of assuming that it is
geometrically point-like and it is subject to forces, such as gravity. Its spin can also be described
by a classical vector, following the classical equation of motion of an inertial momentum under
the effect of a torque uxB, where B is the magnetic field and jn = fJ,S is the magnetic moment of
the neutron. Here u=-1.913 nuclear magneton, and the - sign indicates that the magnetic moment
and the inertial (spin) moment of the neutron point in opposite directions. It can be shown that
this torque is fully accounted for by the Zeeman potential energy -uB [1]. This lead us to the
Hamiltonian

H= V2m\2 + mgh(r) + V(r) + S I(r) - uB(r) (1)

which also exactly describes the interactions of the neutron while inside a material (if one
neglects tiny relativistic effects occurring in very high electric fields near the nuclei and the by
now undetected eventual electric charge and electric dipole moment of the neutron). Here the
strong nuclear interaction with each of the nuclei in the sample is described by the Fermi pseudo-
potential V (practically a delta function for each nucleus, which can also have complex values),
which also can have a spin dependent part I for nuclei with non-zero spin, and the magnetic field
B includes both the fields of macroscopic magnets and the microscopic fields produced by
magnetic atoms inside a material. (Contrarily to the common misconception, the neutron does not
directly interact with the magnetization of a sample, it only sees the B field produced by the
magnetization.)

The classical solution of this equation (with the Fermi pseudo potential taken as an average of
local atomic configurations) describes the trajectory of a neutron, including slight changes of
direction (i.e. refraction) and velocity due to the potential energy terms, e.g. gravity over a long
flight path or on entering materials. The only phenomenon limiting the validity of classical
trajectories is the Stern-Gerlach effect: if the macroscopic magnetic field gradients are strong
enough, the particle trajectories will split in direction and/or absolute velocity according to the
two spin states "up" and "down" of the spin lA neutron. This can be a measurable effect when we
combine the use of superconducting magnets with extreme beam collimation or
monochromaticity. The exact treatment of this situation is to follow the trajectories of the "up"
and "down" spin states separately [1]. With this slight extra complexity this extremely rare
practical case is thus also covered by the analysis which follows, where we will exclude Stern-
Gerlach splitting effects.

In light optics where depending on the situation to be described one either uses geometrical
optics or wave optics. With particle beams one is best advised to use the particle or the wave
picture with the same opportunism. In neutron scattering experiments this does mean that the
same neutron will be alternatively described as wave or particle along its adventures from being
born in a nuclear reaction to its death in our detector (which works by detecting secondary
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particles emitted after neutron absorption) or in some other absorbing material part of the
experiment or to its escape from the realm of our considerations. The escaped neutrons can
become mixed to the air as an extremely dilute gas (with still some 104 neutrons impinging on a 1
m2 surface from any direction in experimental halls), end up in somebody else's detector as
annoying background or absorbed by some material somewhere afar. Few neutrons will have the
chance to die by the natural decay with about 15 min halftime, other dangers hit on a much
shorter time scale. In air mean free path of thermal neutrons is about 200 m for absorption
primarily by the nitrogen (which amounts to about 100 ms lifetime) and by about an order a
magnitude shorter for scattering collisions which are responsible for mixing the neutrons to the
air as another gas.

To determine the right method to use in following a particle along its destiny starts with the
characterization of its source. All neutrons sources emit incoherent radiation as do all light
sources with the exception of lasers. This means that the wave functions associated with particles
emitted at different times and positions.have no correlation in their phases. Being a fermion, there
is no danger for the neutron to ever become produced by lasers. The high energy, several MeV
neutrons originating from some nuclear reaction (in practice fission or spallation processes and
secondary follow ups) are slowed down to thermal energies by collisions with nuclei in the
containers called moderators, which are the actual sources of the low energy (<1 eV) neutrons
used in scattering experiments in condensed matter. Thus, similarly to incandescent light sources,
there is absolutely no coherence between the events that launch the various neutrons towards the
beam lines. The initial wave function of the neutron is a matter of speculation, no experiment
could ever been conceived to determine it, and thus no theory treated this irrelevant question. My
best guess on the basis of very general quantum mechanical hand waving is that every neutron
must be born with a huge uncertainty in energy and momentum, since the nuclear processes are
very localized in space and time. This is a marked difference compared to monochromatic but
incoherent light sources, such as Na vapor lamps. In this latter case the emitted radiation has a
very well defined energy i.e. a narrow distribution of wavelengths. As a consequence, it makes
sense to talk of a natural coherence length of the emitted light, which is just the inverse of the
width of the wavenumber distribution and amounts to some 30 cm for the famous, historical Na
vapor lamps. In contrast incandescent light sources emit light with coherence length that has
never been determined, for the good reason that it is quite likely shorter than the wavelength. The
same is true for neutron sources and all discussion in the literature about a natural coherence
length of the neutrons, either longitudinal or transversal has no physical ground whatsoever.

We all know from our years at high school (eventually less and less, since lasers are squeezing
out any other source of light from laboratory practices) that coherent radiation necessary for
showing observable wave properties in the form of interference effects can be produced by the
use of incoherent light sources too, as the founding fathers did it in the last century. All one has
to do, is to use a good monochromator (which would only transmit a very narrow wavelength
band) and/or a good collimator (e.g. distant narrow slits, as in the famous Young experiment).
The first will introduce a longitudinal and the latter one a lateral (transversal) coherence, with
coherence length defined by the inverse of the widths of the distributions of the corresponding
components of the wavenumber. The Heisenberg uncertainty relation does not contain more
physics than just this trivial property of "normal", Gaussian distribution of spatial or temporal
frequencies, i.e. the inverse relation between coherence length and the width of the wavenumber
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distribution."Using distributions with sharper edges than a Gaussian, one can observe correlation
lengths apparently longer than the width of the wavenumber distribution, which is a very popular
subject called "squeezed states" of radiation.

By now we have arrived to the point to answer the question we have started with: why can we
characterize neutron states in scattering experiment by well defined velocities, as in classical
mechanics. Geometrical optics is valid, if interference effects are suppressed by the fact that the
geometrical dimensions of the beam are much larger than the coherence lengths. Let us consider
the example of the lateral • coherence produced by collimation. In the so called small angle
scattering (SANS) experiments one produces a very well collimated neutron beam by two small
diaphragms (typically 1 cm in diameter) at a large distance (typically 10 m), called pin hole
geometry. In the experiment we will observe by a large (0.2 - 1 m2) area detector the fraction of
the scattered neutrons close to the original beam direction, within some 1-5°. For neutrons with
X = h/mv « 6 A de Broglie wavelength, for example, the above 1 cm/10 m = 0.001 rad
collimation will lead to a lateral width of the wavenumber k = 2n/X distribution of 0.001 x2rc/6 A
« 0.001 A"1. This mean that the lateral coherence length is about 1000 A= 10"5 cm. This is really
much smaller than the 1 cm pinholes defining the lateral dimensions of the beam, so we are
perfectly right to describe the neutron propagation by the classical point like trajectories. In
contrast, with 0.03 mm diameter pin holes the lateral coherence length would be just equal to the
beam width, and we should turn to the use of de Broglie wave description of the neutron
propagation in our ultra high resolution SANS instrument. This can be the practical situation in
synchrotron X-ray radiation experiments, where the source brightness is many many orders of
magnitude superior to the neutron case. Such small pinholes are fully out of question for neutrons
though: the 1010 fold reduction of beam intensity impinging on the sample would leave us with 1
neutron arriving every 15 min and one scattered neutron detected about every day.

As far as lateral coherence is concerned, SANS comes to "closest" to the wave optics limit, and
this still means 5 orders of magnitude away. Considering the longitudinal coherence we arrive to
similar conclusions. Here we have to consider the degree of monochromatization of the beam. In
the so called back scattering spectroscopy (BS) Bragg reflection on perfect crystals (usually Si) at
nearly 180° scattering angle (within a few tenth of a degree), one can obtain a wavelength
distribution of 10"4 relative width at about 6 A average wavelength, i.e. about 1 urn longitudinal
coherence length, corresponding to about 2 ns neutron travelling time. Interference effects would
again only matter if one would cut/modulate the beam in packets shorter (i.e. faster) than the
above values. Choppers used to cut out neutron pulses from a continuous beam in order to
determine the neutron velocity by observing the neutron time-of-flight over a well defined
distance of a few meter, have characteristic opening times of a few u.s at best.

Thus we conclude that on the length and time scales on which neutron beams can be shaped,
modulated, analyzed in an experiment, i.e. beam cross sections on the cm scale in order to
maintain reasonable beam intensities and beam pulses on many u.s scale (limited both by the
speed of mechanical devices and by the need to not to cut out too many neutrons), the neutron
motion within the spectrometer simply reduces to classical flight of point-like particles with
infinitely well defined magnitude and direction of the velocity. At this stage I will not go in more
detail how various spectrometers look like and how they function, this will be discussed at great
length in the talks to follow. We just can keep in mind, that indeed, an ideal neutron scattering
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experiment is to observe the probability for the sample to change the initially perfectly defined
neutron velocity v into a perfectly defined scattered neutron velocity v \ Similar analysis of the
spin behavior shows [2] that it exactly follows the classical equation of motion determined by the
variation of the magnetic field B as seen by the point like neutron along its trajectory:
B=B(r(t),t), where r(t) is the position of the neutron at time t.

One apparently paradoxical aspect of the situation merits a few more minutes of attention. One
would think, that infinitely well defined classical particle velocity in the de Broglie wave picture
corresponds to an infinitely extended plane wave, and it is therefore incompatible with the
description as a point like particle. More careful quantum mechanical analysis, however, does not
substantiate this contradiction [2]. In wave mechanical reality, the particles are described as wave
packets containing plane wave components with a distribution of wavenumbers k. If this wave
packet evolves in an environment, where according the above analysis geometrical optics is valid,
this evolution will be just that of an ensemble of point like classical particles with a classical
velocity distribution identical to the wavenumber distribution of the wave packet as defined by
the de Broglie relation mv=7zk. Most remarkably, the well known expansion of wave packets of
non-zero mass particles simply corresponds to the fact that in the equivalent ensemble of classical
particles some particles go faster and than others and leave them more and more behind. The
same applies in the lateral direction too, and if one wants to compute the quantum mechanical
particle density in the wave packet at any given time it is sufficient to evaluate the classical
particle density in the equivalent classical ensemble at the same time. This is an interesting and
very useful symmetry: under conditions where wave optic effects are visible, the precise quantum
mechanical behavior is given by the quantum superposition of the initial k eigenstates, while
under conditions of validity of geometrical optics it is given by the ensemble of the
corresponding classical trajectories. Both superpositions are incoherent in practice which means
that one has never succeeded to maintain a well defined phase relation (coherence) between the
various initial k components of wave packets in a fermion beam of particles with allegedly
identical initial states. Thus even when interference is observed, it only involves interference of
one initial k eigenfunction with itself within the k distribution of the wave packet.

2. Types of processes and cross sections

Neutron propagation in matter can only be described by taking quantum mechanical effects into
account, quite to the opposite of what we have seen for neutron trajectories in the free space of
collimation paths or time-of-flight tracks for velocity determination. One can distinguish three
kinds of processes:

a) Refraction (transmission)
b) Reflection
c) Scattering (diffraction)

a) In a transmission process one can consider the classical particle trajectory as evaluated using
eq. (1), with the Fermi and magnetic potentials taken as smooth averages over local atomic
densities. (As a matter of fact, this procedure leads to the same result as exact quantum
mechanical treatment of considering the modification of the original beam across the sample due
to interference with the forward scattered partial waves from each atom.) Thus we will be able to
describe the change of neutron beam direction and neutron velocity changes (refraction) as a
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simple classical effect of traversing potential walls. One can introduce a neutron optical refractive
index analogous to the well-known optical one, which reads

n = v/v0 = 1 - U/mv2 , (2)

where v and vo are the neutron velocities in the media and in vacuum, respectively, and U is the
average potential in the media (which can include the internal magnetic fields B too for a given
direction of the neutron magnetic moment jn). Using this refractive index one can calculate the
classical particle trajectories using the formalism of geometrical optics. There is one difference
though: the attenuation of the beam intensity due to absorption and scattering effects occurring in
a probabilistic manner, as quantum transitions do, do not have classical analogs in particle
motion, and have to be phenomenologically included. The neutron refractive indices are very
close to unity, typically within 10 to 100 ppm, and with the Fermi potential being most often
repulsive, for most materials n < 1. With the exception of the case of grazing incident angles,
which will be discussed under the keyword reflection, the neutron refraction effects are so small,
that they only matter in exceptional very high precision experiments. For a practical
approximation in typical neutron scattering work one can assume that the neutron continues its
trajectory without noticeable change of direction or velocity but with an attenuation which can be
characterized by an attenuation range (depth for 1/e intensity loss) determined by the probability
of nuclear absorption and scattering effects. For most solid materials the range amounts from a
few mm to a few centimeters, in air it is about 20 m, and for materials used as neutron beam
absorbers (e.g. diaphragms, slits, shielding), such as Gd, Cd, B it is but a very small fraction of a
mm. Note, that the absorption probability drops rapidly with increasing neutron velocity, and
there is no good neutron absorber for neutron energies above 1 eV (velocity above 14000 m/sec).

b) Another geometrical optical effect is the partial or total reflection of the beam on traversing a
smooth surface between two media with different refractive indices. This phenomenon is
perfectly well described by the optical Fresnel theory, and for n very little less then 1 we find that
neutrons coming from the vacuum are totally externally reflected by the surface of the media at
grazing incident angles less than a critical angle ac = [2(1-n)] . In view of eq. (2) we find, that
the critical angle is inversely proportional to the neutron velocity, and for most materials it
amounts to a few tenth of a degree at 1000 m/s neutron velocity, i.e. about 4 A wavelength and 5
meV energy. Following Fresnel's theory, above the critical angle the probability of neutron
reflection R rapidly drops to zero, actually approaching an asymptotic law R <x a"4.

The total reflection effect is a key feature of neutron optics. In particular a neutron wave-guide
tube can be built by using smooth glass walls, which act for the neutron beams as optical fibers.
A neutron is kept within the guide by a series of total reflections on the walls if the angle between
the neutron flight path and the axis of the guide tube does not exceed the critical angle. Compared
to optical fibers the critical angle is vanishingly small in neutron guides, thus they only transmit
neutrons with propagation direction very close to the tube axis. 200-400 layer interference mirror
coating on the internal glass walls of the guide (so called neutron supermirrors) show high
reflectivity up to 3 times the critical angle of Ni, the most often used coating material. This
allows the guide to transmit more neutrons, e.g. at 4 A wavelength up to 1.2 ° deviation from the
glass tube axis. Ni and more and more supermirror coated guides, including more complex
geometries than the simple straight, constant cross section original tubes, play an expanding role
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in transporting neutron beams without substantial intensity losses to rather large distances, 50 -
150 m.

The reflection process only exactly follows geometrical optics rules, if the surface between media
is perfectly smooth. Fresnel's analysis has shown, that ideal reflection actually requires a flat
surface area of the size of the first Fresnel zone at least, which depending on the instrumental
configuration and the neutron wavelength will measure about a few tenth of a mm in the direction
of the projection of the grazing incident neutron path to the reflecting surface and about an order
of magnitude less in the perpendicular direction. Surface roughness within the Fresnel zone will
lead to reduced reflection probability and to diffusely scattered (so called non-specular) neutrons
around the ideal (specular) direction of reflection. The waviness of the surface over distances
larger than the Fresnel zone dimensions results, in contrast, in a blurring of the reflected beam
direction, without substantial decrease of the total reflected intensity though.

Although theoretically totally reflecting focussing mirrors could considerably enhance neutron
fluxes on small sample areas, and many of the sophisticated optical focussing techniques could
also be applied for neutron beams. Due to the disturbning diffuse scattering effects on not ideally
smooth surfaces, and to the geometrical problem of handling large beam cross sections at very
small grazing incoming beam angles, the development of neutron optical focussing devices only
is in its infancy.

c) In contrast to transmission (refraction) and reflection effects, genuine scattering processes
cannot be apprehended by geometrical optical methods. In fact here full wave mechanical
considerations are required. Since the variation of the Fermi pseudo potential reflects the
arrangement of the atoms within the sample, here we are to do with objects in the beam whose
characteristic dimensions are much less than the correlation lengths one can typically produce
with collimating and monochromating neutron beams, therefore we have to use full quantum
mechanical theory. Huygens's principle is a good guide in understanding the basics. Collective
scattering effects will occur due to the interference of the spherical waves emitted by all of the
nuclei hit by the beam. The experimentally observable quantities also have completely different
nature than in the above two cases. Refraction and reflection experiments consist of intercepting
the full deflected, attenuated beam, whose geometry is similar to that of the incoming beam we
have defined by properly chosen diaphragms, eventually with some blurring due to wavy
surfaces. In contrast, in scattering experiments we will have to do with determining the
probability distribution of the scattered radiation. This distribution can be observed at three,
increasingly demanding level of complexity. If we only are interested in the angular distribution
of the scattered neutrons, the experiment is called elastic. If we also analyze the velocity
dependence of the scattered radiation, we perform inelastic scattering work. And if the
distribution of the spin direction of the scattered neutrons is also observed, we speak of
polarization analysis. This latter option can also be performed at different degrees of detail
accompanied by different degrees of complexity. One can limit the observation to the component
of the spin vector S parallel to the magnetic field and, since the neutron spin has the value of I/2,
the first moment (average value) of any spin component can only determined. But it is also
possible to determine the average value of all three spin components. This is called 3 dimensional
(3D) polarization analysis, a technique which seems to contradict the notion that only one
component of a spin V2 can be simultaneously determined. However, in reality this fundamental



quantum mechanical limitation is only valid for observing one single particle, and not for an
average over an ensemble e.g. in a beam. 3D polarization analysis was first pioneered in the
1960's in Leningrad for transmission experiments, it is the basis of the Neutron Spin Echo (NSE)
technique and it has been by now developed at ILL for scattering experiments at any scattering
angle.

All these scattered beam distribution, of course, are to be related to the distribution of neutron
parameters in the incoming beam. Ideally, one would desire to have an incoming been with a
perfectly defined velocity v and spin S. Such a beam would, unfortunately, have zero intensity.
Neutron sources always produce a broad Maxwellian distribution of neutron velocities, and
selecting a given velocity or spin direction can only be achieved by throwing away all the others.
(For spin V2 particles producing a beam with only spins pointing in a preselected direction S only
means a theoretical loss of 50 %, but the polarizer devices used for selecting the chosen spin state
introduce additional undue beam intensity losses which can range from a factor 1.5 at best to 10
or more at worst.) If one ignores parasitical intensity losses, such as finite reflectivity of optical
elements or absorption in air or in other materials in the beam (such as vacuum windows),
Liouville theorem of classical particle mechanics tells us, that the phase space density anywhere
in the beam will be the same as in the neutron moderator. The phase space element in a beam can
be defined as the product of the collimation solid angle dQ, the width of energy (or alternatively
velocity) distribution dE and the beam cross section. Thus the flux (number of impinging
neutrons in unit beam area perpendicular to the beam direction and in unit time) is

q> = <D T] dQ dE /4TT (3)

where O is the source flux distribution as a function of energy usually defined for 4n solid angle
(which can be looked up in user manuals of neutron centers or calculated if one knows the
effective Maxwellian temperature of the source moderator) and rj < 1 describes the intensity
losses due to the finite efficiency of the instrument components. The hallmark 1.2xlOb thermal
flux of the ILL reactor means O « 2xlO13 neutrons/cm2 s meV around the peak of the 300 K
Maxwellian distribution. Thus e.g. with 0.5° horizontal and 2° vertical collimation and at 1 meV
beam monochromaticity (typical numbers for a thermal neutron triple axis experiment) we should
ideally end up with 5xl08 n/cm2s flux on the sample. In actual fact, due to losses in various beam
shaping elements, first of all in the monochromator crystal, in reality we rather get 2-5 times less.
Since intensity is always a scarce commodity in neutron scattering, one always tries to optimize
the incoming beam intensity by choosing dQ and dE as large as compatible with the angular or
energy resolution required. And polarized neutrons are only used when the unique information
they deliver is indispensable.

It is obvious that the sample does not care about what kind of experiment we have decided or are
equipped to perform. We might do an elastic scattering experiment while most of the scattering is
inelastic. Or we might assume that we have do to with small angle scattering while in much of
what we observe is refraction or reflection on interfaces. Or, a constant worry in all scattering
experiments is the contribution from multiple scattering processes, which make data
interpretation ambiguous or erroneous. Under certain ideal conditions the distribution of scattered
neutrons can be described in terms of scattering cross sections. The angular distributions can be
described by the differential cross section da/dQ, whose integral over all scattering angles in 4n
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gives the total scattering cross section a. The absorption of the neutrons by nuclear reactions in
the sample can be accounted for by the absorption cross section cra which, similarly to CT,
describes the fraction of neutrons removed by this process from the beam traversing the sample.
The total attenuation of the beam intensity corresponds to the sum of these two cross sections.
For inelastic scattering the double differential cross section d2a/dQ dE' canbe used, which gives
the distribution of scattered neutrons both as function of scattering angle and final neutron energy
E'. In polarization analysis experiments transitions from one initial neutron spin state to a final
one can be described by introducing a number double differential cross sections for each of the
various spin state transition. For example the z—>x cross section will describe the angular and
energy distribution of scattered neutrons with spin parallel to the +x axis, when the incoming
neutron spin state was parallel to the +z axis.

The key point with the use of cross section formalism is that the scattering probability in a
homogeneous and homogeneously illuminated sample must be proportional to the sample
volume. Most commonly cross sections are given for one chemical formula unit of the sample
(e.g. for one molecule, if applicable). The meaning of the cross sections <y and dcr/dQ, for
example, is expressed by their relation to the total scattered beam intensity I or the beam intensity
dl scattered at various scattering angles into solid angle dQ:

I = (pNcr,
(4)

dl = q> N da/dQ ,

where N is the number of formula units in the sample, and both intensities are expressed in
neutrons/sec units. This means in particular that each formula unit of the sample removes by
scattering from the incoming beam the number of neutrons impinging in 1 second on a cross
sectional surface a. Next we will examine the conditions for a sample to produce scattering
effects proportional with the number of atoms in the sample, in agreement with eqs. (4), which
turns out to be rather non-trivial.

3. Validity of the cross section approach

Theoretical analysis of the neutron (and similar) scattering phenomena in condensed matter by
van Hove in the 1950's has shown, that the differential neutron scattering cross sections are
directly related to space-time correlation functions describing the detailed atomic behavior of the
matter. A particularly important feature of this theoretical finding is that the so called scattering
function S(q,co) does not directly depend on the incoming and outgoing neutron velocities v and
v', (i.e. 6 parameters) but only on the following 4 parameter combinations

hq = mv' - mv (5)

h& = Van v2 - V2 m v'2 (6)

Here q is the called momentum transfer and h(o the energy transfer. (Note that in some textbooks
the energy transfer is defined with the opposite sign, and in scattering events it can take both
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negative and positive values.) The relation between the scattering function and the double
differential cross sections is:

d2a/dQ dE' = S(q,co) v'/v

Thus in neutron scattering work one has a large degree of liberty of choosing the incoming
neutron beam parameters in order to achieve optimal experimental conditions. A best known
example is the use of incoming neutron wavelengths X > 4.6 A in many diffuse and small angle
scattering experiments: above this critical wavelength Aluminum, the most often used material
for beam windows, sample holders, cryostat and furnace parts has no more active Bragg
reflection, and thus spurious multiple scattering effects involving the sample environment are
vastly reduced. This choice is of course excluded, if the neutron velocity v = 2nfi/mX is not large
enough to achieve the high q values or energy transfers we are interested in, c.f. eqs. (5) and (6).

One important feature of neutron scattering studies of condensed matter is that the interaction
between neutrons and matter is weak, and the van Hove theory of cross section, based on first
order Born approximation, applies with a great precision. This implies that the neutron scattering
probability in the sample is small compared to 1. Another way to put this is the condition that the
scattering cross section of the sample is much smaller than its real, geometrical cross section. The
total cross section of an atom varies randomly from one nuclear species to another (it can be
found in tables) with aa=10"23 cm2 being a typical value. In a sample the spherical waves emitted
in the scattering process by the individual atoms (the diameter of the scattering object, the
nucleus, being much smaller than the neutron wavelength) interfere with each other, producing
the final scattering pattern. Since the scattered intensity scales with the square of the scattered
wave amplitude, the total scattering cross section for N atoms, which scatter in constructive
interference (e.g. Bragg reflection in a compact perfect monocrystralline grain, or small angle
scattering in the nearly forward direction on a precipitate), is N2oa/N

2/3. The denominator here
takes into account that the relative angular width of scattering range, within which each atom
scatters in phase, scales as the inverse of the number of atoms along an edge of the grain (e.g.
angular width of a Bragg peak). The diameter of the grain will be about (N Va)

l/3, where Va is the
average volume per atom and it amounts to some 10" 3 cm3. Thus we find that the total scattering
cross section of our grain will exceed its geometrical cross section for N > V;,/aa

2/3 « 108. In other
words, one can only expect that the a scattering process can be characterized by a cross section if
the distance within which the atoms scatter coherently in the process we are investigating is not
more than typically a few tenth of a urn. For weak scattering processes, such as inelastic effects,
this distance could be allowed to be longer, but it is unlikely that the coherence length of dynamic
processes really becomes that large.

From the point of view of the experimental procedure this implies, that it only makes sense to
derive a cross section from the observed intensities (c.f. eqs. (4)) if we are can convince ourselves
that much less than 108 atoms (or more for weak scattering phenomena) participate coherently in
the process. In particular, above this limit the scattered intensity will not be proportional to the
number of scattering atoms, and the very definition of the cross sections breaks down. The
interpretation of data obtained under such conditions requires more complex procedures, such as
exactly solving the Schroedinger equation of neutron motion in extended perfect crystals
(dynamical diffraction theory). There are several practical consequences of this limitation of the
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cross sections approach. For example, reliable powder diffraction experiments can only be
performed in fine grained samples. Or in small angle scattering for objects approaching the u,m
size the Born approximation breaks down, and refraction and/or reflection effects on the surface
of the objects become dominant. Often it is just the neutron scattering experiment which allows
us to determine the correlation length within the sample, and to verify if the results can be
expressed in terms of a cross section or not. The theoretical formulae used to calculate cross
sections are usually based on first Born approximation and do not reflect this limitation of the
formalism.

4. Experimental procedures: calibration and background

Using eqs. (4), or double differential similar ones, for the absolute determination of cross sections
is not as straightforward as these equations would suggest. For example the incoming beam flux
might not be exactly known, it might not be homogeneous over the whole sample cross section,
the efficiency of the neutron detectors is less than 100 % and not exactly known or not
homogeneous etc. Therefore absolute intensity measurements are always performed relative to a
standard sample with a well-known cross section, volume and density. Pure (H free) Vanadium is
a favorite choice. It scatters perfectly elastically (E = 0, cf. eq. (6)) and isotropically, except for
small angle scattering (q < 0.1 A"1), the cross section is fairly well known and its absorbs
moderately. It is important that the standard must have the same geometry as the sample and it
must intercepts exactly the same part of the beam. For practically used V sheet thicknesses (0.5 -
1 mm), however, the absorption becomes not fully negligible and it may make the scattering
somewhat anisotropic depending on the form of the sample. In addition multiple scattering also
occurs, i.e. a neutron after having already been scattered in V undergoes another scattering
process before leaving the material, which can also make the scattering anisotropic. These
perturbations are not important in usual precision work, but may deserve attention in some cases.

Calibration by standards also is crucial for determining the resolution of instruments. Thus
diffractometers are easily calibrated by well-known powder samples of low absorption. For
inelastic scattering experiments the calibration is more delicate. Only elastically scattering
standards are well known enough, e.g. V, and one can thus easily determine the instrumental
energy transfer resolution around E = 0. For other energy transfers the resolution can more or less
reliably determined by extrapolation using a mathematical model of the spectrometer.

Another important instrumental parameter, the background, can also only be determined by
measurement. In all experiments many neutrons reach the detector which do not come from
scattering events in the sample, but rather from neutrons scattered by the air. by other
spectrometer components or by neighboring experiments. These latter ones are particularly
dangerous, since they can change with time, depending on what goes on at the neighbours. The
other main problem with the background is that it is modified by the presence of the sample. On
the one hand side, absorption by the sample attenuates the intensity in many neutron trajectories
contributing to the background. This effect can be relatively easily taken care of. One determines
the background in the exact experimental configuration in the absence of the sample (i.e. for the
empty sample holder, if there was one) and with the sample replaced by a total neutron absorber
(e.g. Cd) of the same size and shape as the sample and placed at the same position. Interpolating
between these two background data, i.e. between 0 and 100 % absorption for the value of the
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sample absorption gives the best guess. Note, that since a beam traversing the sample is also
attenuated by the total scattering cross section, the absorption is often better determined by
calculation based on tabulated absorption cross sections for all atomic species involved. On the
other hand side, the presence of the sample can also increase the background by the mechanism
of multiple scattering. For example, neutrons scattered by the sample towards cryostat, sample
holder and other spectrometer parts, can be scattered by these objects into the detector. This is
one of the reason why one has to keep the total scattering probability in the sample low, in any
case less then 10 %. The other reason, of course, is that multiple scattering within the sample can
mess up the data interpretation directly too. These processes are very hard to predict, and one has
to make all possible effort to minimize them by placing neutron absorbers everywhere it is
possible. In view of the potential of background enhancement by sample scattering, it is the best
bet to only consider beam attenuation trough the sample by true absorption as a background
reducing process, as described above. Nevertheless, background always remains a most uncertain
feature in any neutron scattering experiment, except when it is completely negligible compared to
the signal.

5. Advanced trends: simulation based data evaluation.

It has been mentioned in the previous chapter, that the contribution to the neutron background of
multiple scattering effects between sample and its environment cannot be safely determined.
Unless we have to do with small corrections, the same applies to multiple scattering effects
within the sample. It is relatively simple and straightforward to calculate the attenuation of the
neutron beam due absorption in the sample taking exactly into account both before scattering and
after scattering intensity losses. The effect of beam attenuation by scattering is, however, a
completely different matter: the neutrons removed from the beam are still around, and might still
reach the detector by changing directions again in another scattering process. Furthermore, since
the multiply scattered neutrons can have an extended length, zig-zag trajectory within the sample,
they are subject to a much more complex influence of the true absorption. The effects of finite
spectrometer resolution (e.g. angular or energy) is another phenomenon, which can become
difficult to evaluate, in particular in view of all kinds of inevitable inhomogeneities, such as the
variation of the spectrometer response across the incoming beam cross section.

Early signs of considerable future progress can, however, be observed in recent years for the
treatment of these complex issues. The emerging new approaches are based on computer based
Monte-Carlo simulation of the' entire neutron trajectories from entering the spectrometer to
detection, including multiple scattering events in the sample and eventually in its immediate
environment including back and forth scattering between sample and surrounding. (Although, it
is very difficult to collect enough information on the scattering processes in objects around the
sample, such as cryostats etc.) Modeling all these events is based on the basic physics of neutron
propagation we have considered in detail in the previous chapters. In particular:
a) neutrons can be treated as point-like particles following classical trajectories between events

of interaction with matter, either the sample or parts of the instrument,
b) refraction and total or partial reflection effects also can be described by classical trajectories

of point-like neutrons, as determined by geometrical optical considerations, if one takes
additionally into account the absorption attenuation of the beam inside matter,
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c) scattering events, which can be accounted for by the usual quantum mechanical scattering
cross section formalism, are localized within about a um, i.e. they happen in point-like
regions in comparison of the size of the samples, beam cross section and various other
spectrometer parts,

d) between these extremely localized scattering events the neutron propagation within the
sample again corresponds to classical trajectories connecting well defined points, with added
attenuation due to true nuclear absorption.

Using a detailed and geometrically exact computer model of the spectrometer allows us to best
reproduce and correct for most spurious effects, first of all multiple scattering in the sample.
Simulating the background, in particular the crucial influence of the presence of the sample on
the background will remain elusive for quite some time to come. On the other hand, this kind of
"virtual spectrometer" approach also offers the best, most reliable way to determine the influence
of the instrumental response on the data. Instead of ambiguous deconvolution procedures (where
they apply) we will routinely reproduce the actually measured spectra for all kinds of model cross
sections, and identify those models that are compatible with the observed data as they come from
the instrument. Computers do not think, and computational models do not replace clear physical
and analytical understanding of what is going. But they are badly needed in a complex
environment, such as a neutron scattering experiment, to evaluate in a quantitative fashion all
consequences of our understanding of the processes. Nearly every time I went through such a
process, the computer surprised me with some quantitative detail I did not foresee, but often I
could or should have foreseen. This experience is likely to have a quite general validity.

[1] F. Mezei, Zeeman energy, interference and Neutron Spin Echo: A minimal theory. Physica
6151(1988)74
[2] F. Mezei, Coherent approach to neutron beam polarization, in: imaging Processes and
Coherence in Physics, M. Schlenker et al., editors (Spinger Verlag, Heidelberg, 1980) 114
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1. Introduction

The analysis of crystal structure and magnetic ordering is usually based on diffraction
phenomena caused "Hy The imerariion of matter with X-ravs. neutrons, or electrons. Even
though electron microscopy can achieve atomic resolution, more detailed information on
the 3dim. atomic arrangement of crystals with its symmetry and chemical bonding as well
as magnetic structures and spin densities requires diffraction methods. The basic theory of
diffraction is the same for all types of radiation. Complementary information is achieved
due to the differentjgharacter of X-rays, neutrons and electrons, and hence their different
interactions with.rDattprand.

Considering only X-rays and thermal neutrons one finds that their wavelengths are
similar (0.5 A < X < 2.4 A). While the electromagnetic X-ray radiation yields the total
electron density distribution, the nuclear scattering of neutrons probes the density
distribution of the nuclei and the magnetic neutron scattering the spin density of unpaired
electrons.

•

X-ray diffraction using conventional laboratory equipment and/or synchrotron
installations is the most important method for structure analyses. The purpose of this paper
is to discuss special cases, for which, in addition to this indispensable part, neutrons are
required to solve structural problems. Even though the huge intensity of modern
synchrotron sources allows in principle the study of magnetic X-ray scattering the
investigation of magnetic structures is still one of the most important applications of
neutron diffraction.

2. Reciprocal Lattice and Ewald Construction

Diffraction (or Bragg scattering) means coherent elastic scattering of a wave by a
crystal. The experimental information consists of the scattering function S(Q,co = 0) with
no change of the energy or wavelength of the diffracted beam. For an ideal crystal and an
infinite lattice with the basis vectors ai, 32, 83, there is only diffraction intensity I(H) at the
vectors

H = /7ai*+£a2*+/a3* (1)
of the reciprocal lattice. h,k,l are the integer Miller indices and ai*, nj*, &3*, the basis
vectors of the reciprocal lattice, satisfying the two conditions

ai*ai - 32*32 = 83*33 = 1 and ai*a2 = 31*33 = a2*ai = ... = 0,

or in terms of the Kronecker symbol with i, j and k = 1, 2, 3

§ij = 0 for i ̂  j and 8y = 1 for i = j with 8jj = aj*- aj*. (2)

The basis vectors of the reciprocal lattice can be calculated from those of the unit cell in
real space
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(3)

where x means the cross product, and Vc = a( -(32x33) is the volume of the unit cell.

Here is a compilation of some properties of the reciprocal lattice:

• The reciprocal lattice vectors are perpendicular to those in real space: aj*_L aj and 3k-

• The lengths of the reciprocal lattice vectors are |aj*| = l/Vc-|aj|-|3k|-sinZ(aj,3|<).

• Each point hkl in the reciprocal lattice refers to a set of planes (hkf) in real space.

• The direction of the reciprocal lattice vector H is normal to the (hkl) planes and its length
is reciprocal to the interplanar spacing d/,*/: |H| = 1/d /̂.

• Duality principle: The reciprocal lattice of the reciprocal lattice is the direct lattice.
From the positions of the nodes of the reciprocal lattice obtained by diffraction experiments
one can determine directly the parameters of the unit cell of a crystal.

Although somewhat abstract, the concept of the reciprocal space provides a practical
tool to express geometrically the condition for Bragg scattering in the so-called Ewald
construction. In this way the different diffraction methods can be discussed.
We consider the reciprocal lattice of a crystal and choose its origin 000. In Fig. 1 the wave
vector ko (defined in the crystallographers' convention with |ko| = I/A,) of the incident beam
is marked with its end at 000, its origin being called P. We now draw a sphere of radius |ko|
= 1/A. around P passing through 000. Now, if any point hkl of the reciprocal lattice lies on
the surface of this Ewald sphere, then the diffraction condition for the (hkl) lattice planes is
fulfilled: The wave vector of the diffracted beam k (with its origin also at P) for the set of
planes (hkl), is of the same magnitude as ko (|k| = |ko|) and the resulting vector diagram
satisfies k = ko + H. Introducing the scattering angle 20 (and hence the Bragg angle
©w),we can deduce immediately from 2|k|sin0 = |H| the Bragg equation:

2dhkfSin&hki = X. (4)

In the case of single crystal diffraction a rotation of the crystal and therefore also of the
corresponding reciprocal lattice (which is rigidly attached to the crystal) is often used to set
the diffraction conditions for the measurement of intensities I(H).

000

Fig. 1. Ewald construction, in reciprocal space, showing the diffraction condition for the hkl reflection.
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If |H| > 2/X (then d/,*/ < X/2) the reflection hkl cannot be observed. This condition
defines the so called limiting sphere, with center at 000 and radius 2/X: only the points of
the reciprocal lattice inside the limiting sphere can be rotated into diffraction position. Vice
versa if X > 2dmax, where dmax is the largest interplanar spacing of the unit cell, then the
diameter of the Ewald sphere is smaller then |H|min. Under these conditions no node of the
reciprocal lattice can intercept the Ewald sphere. That is the reason why diffraction of
visible light (wavelength = 5000 A) can never be obtained from crystals. ^ m j n determines
the amount of information available from a diffraction experiment. In ideal conditions Xm\n

should be short enough to measure all points of the reciprocal lattice with significant
diffraction intensities.

For a real crystal of limited perfection and size the infinitely sharp diffraction peaks
(delta functions) are to be replaced by broadened line shapes. One reason can be the local
variation of the orientation of the crystal lattice (mosaic spread) implying some angular
splitting of the vector H. A spread of interplanar spacings Ad/d, which may be caused by
some inhomogeneities in the chemical composition of the sample, gives rise to a variation
of its magnitude |H|. The ideal diffraction geometry on the other hand is also to be
modified. In a real experiment the primary beam has a finite divergence and wavelength
spread. The detector aperture is also finite. A gain of intensity, which can be accomplished
by increasing the angular divergence and wavelengths bandwidth, has to be paid for by
some worsening of the resolution function and hence by a limitation of the ability to
separate different Bragg reflections. All of these influences can be studied by the Ewald
construction.

3. Structure Factor and Bragg Intensities

3.1. Nuclear Scattering
In kinematical approximation, assuming that the magnitude of the incident wave

amplitude is the same at all points in the specimen (this implies a small sample size, weak
scattering intensities, no multiple diffraction and neglecting of absorption), the diffracted
intensity is proportional to the square of the amplitude of the scattered wave for each
individual reflection; it can be regarded as a weight ascribed to the reciprocal lattice nodes

The structure factor F(H), in terms of the Fourier transform, contains the complete
information on the distribution of the scatterer density in the unit cell

F(H) = £ bjexp[27ci(HTj)]-Tj(H) = |F(H)|-exP[i9(H)]. (5)

In the case of nuclear scattering of neutrons the structure factor has the dimension of a
length, as has the scattering length bj(H) = bj = const, of nucleus j . Tj(H) is the Debye-
Waller factor which takes into account dynamical and static displacements of the nucleus j
from its average position rj in the unit cell

rj = Xjai + yja2 + Zja3. (6)

With the fractional co-ordinates Xj, y-} and Zj (0 < Xj < 1, 0 < y-} < 1, 0 < Zj < 1) the scalar
product in the exponential function can be written as

H-rj = /ixj + ky-} +/ZJ. (7)
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Important: The measured Bragg intensities I(H) from diffraction experiments yield
only the modules of the structure factors, |F(H)| oc Vl(H), and not their phases (p(H) (see
Eq. 5), which would be required for the inverse Fourier transform of the data (Fourier
synthesis) to give directly the arrangement of the atoms in the unit cell. The lack of the
phase information is known as the phase problem of crystallography.

In a diffraction experiment normally only relative Bragg intensities are measured. A
SCALE factor is assumed to be rigorously the same for all reflections of one data set. For
merely nuclear neutron scattering and single crystals the integrated relative intensities are
given by

I(H) = SCALE-L-A-|F(H)|2. (8)

The Lorentz factor L is instrument specific. The absorption correction A depends on the
geometry and linear absorption coefficient of the sample.

The geometrical diffraction conditions and hence the reciprocal lattice yield the
periodicity of a crystal. The |F(H)|2 values associated as weights to the nodes of the
reciprocal lattice give the diffraction symbol and hence valuable information on the space
group symmetry. Here systematic absences (zero structure factors) can be related to the
choice of a non-primitive Bravais lattice, or to the presence of non-symmorphic symmetry
operations (symmetry operations with translation components).

3.2. Magnetic Scattering
The dipolar interaction between the neutron magnetic moments and the magnetic

moments of atoms (and nuclei) my leads to the magnetic neutron scattering in addition to
the nuclear contribution. In the case of an ordering of the magnetic moments over the whole
crystal (periodic magnetic structure) the magnetic structure factor is given by

FM(H) = 2 bM/HyexpPTtiCH-r^-TjtH) (9)

with the magnetic scattering amplitude

bMj(H) = (eV2mec
2HMj(H>a-inlj(H). (10)

Via is the neutron spin operator and mj.j(H) the projection of the magnetic moment mj onto
the scattering plane {hid). The magnetic form factor fivij(H) is the Fourier transform of the
normalised magnetisation density Mj(r) of the atom or ion j

fMj(H) = Jv Mj(r)-exp[2ni(HT)]-dr (11)

with fM(O) = JvMj(r)-dr=l.

This is a function of the reciprocal lattice vector H, whereas the atomic scattering factor fj
of X-ray diffraction

fj(|H|) = Jv PjCr)-exp[27ri(H-r)]-dr, (12)

for a spherical electron density Dj(r), depends only on the modules of H.
The intensity of magnetic and nuclear neutron scattering is of the same order of

magnitude. For unpolarised neutrons the Bragg intensity of nuclear and magnetic neutron
diffraction is simply an incoherent superposition

I(H) = IN(H) + IM(H) ~ |FN(H)|2 + |FM(H)|2. (13)

For polarised neutrons on the other hand the coherent superposition gives
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_ (14)
with the interference terms ± 2- |FN(H)- FM(H)| according to the two possible directions of
polarisation (+ and -). In measuring the flipping ratio at superimposed Bragg reflections,
that means the ratio of the intensities for the two polarisations up and down, even small
magnetic structure factors can be determined quite accurately.

The analysis of a magnetic structure starts with the determination of its periodicity
with respect to that of the crystal structure. The identification of magnetic reflections is
usually accomplished by a careful comparison of powder diagrams recorded below and
above the magnetic phase transition temperatures. A more detailed study of the scattering
vectors, e.g. for incommensurate structures, may require also single crystal experiments.
The nuclear structure factors FN(H) can be calculated from the known crystal structure. In
this way the SCALE factor of the data set can be obtained and the absolute values of the
magnitudes of the magnetic structure factors |FM(H)| can be determined. The individual
orientations of the magnetic moments nij with respect to the basis vectors of the crystal
lattice and their magnitudes are then to be calculated.

4. Contrast Variation

Neutron diffraction can be used for an experimental distinction of atoms/ions with
almost equal X-ray scattering amplitudes. In the case of mixed systems it is furthermore
possible to determine a fractional site occupation. Another application of neutron
diffraction is the determination of accurate atomic parameters (positional and thermal
parameters, site occupations) of lighter elements in the presence of heavy ones.

The contrast in conventional X-ray diffraction is directly related to the ratio of the
number of electrons Zj of the different atoms or ions j involved. The atomic scattering
factor fj in the structure factor formula, which represents the Fourier transform of the
atomic electron density distribution, is proportional to Zj (fj = Zj for sinG/X. = 0). Standard
X-ray techniques can hardly differentiate between atoms/ions of a similar number of
electrons, and only an average structure - including a total occupation probability of mixed
occupied sites - may be obtained in such cases.

For neutrons the atomic scattering factor fj is replaced by the nuclear scattering length
(or coherent scattering amplitude) bj, which is of the same order of magnitude for all nuclei
but varies from nucleus to nucleus in a non systematic way. bj values, which can be either
positive or negative, depend on the isotopes and nuclear spin states of the element j . A
nucleus of an isotope with spin I may have two different neutron scattering lengths: one for
the combined spin state J = I + Vi and one with J = I - lA. An important and fundamental
example is provided by the simplest of all nuclei, the proton with spin I = V2. The two spin
states, J = 1 (triplet) and J = 0 (singlet), with statistical weights % and 14 respectively, have
the scattering lengths for a. free proton:

bs
H = -23.7 fm, bV, = +5.38 fm, bfreeH = V^w + 3/«blH = -1.89 fin (with 10"15 m = 1 fin).

The value for the bound proton in a crystal structure, which is to be used in the structure
factor calculations, amounts to in bn = 2'bfreeH

 = -3.741 fm.
The natural isotope mixture and a statistical spin state distribution lead to the

commonly used general formula bj = a-bja+B-bjp+ybjy+... with the sum of the different
isotope fractions a+6+y+... = 1 (bja, bjp, bjr are the individual scattering lengths of the
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different isotopes of the element j). The natural nickel isotopes, for instance, have
extremely different coherent scattering amplitudes:

b(58Ni) = +14.4 fin, b(60Ni) = +3.0 fm, b(6!Ni) =+7.6 fm,
b(62Ni) = -8.7 fm, b(64Ni) = -0.37 fm

resulting in an overall scattering length bNi = +10.34 fm.
Neutron experiments frequently make use of compounds containing single isotope

elements, like fully deuterated samples. Incoherent scattering due to a statistical distribution
of isotopes and nuclear spin states is not discussed here. It may influence the effective
absorption and the background conditions of neutron diffraction studies.

A special possibility of contrast variation, the combination of X-ray and neutron
diffraction information, is demonstrated for the example of the intermetallic compounds
(Mni.xCrx)i+sSb, with 0 < x < 1 [1]. This mixed system is of special interest due to its
magnetic properties: competing magnetic interactions with isotropic ferromagnetic
behaviour for Mnj+gSb and an uniaxial antiferromagnetic structure for Cri+gSb. It
crystallises in the hexagonal NiAs-type structure (space group: P63/mmc) with some
additional partial occupation (< 0.14) of the interstitial site 2(d):

2(a) - 0,0,0; 0,0,1/2 and 2(d) - 2/3,1/3,1/4; 1/3,2/3,3/4,
Conventional X-ray diffraction cannot differentiate between chromium (Zcr

= 24) and
manganese (ZMn= 25) on these sites but yields important information on their overall
occupation probabilities M = (Mn,Cr): MaMdSb, where Ma stands for the occupation
probability of site 2(a) and Md for that of site 2(d). The Sb position is assumed to be fully
occupied, thus serving as an internal standard.

The corresponding nuclear scattering lengths of neutron diffraction are extremely
different with a negative sign for manganese: bo = +3.52 fm and bMn= -3.73 fm.

Remember: A positive value of bj means that there is a phase shift of 180° between
the incident and scattered neutron waves as a consequence of predominant potential
scattering. The few negative bj values - no phase change - result from resonant scattering.

The knowledge of the overall occupation probabilities Ma and Ma - from conventional
X-ray studies - allows the evaluation of the Cr : Mn ratios of the different sites 2(a) and
2(d) from the corresponding effective scattering lengths determined by neutron diffraction.
In the structure analyses based on the neutron data befr - bivin'PP is obtained individually for
the two sites (PPa = a and PPd = d stands for refined pseudo occupation probabilities).
According to beff(2a) = a[(l-y)-bMn + ybCr)] and befl<2d) = d[(l-z)bMn + z-bCr)] we can
calculate y = [beff(2a)/a - bMn] / [bCr - bMn] and z = [beft(2d)/d - bMn] / [bCr - bMn]. The
detailed site occupations lead to the general formula (Mni.yCry)a(Mni.
zCrz)dSb

site 2(a) site 2(d)
corresponding to a chemical composition of Mn[(i.y)a + (i.Z)d]Cr[ya+zd]Sb. It is evident, that the
individual (Cr,Mn) distribution on the two crystallographically different sites 2(a) and 2(d)
is not accessible by a chemical analysis. For most of the samples studied, the site 2(a) was
found to be fully occupied: a « 1.0. But the formula (Mni-xCrx)i+5Sb used normally is only
correct for the special case of equal Cr : Mn ratios on both sites:
x = y = z and 1+5 = a+d.

The detailed information on the (Cr,Mn) distribution is needed to explain the
magnetic properties of these intermetallic compounds; for which only the spins localised on
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the 2(a) sites are involved in the magnetic ordering leading to a complex magnetic phase
diagram. An overall Cr : Mn ratio from chemical analysis is not sufficient.

In general, a mixed occupation of one crystallographic site with three kinds of
scatterers - e.g. Mn, Cr, and "vacancies" - requires at least two independent and sufficiently
different experimental data to determine the fractional occupancies.

5. The Hydrogen Problem in Structure Analysis

The determination of the structure parameters of hydrogen atoms is a special problem
involving different aspects of X-ray and neutron diffraction. It is obvious that H/D atoms
with Z = 1 give only a small contribution to the electron density and, therefore, they are
hardly visible in X-ray structure analyses. This holds especially when heavy atoms are
present. But there is a more general problem: the single electron of H/D is engaged in the
chemical bonding and is not localised at the proton/deuteron position. This position,
however, is of importance when hydrogen bonds - eventually related to the lattice dynamics
or structural phase transitions - are discussed.

X-ray studies of electron densities of simple molecular crystals, for which theoretical
calculations for isolated molecules are possible, are of special interest in order to compare
experimental and theoretical results for a better understanding of chemical bonding in
crystalline solids^ Molecular crystals consist normally of light atoms often including
hydrogen. A combination with neutron diffraction experiments is important to determine
the structure parameters of the H/D atoms properly. More generally, the structure analysis
by neutron diffraction yields separately and independently from the X-ray data the structure
parameters of all atoms including the mean square displacements due to static and dynamic
(even anharmonic) effects. This complete information can be used in a so-called X-N
synthesis to obtain experimental electron deformation densities from the measured X-ray
Bragg intensities.

One of the most important fields of application of neutron diffraction is the
determination of H/D sites and of their Debye-Waller factors. As an example for a study of
a variety of hydrogen bonds, where the structure model was established by conventional X-
ray analysis and neutron diffraction served especially to localise the hydrogen atoms, the
case of fully deuterated Na2S-9D2O was chosen [2]. Its crystal structure (non-
centrosymmetric space group: P4]22 or P4322) is dominated by discrete [Na(D2O)s] and
[Na(D2O)4] spiral chains of Na(D2O)6 octahedra. There are five different water molecules
with O-D distances between 0.949 A and 0.983 A, and D-O-D angles from 104.6° to
107.5°. These water molecules are involved furthermore in six different O-D.,.S bridges to
the S2" ions. Details of the various O-D...O/S hydrogen bonds were combined with results
from Raman spectroscopy from which the uncoupled O-D(H) stretching frequencies could
be reasonably well assigned to the nine different O-D(H) groups of the crystal structure.
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Remember: The scattering lengths of the proton and the deuteron are bn = -3.74 fm and bo
= +6.67 fm, respectively. Their magnitudes are comparable to the average of all bj
magnitudes and, therefore, H/D can be considered as "normal" atoms for neutron
diffraction. The different signs of bu and bp may be of interest in Fourier maps for contrast
reasons. Experimental conditions like background and effective absorption are strongly
affected by the huge and exceptional incoherent neutron scattering cross section of
hydrogen (ajnc(H) = 79.7 barns as compared to ajnc(D) = 2.0 barns).Very often deuterated
compounds are preferred in order to profit from the larger bo value, but mainly to reduce
the background from incoherent scattering. This volume-dependent background may
become crucial for neutron powder diffraction experiments, for which normally sample
volumes of more than 1 cm3 are required.

The hydrogen problem is of special importance for structural phase transitions driven by
proton ordering. As a well known example the ferroelectric transition in KH2PO4 (KDP) is
presented. A characteristic feature of its crystal structure consists in the PO4 groups linked
by hydrogen bonds. At room temperature KDP crystallises in a tetragonal phase (space
group: I 42d), where the protons in the O—H—O bonds are dynamically disordered. At Tc

= 122 K, KDP transforms to a ferroelectric phase of orthorhombic symmetry (space group:
Fdd2) in which the protons order in short asymmetric 0-H...0 bonds [3].

6. Molecular Disorder

Disordered structures and pseudosymmetries related to dynamical reorientation
and/or structural phase transitions are of great current interest. In principal, the dynamical
disorder of molecules is due to the fact that the intermolecular bonds are very much
stronger than the external ones between the molecular groups and the surrounding
crystalline frame. It is obvious that the chemical bonding scheme predicts the symmetry of
a crystal structure, and not the other way around. We can state, however, that in the case of
an incompatible point group symmetry of a molecule with respect to its site symmetry in
the crystal structure, molecular disorder is the necessary consequence. In order to modellize
the atomic density distributions correctly in a way to obtain physically meaningful
potentials, very accurate Bragg intensities over a large sinQ/X range are required. X-ray
experiments are generally more restricted than neutron studies because of the sinG/A,
dependence of the atomic scattering factor fj.

As an example, related to the H/D problem, the dynamical disorder of the NH3 group
in the cubic high temperature phase of the metal hexamine halide Ni(NH3)6h (space group:
Fm3m) is presented. With the NH3 tetrahedra (3m symmetry) on crystallographic sites of
4mm symmetry it is obvious that they must be orientationally disordered. At 19.7 K,
Ni(NH3)6l2 undergoes a first order phase transition to a probably ordered rhombohedral low
temperature modification [4].

Single crystal neutron diffraction studies at 35 K and 295 K [5] revealed a planar
proton density distribution perpendicular to the four fold axes. Its four maxima are directed
towards the neighbouring iodines according to the influence of N-H...I bonding. This
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proton density can. be explained as a consequence of a coupled rotational-translational
motion of the ammine group.

7. Spin densities in magnetic molecular compounds

Molecular magnetic compounds are of great actual interest due to both, applicational
perspectives and fundamental research. The spin density distribution is an essential
information for the understanding of the magnetic properties of these materials; it yields the
localisation of the magnetic electrons and give rice to the microscopic magnetic
interactions. Polarised neutron diffraction on single crystals is presently the most powerful
tool for determining the spin densities in molecular compounds [6]. Results obtained from a
data treatment by the maximum-entropy reconstruction method are presented for the purely
organic ferromagnet, p-4,4,5,5-tetramethyl-2-/?-(nitro-phenyl)-3-oxido-4,5-
dihydroimidazolium 1-oxyl (pNPNN) [7].

References .

1. W. Reimers, E. Hellner, W. Treutmann, and G. Heger,
J. Phys. C: Solid State Phys. 15 (1982) 3597.

2. A. Preisinger, K. Mereiter, O. Baumgartner, G. Heger, W. Mikenda, and H. Steidl,
Inorg. Chem. Acta 57 (1982) 237.

3. R. J. Nelmes, W. F. Kuhs, C. J. Howard, J. E. Tibballs, and T. W. Ryan,
J. Phys. C: Solid State Phys. 18 (1985) L711.

4. J. Eckert and W. Press, J. Chem. Phys. 73 (1980) 451.

5. P. Schiebel, A. Hoser, W. Prandl, G. Heger, and P. Schweiss,
J. Phys. I France 3 (1993) 987.

6. J. Schweizer, Physica B 234-236 (1997) 772.
7. P. Schleger, A. Puig-Molina, E. Ressouche, O. Rutty and J. Schweizer,

Acta Cryst. A53 (1997) 426.

48



HU9900723
Diffraction- powder, amorphous, liquid

Izabela M. Sosnowska,
Institute of Experimental Physics, Warsaw University, Poland.

1. Introduction

Van Hove brought together in one simple equation the static structure factor, which we measure
in diffraction experiments, and the collective excitations, which we measure in inelastic
experiment. In 1954 Van Hove derived a general expression for the intensity, I(Q, s), of neutrons
scattered by any assembly of nuclei. The number of neutrons scattered per incident neutron can
be written as:

I ( Q , E ) = - - V b j b k ] ( e - i < 5 ? k ( O ) e i O f j ( t ) ) e - i E t d t (1)
h k j~k - °°

Where hQ= h/(k-k') is the neutron momentum transfer and k=| k | and k'=| k' I are neutron wave
vector magnitudes before and after scattering process (k=27i/A,). The Q =k-k' is known as
scattering vector, bj, bk - scattering lengths of the nuclei placed at ij,(t), rk(t)-positions at time t, s
energy loss by neutron in the scattering process. The brackets <...> denote an average over all
possible starting times for observation of the system which is equivalent to an average over all
possible thermodynamic state of the sample.

Assuming that the scattering lengths of all atoms in the sample are the same (bj=bk=b) van
Hove's neutron scattering law (Eq.l) can be written as

I ( Q , 8 ) = - 1 ^ h L ^ b j b k ] G ( r , t ) e " i < 5 ? ( O ) e - i E t d 3 r d t ( 2 )
n k j k - «

G(r,t) is time dependent pair-correlation function. This function is equal to the probability of an
atom being at the origin of a co-ordinate system at time zero and atom being at position r at time
t.

G ( ? ' t ) = ^ r X < 8 ( ? - [ ' k ( 0 ) - f j ( t ) ] ) > ( 3 )

N is the number of atoms in the sample.

Eq. 1 allows us to see that I(Q, s), is proportional to the space and time Fourier transforms of the
time dependent pair correlation function. The I(Q, s), is simply the Fourier transform of a
function that gives the probability of finding two atoms a certain distance apart. By inverting
Eq.l information about both structure and dynamics of condensed matter may be obtained from
scattering law.
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2. Diffraction

Diffraction is the principal technique for determining the atomic and molecular structure of
materials. Important application of Van Hove's Eq.l is the scattering law for diffraction. Even
though diffraction is predominantly an elastic process (£=0) neutron diffractometer actually
integrate over the energies of scattered neutrons. Diffraction is an coherent elastic process
therefore Eq.l has use the coherent neutron scattering amplitude, bCOh, The integration over e
gives another Dirac delta function, 8 (t). For diffraction the pair correlation function, G(r,t), has
to be determined at t=0. For a crystal containing a single isotope

K Q ) = b Joh Z <e iQ~(f'-fk >> ( 4 )
Where the atomic positions rt and r^ are evaluated at the same instant. If the atoms are stationary
thermal averaging in Eq.4 can be removed. In reality the atoms oscillate about their equilibrium
positions i-j and ru and only spend a fraction of their time at these positions. When this is taken
into account, the thermodynamic average introduces another factor, called the Debye-Waller
factor. The Eq.4 then becomes

K Q ) = b L £ e 1 < i ( f J - " > e ^ < l > ( 5 )
Where <u2> is the average of the square of the displacement of an atom from its equilibrium
position. This procedure includes the effect of atomic vibrations in the diffraction cross section.
I(Q)=S(Q) is also called the structure factor. This equation is the basis of any crystallographic
analysis of neutron diffraction data. For materials containing different nuclei and (or) magnetic
moments one can find proper formula in e.g G. Bacon's revue.

3. Atomic structure of materials.

Determining the structure of materials remains the most powerful way to understand that
material's properties. The standard tools of crystallographer are single crystal and powder
diffraction. X-ray diffraction is basic tool for determining space groups and lattice spacing, while
for liquids and amorphous materials their extended range of scattering vector Q gives neutron the
advantage. Forty years ago powder diffraction could not be used for solving a new crystal
structure, but only for determination the presence of known crystalline phase in powders of
unknown compositions. Nowadays it is possible after H. M. Rietveld developed a workable
approach for resolving the ambiguities of most powder diffraction patterns. The technique known
as Rietveld refinement is widely used in structure analysis of polycrystalline materials.

3.1. Ideal periodic crystals; powder

The density of scattering power, p(r), is function of position, r, within a matter. In crystal the
function has to be periodic and it needs to repeat infinitely in all directions in order to match the
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repetition of the unit cell of crystal.

p ( r ) = T ^ - E F h e x P t " i ( Q h r ) ] ( 6 )
V c h

where Vc is the unit cell volume, Fh is the amplitude of the Fourier component and
Qh= 2TI (a*h+b*k+c*l). Qh is perpendicular to h plane in crystal. The a*, b \ c* are the reciprocal
lattice vectors.
A property of Fourier series is that they can be "inverted". In crystallography this transformation
goes from the real space to the reciprocal-space description. Thus the inverse Fourier transform
of Eq.6 gives the amplitude in terms of the scattering density.

F h = J p ( f ) e i ( ^ 7 ) d f = £ f j e i ( ' h T j ) ( 7 )
c 1=1

The coefficient fj is called the scattering factor of the atom. If Fh are known, one can calculate the
scattering density p(r).
The van Hove equation for elastic-scattering intensities is the convolution of Eq.7 with itself

fjfkV<^-Tk) (8)

Ih is measured scattering intensity at Q=Qh- Elastic scattering experiments directly measure the
|Fh|2, the squares of the magnitudes of the structure factors.
Since for elastic scattering the initial and final wave vector are equal in magnitude k= k', all the
possible k' fall on the surface of the sphere with radius 2n/X, commonly called the Ewald sphere.
Polycrystalline material, powder, consists of multitude of small crystals, therefore the Ewald
construction for a single crystal has to be modified. The main problem with this technique is that
only for very simple structures are the diffraction peaks in a powder pattern sufficiently separated
to allow measurement of individual peak intensities. The peaks are usually so heavily overlapped
that extraction of individual peak intensities is impossible, and the magnitudes of most of the
individual structure factor are unknown.
About thirty years ago H. M. Rietveld suggested a solution to this problem. He recognised that a
mathematical expression could be written to represent the observed intensity Ic at every position
Q in a powder diffraction pattern:

U Q ) - i b ( Q )

This expression has contribution from the background Ib(Q) and from each Qh that are in the
vicinity of Q. Real powder pattern has line broadening, so diffraction from the planes labelled by
h contributes not only at Qh but at all nearby Q. In the Rietveld method one models the observed
pattern by considering the factors that effect both the affect both line shape and its intensity. The
adjustable parameter are then refined by a non-linear least-square process. The |Fh[2 parameters
obtained from the fit are a reconstruction of the real |Fh|2; the parameters for line broadening and
anisotropy provide information about particle size, structural, defects and other phenomena that
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distort the ideal Bragg pattern.
In order to solve unknown crystal structure it is possible now to do Rietveld refinement
simultaneously for X-ray and neutron powder diffraction patterns . If the refinement produces
calculated pattern that match both a neutron powder pattern and a X-ray powder pattern, that

s ~
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Si 6 mm can bank 1 AA.SB cleg

1 2 3 4 5
d-spacing [A]

Fig. 1. Neutron diffraction diagram of polycrystalline Si (W. Kokelmann, Rotax, ISIS, 1999)
Points-experimental results, curve- fit using GSAS programme.

model is more likely to be correct. Powder diffraction has become a standard technique for the
detection and identification of crystalline phases, for quantitative determination of their volume
fraction in mixed-phase sample. It is also being used more often to solve problems of structure
determination and refinement that have long time been the exclusive domain of single crystal
diffraction. Powder diffraction is used also to characterised the composition (stoichiometry), the
structural disorder, microstructure e.g. microstrain and domain size of any crystalline material.

3.1.2 Neutron diffraction from disordered materials

Materials can have varying degrees of disorder.
The neutron diffraction technique can be used to measure the structure of atoms and molecules in
disordered materials.
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Glasses

Liquid Crystals

Orientated Block
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Quasicrystals

Translational disorder

Fig. 2 Materials have varying degrees of disorder (C. Benmore)
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Although there is no long-range order in a liquid there is still short range ordering over a few
atoms or molecule lengths. Glasses can also have medium range ordering over a several atomic
lengths. The measured diffraction pattern is related to the positions of the atoms relative to each
other in the liquid or glass.
In diffraction experiments intensity as a function of scattering vector Q is investigated. For a
polycrystalline solid S(Q) shows many Bragg peaks appearing at Qh =k-k' (see e.g. Fig.l).
For liquids and amorphous solid S(Q) is a continuous function, which goes to one as Q—>oo.

Fig. 3. (Q) for a liquid as a function of neutron
momentum transfer Q, and probability to find
an atom at a certain distance are presented. Distance 1O'°m

The angular dependence of the energy integrated intensity S(Q) reflects the spatial arrangements
of atoms p(r) of the atoms (the p(r) is the density function). In Fig. 3 schematic S(Q) is presented
for liquid state when only short range order is present. Fluids or amorphous solid shows usually
only an indication of peaks in S(Q) as one can see in Fig.3. For a gas phase S(Q)=1, which
reflects lack of correlation between atoms.
Whenever disorder affects the crystalline structure of material extra diffuse scattering appears in
diffraction pattern. There are different type of disorder in a real crystal e.g. displacement disorder
or (and) substitution disorder. A very simple model of so called "mean periodic structure" of
disordered lattice was developed. Due to disorder, the whole crystal does not contribute
coherently to the diffraction line as in a case of a perfect periodic structure. Bragg peaks remain
sharp and well defined, only their intensity being affected by the disorder. An attenuation of the
Bragg maximum by the "effective" Debye-Waller factor contains both static and dynamical
contributions. An extra scattering, so-called diffuse scattering is distributed rather uniformly in
the reciprocal space of crystal. The diffuse scattering is a consequence of disorder of the perfect
periodic structure of a crystal. Diffuse scattering usually contributes to background of diffraction
pattern of polycrystalline materials. Neutron diffuse scattering is nowadays investigated in order
to determine different types of disorder in solids.
There are books and revues describing scattering of radiation in periodic media. Usually they
contain description of X-rays and neutron diffraction techniques and their applications in
determination of crystal and magnetic structure of different materials.



3. Very high resolution powder diffraction.

There are two methods used in diffraction technique of polycrystalline materials. Both of them
are using Bragg's law.

X= 2 dhki sin 6 (10)

where (hkl) are the Miller indices associated to the interplanar d-spacing, X is neutron
wavelength and 2 9 is the scattering angle (the angle between k and k').
In the first method the constant wavelength, X, is used and the angular distribution of
monochromatic neutrons from the sample is measured. The double axis neutron spectrometer
(DAS) used in this study is very similar to this used in X-rays traditional diffraction and even
formulae for intensities of scattered radiation are almost the same for two radiation.
In the time of flight (TOF) method pulsed neutron beam is scattered on polycrystalline sample
and the intensity of the scattered neutrons at a fixed angle 20 is measured as a function of time.
As it was mentioned earlier the high-resolution neutron diffraction is essential for crystal
structure investigations when only polycrystalline material is available. Nowadays the best
resolution Ad/d=5xlO~4 (d-lattice spacing) was achieved with TOF, HRPD diffractometer at ISIS
neutron spallation source. A scheme of the HRPD is presented in Fig.4.

shutter

low angle
detector

5 K liquid
lethane moderator

backscattering
detector sample

(96 m)

monitor

Fig. 4. Scheme of the HRPD diffractometer at ISIS (ISIS User Book)

As it was shown the TOF method is unique for investigation of structure with very large
periodicity e.g. a modulated magnetic structures.

In Fig. 5.example of diffraction on such a study is presented. In Fig.5 the neutron diffraction
pattern of polycrystalline BiFeO3, containing the (101) and (003) magnetic reflections obtained by
using different neutron diffractometers: (a) the TOF-HRPD diffractometer at, ISIS, Rutherford-
Appelton Laboratory and (b) the DAS are presented. Each pattern was received using the best
resolution achieved nowadays. Such high-resolution diffraction diagram is only possible to
receive when "ideal polycrystalline material" is available. Information on the magneto-electric
coupling effect in BiFeO3 can only be obtained when the intensity of the maxima in the span
(101) (see Fig. 5a) can be determined.
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Fig. 6. Neutron diffraction experiment
(DAS). The intensity ratio of the two
maxima is changing in the reorientation
process of magnetic moments of Fe +ions
(I.S., E. Steichele, A. Hewat)

High-resolution neutron diffraction (DAS) was also used for investigation of reorientation of
magnetic moment of Fe3+ ions in NdFeO3. The results are presented in Fig. 6.

High resolution neutron diffraction permits also to investigate many phenomena in material
science such as phase transitions, magneto-electric effect, GMR, reorientation phase transitions
etc.

Neutron powder diffraction is applied also for texture and strain determination in polycrystalline
materials. There are many advantages of neutron technique over conventional stress and texture
measurement techniques:
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as a non-destructive non-contacting method applicable to nearly all crystalline materials, it
can provide sub-surface information not obtainable by any other technique.

- it is much faster than conventional destructive methods
because the stress state is not disturbed by the measurement, complicated corrections to
the data are not required.

A special TOF diffractometer at ISIS, ENGIN, was constructed for a stress and texture
investigation.

4. Summary

Neutron powder diffraction is a unique tool to observe all possible diffraction effects appearing in
crystal. High-resolution neutron diffractometers have to be used in this study.Analysis of the
magnetic structure of polycrystalline materials requires the use of high-resolution neutron
diffraction ^ j / j (when d io the interpltuiar distance^ in the range of large interplanar distances.
As distinguished from the double axis diffractometers (DAS), which show high resolution only at
small interplanar distances, TOrxdiffractometry offers the best resolution at large interplanar
distances. ^
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ABSTRACT
Small-angle scattering (SAS) is an ideal tool for studying the structure of materials in
the mesoscopic size range between 1 and about 100 nanometers. The basic principles of
the method are reviewed, with particular emphasis on data evaluation and interpretation
for isotropic as well as oriented or single-crystalline materials. Examples include metal
alloys, composites and porous matetrials. The last section gives a comparison between
the use of neutrons and (synchrotron) x-rays for small-angle scattering in materials
physics.

reprinted from 'Cold Neutrons: Large Scales - High Resolution",
PSI-Proceedings 97-01, Sept. 1997 (A. Furrer, Ed.), pp. 113-128.

1. Introduction

There are a number of techniques that allow a characterization of materials in the
mesoscopic size range between 1 and 100 nm. These different methods ail have their
particular characteristics. Some are mostly surface sensitive, like scanning tunneling
microscopy or atomic force microscopy (AFM). Others, like atom-probe field-ion mi-
croscopy, give a combined information on structure and local composition. It shares
with transmission-electron microscopy (TEM), the most wide-spread technique, the
obvious advantage of providing direct images of the specimen. Small-angle scattering
of neutrons (SANS) or x-rays (SAXS). on the other hand, have the advantage of be-
ing non-destructive and of providing information with high statistical accuracy due to
the averaging over a macroscopic sample volume. In particular, the small absorption
of neutrons allows in many cases the investigation of centimeter thick material by
SANS. Moreover, the structure of ill-ordered materials, like glasses, aggregate struc-
tures, fractal systems, etc.. is difficult to describe in direct pictures, but can usually
be well characterized by scattering experiments. Finally, SANS offers the particular
advantage of being sensitive to the magnetic spin and also to light elements, in par-
ticular hydrogen (deuterium) which remains invisible in both TEM and SAXS. This
last property is crucial for many applications in biology and polymer research.

The basics of small-angle scattering have been reviewed in a number of text-books
and articles, like the classical text by Guinier and Fournet [1], as well as later works
[2-5], some of them focussing more directly on materials science applications [6-8].
Only a short summary of the general principles (sect. 2)is given, together with in-
formation on the scattering from isolated inclusions (sect. 3). Then the influence
of particle interfence is dicussed (sect. 4). with particular emphasis on scaling or
fractal structures. Section 5 gives some information on the evaluation of anisotropic
small-angle scattering patterns from single crystals or from fibrous materials. Finally,
in the last section, neutrons and (synchrotron) x-rays are compared with respect to
their use in small-angle scattering.
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2. General Principles

Small-angle scattering is the special case of elastic diffuse scattering concentrated
around the origin of reciprocal space. It considers a range of sizes sufficiently larger
than interatomic distances, so that the scattering length density p(r) can be approxi-
mated as a continuous variable of the position r in the specimen. The general equation
for the SAS intensity can be written

For many purposes, it is convenient to define the spherical average of the SAS intensity

where n is a vector on the unit sphere U. One may also define a Q-aver&ge of the
SAS intensity by

^J>JQd£(Qn), (3)
where Q = Qn is the scattering vector. When the system investigated is isotropic,
then IQ = constant and the scattering intensity is completely described by Is(Q).
Liquids, solutions and poly crystalline solids are often isotropic. For anisotropic sys-
tems, the function /g(n) gives a measure for the angular dependence of the structure.

2.1. Two-phase Model
Frequently, the specimen can be considered to consist of two sharply separated

phases with constant composition and. hence, constant scattering length densities p\
and p2- Such an approximation is called "two-phase model" and will be used through-
out this paper unless otherwise specified. In this approximation eq.(l) becomes

(4)

where V\ is the'volume occupied by phase (1) only.

2.2. Invariants
A few general relations, sometimes called invariants, are valid for the two-phase

model. The first is the integral intensity which may be written

( 2 ^ I %iQ)d3Q= 2^V IIs{Q)Q2dQ = flh{pl-p2)^ (5)

where / i and /2 = 1 — / i are the volume fractions of the two phases, respectively. The
second, known as Porod's law [9], gives the tail of the spherically averaged intensity
at large Q:

IS(Q) ^2irV{Pl -p2)
2o-/Q4 when Q -+ oc (6)

where a is the total interface area between the two phases (1) and (2) per unit
volume of specimen. A direct application of this formula is demonstrated in Fig.l.
where Porod's law is used to determine the evolution of the total porosity during the
sintering process of a refractory metal produced by powder metallurgy [10].
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Figure 1: (a) SANS-spectra from compacted Mo-powder sintered for 1 and 24 hours
at 2000"C (from [10]). The straight lines indicate Porod's law. The reduction in
intensity from lh to 24h is related to the reduction in the internal surface of the
pores, (b) SANS-spectra of different sandstones (from [17]). The linearity of the data
indicate a fractally rough surface of the pores with a fractal dimension as indicated.

Another possible application of these two invariants is the determination of a
typical length scale characterizing the two-phase mixture. Indeed, defining

T=- rQ2Is(Q)dQ / lim {Q4 Is(Q)} , (7)
~ JO I Q-+oo

it follows that
T = 4flf2/a (8)

which has the dimension of a length and depends on the ratio of volume by surface of
one of the two phases. In complex materials, where no simple model is available, T can
be used to characterize the dimension of inclusions without any specific assumption
on their shape or arrangement. T has been widely used, e.g., to characterize the
structure of bone [11] at the nanometer level.

A further length scale often used for the characterization of complex materials is
the mean chord length defined as

Jo
dQ I r

I Jo
(9)

3. Isolated Inclusions

When the material contains inclusions (pores, precipitates, etc..) that are well
separated (that is their distance being much larger than their, typical size), the total
scattering intensity may be regarded as an incoherent sum of the contributions from
the individual inclusions. That is.

da_

dQ.
— f e i Q r

Wj JWJ
(10)
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Table I: Form-factor and radius of gyration of a few simple particles. The dimensions a, b and c are
along the axes x, y and z. The coordinates of the Q-vector in theses axes are (Qx,Qy,Qz)-

Particle type Form factor Radius of gyration
squared, R2

g

parallelipiped with A2{a Qx) A\bQy) A2(cQs) (a2 + b2 + c2)/3
sides 2a, 26 and 2c A{u) = {sin u)/u

ellipsoid with B2(yJ(aQx)* + {bQv)
2 + (cQz)

2) {a2 + b2 + c2)/5
half axes a, 6, and c B{u) = 3(sin u — u cos u)/u3

sphere with B2(Q R) ZR2/o
radius R Q2 = Q\ + Q\ + Q\

cylinder of height 2c A\cQz) C\^{aQx)
2 + {bQy)

2) {a2 + 62)/4 + c2/3
with ellipsoidal section C{u) = 2 Ji{u)/u

of half-axes a and b J\ — Bessel function

where Wj is the volume of the particle number j and Sj its form factor. The form
factors for several simple particle shapes are tabulated in Table I.

3.1. Particle Size Distributions
When all the inclusions in the system are identical, then the Sj{Q) in eq.(10)are

the same and the total SAS will just be proportional to the form factor of the inclusion
(as given for a few examples in table I). For spherical precipitates with a distribution
of radii f{R)dR (which means that f{R) is the number of spheres with radius between
R and R + dR), eq.(10) becomes

( f ) 2 JO° (11)
where B is given in Tab.I. The scattering from a collection of spheres of identical size
is shown in Fig.2. This function has many oscillations which are increasingly wiped
out for size distributions of increasing widths. While such oscillations are well-known
for spherical particles in dispersion, there are only few cases where, e.g., precipitates
in alloys have a spherical shape and a sufficiently narrow size distribution to reveal
such oscillations. Examples are dilute alloys Cu-Co [12] or Cu-Fe [13] (see Fig.2).
Equation (11) can in principle be inverted to extract the size distribution f{R) [2].
However, one must be sure that the .inclusions are truly spherical and sufficiently
separated in space to avoid interference effects - a condition that is rarely fulfilled in
alloys or porous materials.

3.2. Guinier Law
In isotropic materials, like polycrystals or isotropic liquids, the form factors of the

individual inclusions, 5"(Q), are spherically averaged to give S{Q). A development
of S(Q) in Taylor series and reinterpretation in terms of an exponential leads to
the Guinier law [1]. For not too anisometric particles (like approximately equiaxed
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QR
Figure 2: Form factor of a sphere (dotted line), together with SAXS data from dilute
Cu-Fe [13] (crosses). Similar curves were also measured by SANS in Cu-Co [12]. The
full line is the form factor of-the sphere averaged with the distribution of radii (see
eq.12) according to theorical estimates [22].

ellipsoids or parallelipipeds) it can be written

S(Q) « exp{-Q2 R] / 3}

where Rg is the radius of gyration of the particle with

r2d3

w

(12)

(13)

r being the distance from the center of gravity of the particle with volume W. For a
few simple shapes, R2

g is given in Tab.I (see also [2]). If one of the dimensions of the
particle is much larger than the two others, e.g., for rods with length 2H, then the
Guinier law becomes _

2 2 . (14)

10"
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2R2/4

2HQ

1 QR 10

Figure 3: Spherically averaged form factor of cylinders with radius R and length 2H
(dots), with H/R = 10. The oscillations at larger Q disappear wlien there is some
distribution of the cylinders diameters. The behaviour Q~l at small Q correspond to
the scattering from long cylinders. Guinier'law (eq.14) is also indicated.
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where Rg2 is the radius of gyration of the two-dimensional cross-section A of the rod:

R% = A~l I rUh. (15)
JA

Note, that for a circular cross-section of the rod with radius R, the radius of gyration
is Rg2 = R/\/2. Finally, if the particles are plates (that is, two dimensions much
larger than the third, the plate thickness 2D), then the Guinier law writes

S(Q) =
_2

(16)

where .4 is the area of the plate surface and Rgi is the one-dimensional "radius of
gyration", simply given by RgX = D/y/S.

From these three Guinier formulas it becomes apparent that there is - in prici-
ple - the possibility to distinguish between particle shapes by the behaviour of the
scattering function at very small Q. because of the Lorenz factor Q~a in front of
the exponential function. Indeed, for thin platelets S(Q) oc Q~2, for long cylinders
S(Q) oc Q~l and for approximately equiaxed objects S(Q) oc Q°, for small Q. How-
ever, it must be pointed out again that this interpretaion of the small.Q-behaviour is
only possible if there is no particle interference (which usually means large separation
between particles). An example for the scattering from long cylinders is shown in
Fig.3.

4. Particle Interference

Particle interference can only be neglected for widely separated particles or in the
very special case when the two phases are arranged in a randomly space-filling way
[14], as shown in Fig.4. A situation, where interference effects can be treated easily,

Figure 4; When the space is entirely subdivided into cells, e.g., hexagons (a) or irregular
shapes (e) and if these cells are filled randomly by the two phases, then the total SAS-intesity
is just proportional to the average form factor of the cells [14]. Hence, all the configurations
shown in (b) to (d) would have the same SAS intensity (up to a multiplicative constant)
as the average form factor of the cells in (a). Similarly, the configurations (f) to (h) have
SAS-intensities all proportional to the average form factor of the cells in (e).
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V ^P(Q)
^ S ( Q )

\ P ( Q ) S ( Q ) Figure 5: Schematic drawing of
the form factor, S(Q), of a single
(approximately equiaxed) parti-
cle and the particle interference
function, P(Q), as well as their
product.

is when the particles are all identical and equally oriented. Moreover, under some
conditions (like for fractals or scaling structures), a description of the intereference
effects follows very naturally from the type of structure considered. The general case,
however, is difficult to treat (see, e.g.. [15]) and shall not be dicussed here.

4-1. Identical particles
If all the particles are identical of volume W (and oriented in the same way), then

the total scattering intensity can be written [1] as a product

~ ~ P2) S(Q);
N (17)

where S(Q) is the single particle form factor and P(Q) a function that describes the
position correlations of the N particle centers, v0-. Typically, -P(Q) is a constant at
large Q and oscillates at smaller Q. The oscillations are the stronger, the more periodic
the arrangement of the particles. A schematic drawing of P and S is given in Fig.o.
Unfortunately, when particles are not all identically sized or shaped the situation
becomes extremely complicated and there is no general solution to the problem.

4-2. Fractal Structures
An interesting special case are fractal structures, like some isotropic aggregates

or porous materials. These stuctures are self-similar, which means that they look
similar, independently of the magnification. More precisely, if the length scale is
changed by a magnification factor £, then the resulting correlation function must be
proportional to the original one. When this is translated into Fourier space, it follows
<that

Is(Q)xIs(ZQ) (18.)

for any ^. This is only possible if Is(Q) follows a power-law behaviour in the form

IS(Q) = Io Q~a. (19)

The scattering from fractals has been reviewed, e.g., in [16]. A fractally rough surface
with Hausdorff dimension Ds and a fractal volume with dimension Dv are represented
by

6 — Ds surface fractal
Dy volume fractal,a = (20)
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respectively. The fractal character is revealed, therefore, by a linear graph of Is(Q) in
a double-logarithmic plot, with 3 < a < 4 for a surface fractal and a < 3 for a volume
fractal. An example (from [17]) is shown in Fig.lb. Clearly, the linear behaviour in
this graph must be limited both at small and at large Q in real physical systems, as
visible in the graph.

Note, that an ordinary surface with D$ = 2 leads to a — 4, in agreement with
Porod's law. Moreover, slopes larger than 4 mav also be obtained in cases where there
are no sharp (or fractal) interfaces but rather' a gradual transition (like a smooth
composition gradient) between the phases [IS].

4-3. Scaling
A second case where interference effects can be described easily is the case of scaling

structures. These may occur in some alloy systems, the precipitate morphology of
which evolves in a self-similar way [7. 19]. Indeed, in many alloys, the nucleation.
growth and subsequent coarsening of the precipitates leads to a peak in the SAS-signal
which grows and shifts with time (see Fig. 6, left, for an example). The existence
of such a peak shows that there must be massive interference effects between the
inclusions, because the peak originates from a typical distance between them.

Since it is well known that precipitates in an alloy are not equally sized, this
is a typical situation where it is extremely difficult to disentangle the effects from
particle form factor and interference, in order to obtain separately two important
parameters from the scattering curve, namely the mean size and average separation
of the precipitates. However, for the later stages of precipitate coarsening and when
the reduction of the total interface surface between the phases is the only driving
force, theory and computer simulations predict a self-similar evolution of the alloy
[19, 20, 21]. Such an evolution is characterized by the fact that the morphology at a
certain time is similar to the one at some previous time, given a change in the overall
length scale. More precisely, the SAS-intensity at time t is

(21)

0.0 0.1 0.2 0.3 0.4

Q (A*1) max

Figure 6: SANS-data for an Al-Zn-Mg alloy aged at room-temperature between 1
day (squares) and 1 year (circles) [24]. The maximum is due to a position correlation
between the spherical precipitates (left). On the right the same data are shown on
renormalized scales, where the full line is the fit with a model [21] for the scaling
function F defined in eq.(21).
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Figure 7: Schematic representation of a corsening process in an alloy driven by
isotropic interface energy. (I) shows a typical distribution of spherical precipitates
as they might occur in an alloy after some time ti of heat treatment. (II) shows
a two-fold enlargement of the upper right corner and (III) a four-fold enlargement.
Self-similar coarsening would imply that the real configurations at times tm and £//
should be "similar" to the ones generated from the configuration at i/ in the way
explaned above. The precise meaning of "similarity" is that the correlation functions
(or equivalently the SAS intensities) of the real situation at time <// and of the picture
shown in (II) should be the same.

where F is a scaling function independent of time and R and J are time-dependent
parameters. Such a behaviour can be recognized easily in the small-angle scattering
data from the fact that all the curves superimpose when the axes are rescaled properly
(see Fig.6).

Hence, even though the full structure of the alloy at a given time has not been
reconstructed, the time dependence of the mean size and average separation of the
precipitates can be determined, since they are both proportional to the same length
scale R(t). Fig.7 is an attempt to visualize the scaling property. Moreover, the law
of integral intensity (eq.5) requires that

(22)

which can be used to determine the time-dependence of fi(t) by SAS [24]. In the very
late stages of phase separation, fi is expected to be constant [19]. Scaling behaviour
was predicted theoretically for a small volume fraction of precipitates / i << 1 [22]
and is also in agreement with numerical solutions [20] of approximate theories, like the

• Cahn-Hillard-equation [23]. Experimentally, it has been found by SAS in a number
of alloys [7, 21] and an example is given in Fig.6.

5. Anisotropic small-angle scattering

5.1. Single crystals
When inclusions, like precipitates in alloys, tend to be non-spherical or to align

along special crystallographic directions, additional information may be gained from
the investigation of single crystals. Non-spherical precipitates are found, e.g., in Ni-
base superalloys where elastic interactions, resulting from the different lattice spac-
ings in the two phases, lead to a break-down of the scaling-behaviour described in
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Figure 8: Typical configuration of precipitates in Ni-Al-Mo alloys with different com-
position containing (a) cuboidal or (c) spherical precipitates, (b) and (d) show the
typical corresponding intensity distributions as measured by SANS [25] or SAXS
[26,27].

the previous section and to SAS-patterns as shown schematically in Fig.8. In an
alloy where no differences in lattice spacing between the two phases is present, the
precipitates are spherical (Fig.8c) and the corresponding SAS-patterns have circular
symmetry (Fig.8d). With elastic interactions present, the precipitates are cuboidal
and align along the cubic directions ([100]. [010], [001]) of the crystal (Fig.8a). The
corresponding SAS-pattern is very anisotropic and shows maxima in the directions of
alignment of the precipitates (Fig.8b). One way to characterize the anisotropy of the
SAS-spectrum from an alloy with cubic symmetry is to use the function IQ(XI) which,
for symmetry reasons, depends only on the cubic harmonics, k\ and hi [27]

/g(n)'= a +1 k
2; = nx n. ny nz -\- nz nx = nx nn n. (23)

where n = (nx,ny,nz) and a, /?, 7 constants.
In some cases, plate-like inclusions lead to extremely anistropic SAS-spectra, like

for oxide precipitates in some metals [28] or semiconductors [29]. The shape function
for cylinders (Table I) can then be used to estimate the diameter (resp. thickness) of
the plates from the width (resp. length) of the streaks in Q-space appearing in the
directions perpendicular to the plate surfaces [28]. An example is shown in Fig.9. The
intensity decay along the direction of the streak is related directly to the thickness of
the plates. In the simplest case where all plates have the same thickness 2D and an
area A, the decay should be (m being the unit vector into the direction of the streak)

S(Qm) =
'sinQDs

, QD ,
(.24-)
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Figure 9: Two-dimensional SAS-pattern in
rhe (110) reciprocal lattice plane, for a Cu-
lat9cFe single crystal after internal oxydation
(from [28]). Streaks in [111], [111] and [001]
directions are visible. The isointensity con-
tours are spaced logarithmically (5 contours
per decade).

where 5 is defined as in eq.(17). One may use this expression directly to fit the data or.
alternatively, its expansion for small x = QD: (sinar/a;)2 « 1 — x2/3 ss exp(—x2/3).
A section across one of these streaks (e.g. in the direction of the arrows in Fig.9) can
be used to determine a typical dimension describing the size of the surface A [28]

S{Qn + Qom) % S(Qom) exp(-Q2 (25)

where n is the unit vector in the direction perpendicular to the streak (arrows in
Fig.9) and QQ the distance from the origin to the line where the section across the
streak was made. The dimension Ro is an average of the half axes R\ and R2 of the
inertia ellipse of the surface A:

R\ = R\ cos2 o+R\ sin2 (26)

where (p ls the angle between n and the direction of R\ (both being perpendicular
to m). The advantage of using an evaluation based on eq.(25) is that the section
does not go through the origin of reciprocal space. Hence, the resolution (that is, the
largest R^ that can be measured accurately) is not limited by the beamstop but only
by the angular resolution of the setup (which is usually much better). In some cases.
this may improve the resolution by a factor 10 [28].

cylinder-

Figure 10: Typical scattering pattern from a specimen with cylindrical symmetry
(SAXS due to cellulose fibrils in the cell wall from earlywoqd of spruce, data from
[31]). The right picture shows the effect of the multiplication by sine of the polar
angle with respect to the cylinder axis (horizontal), as used in eq.(27)
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4-4- Fibrous Structures
In materials with a cylindrical symmetry like, e.g., fibre bundles, liquid crystals or

fibre composites, the SAS intensity is usually averaged around the cylindrical axis.
This leads to an intermediate case between the fully isotropic structures and single
crystals. In particular, the spherical average of the intensity can be computed directly
from a two-dimensional image containing the cylinder axis by

1 /17r dcx
{ Q ) ' d x ( 2 7 )

• where (Q, x) a r e the polar coordinates of the Q-vector within the plane of the detector,
X being the angle with the cylinder axis (see Fig.10). It should be noted that to
determine Is in the case of single crystals, the SAS-intensity must, in principle, be
measured in all three dimensions of reciprocal space. Other data evaluations relating
to fibrous systems, like determining the distribution of fibre directions, have been
discussed, e.g., in [30].

6. Final remarks

A number of topics have- not been addressed in this introduction, among which
are grazing-incidence SAS which probes the surface of the specimen (see, e.g., the
lecture notes by Webster and Als-Nielsen for neutron reflectomety) as well as ultra-
small angle scattering (USANS) where double-crystal monochromators are used to
achieve smaller scattering angles (see notes by Ioffe). Dependent on the thickness of
the specimens, there might also be multiple small-angle scattering [32], which was not
discussed here. In crystalline materials, multiple Bragg-scattering may also produce
intenstity at small angles [33] which can, however, be completely avoided by choosing
a neutron wavelength larger than the Bragg-cutoff (that is, twice the largest Bragg-
spacing).

Up to here, no distinction was made between neutrons and x-rays in their use for
SAS. The last part of these notes will now be devoted to the discussion of the specific
advantages of x-rays or neutrons in various situations.

6.1. Some specific advantages of neutrons for SAS

• There is a generally a low absorption which allows the non-destructive investiga-
tion of large specimens, like complete turbine blades, which can be particularly
attractive for industrial applications.

• This low absorption also implies that neutrons with long wavelength can be used,
which improves resolution and avoids the unwanted effects of multiple-Bragg
scattering. *

• There is a large scattering cross-section for light elements, which makes SANS
particularly attractive for the study of organic matter (see notes by Pedersen).

• In the same context, it is also very advantageous that hydrogen and deuterium
have strongly different scattering cross-sections (in fact, of opposite sign), which
enables contrast variation techniques, e.g., by substitution of normal by heavy
water. This method is particularly used for the study of biological systems.

• Finally, Making use of the magnetic scattering cross-section for neutrons, it is
possible to study magnetic clusters or precipitates by SANS. Some applications
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Figure 11: Nuclear A(Q) and magnetic B{Q) contribution to SANS from a magnetic
amorphous alloy (FINEMET) heat-treated at 550"C to form nanocrystailine inclu-
sions [34]. Measurement with unpolarized neutrons in a saturating magnetic field of
0.7T.

are discussed, e.g., in [7]. Fig. 11 shows the recent example of an amorphous
magnetic alloy (FINEMET) in which heat-treatment leads to the formation of
nanocrystalline inclusions [34]. Since all the structures in the amorphous alloy
can be assumed isotropic, the SAS intensity measured with unpolarized neutrons
in a saturating magnetic field was written

sin2 a (28)

where a is the angle between Q and the direction of magnetization. Therefore,
it was possible to separate A(Q) and B(Q) corresponding to the nuclear and
magnetic scattering, respectively (see Fig. 11).
Other recent applications include the measurement of magnetic flux line lat-
tices in superconductors [35] and "magnetic contrast variation" to enhance the
contrast between magnatic precipitates in a non-magnetic matrix [36].

6.2. Some specific advantages of (synchrotron) x-rays for SAS

• When the x-ray wavelength is chosen close to the absorption edge of of an el-
ement, the scattering cross-section becomes strongly dependent on the x-ray
wavelength. This anomalous scattering property can be used for contrast vari-
ation without changing the specimen itself. Typical applications in materials
physics are the study of ternary systems, where partial structure factors for the
distribution of the three elements can be extracted [37]. In addition, it is often
an advantage - even in binary alloys - to perform contrast variation experiments
in order to avoid an unwanted background from the macroscopic surface, dislo-
cations, and other defects. This is demonstrated in Fig.12, where the scattering
from a Cu-Fe alloy is shown [13]. It is clear that the SAXS signal is significantly
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different at two x-ray wavelengths, one being close to the absorption edge of
iron. The difference between the curves can be interpreted as due to precipitates
while the rest is due to defects in the matrix. Indeed, the SAXS contrast for the
'precipitates is proportional to [pea ~ PFe)2 and varies by a factor 3 between the
two x-ray energies, while the contrast for the scattering from defects is propor-
tional to (pcu)2 which is practically the same for the two energies. The graph in
Fig. 12 shows clearly that a direct analysis of the scattering curve at one of the
x-ray energies would lead to erroneous interpretations.

• A further advantage is the very large brilliance that is obtained with synchrotron
x-ray sources. This is a great advantage for time-resolved studies. For instance.
in a recent investigation of precipitate nucleation in Al-Zn, a time-resolution of
10 milliseconds was achieved [38].

• The large brilliance may also be used for position-resolved studies. Small-angle
scattering patterns may be collected with a spot of only a few micrometers on
the specimen. As an example. scanning-SAXS is well suited for the investiga-
tion of complex (biological) materials, like bone or wood, which are extremely
heterogeneous [39].

In summary, SANS and SAXS are powerful and complemetary techniques for the
investigation of materials structures in the range between one nanometer and one
micrometer.
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Introduction

The tijt^given to this paper is deceiving: while it
accurate the field it Covers is vanishingly

iifficult to describe once you want to define it.
Therefore our first task will be to define our
subject.

The most classical way to illustrate data is to use
"data points" on a graph and, hopefully, to draw a
line to match the points. When a theoretical model
is at hand this curve is usually obtained by fitting
a model through a program on a computer.These
two main elements are normally completed by
error bars. All this allows the reader to appreciate
the quality of the experiment and the depth of the
understanding of the author. For the neutron
scatterers, who are most of the audience of this
conference, the ordinate is usually some neutron
counting (intensity), while the abscissa may be
extremely diverse : scattering angle, reciprocal
space momentum, time of flight, energy
transfer...

However this type of graph is so classical that it
raises few questions, we shall therefore address to
the more complicate cases when the function to
represent (still some intensity) is a function of
several variables, which are not necessarily plane
coordinates. This we shall call "data imaging".
We are going to discuss the technical aspects.

Before going to the technics of "data imaging" let
us consider for a while the usually forgotten other
side of the subject: namely the person who looks
at the "image". Indeed the technics used for
representing data should try to take into account
two human peculiarities : prejudice and
sensitivity. Let us take a few examples to illustrate
the point.

The way people build images is strongly
dependent upon their world representation. Let me
remind you that during Middle Age in Western
Europe people were using images, paintings,
mosaics, statues mostly for religious purposes or
to exhilarate the highlights of noblemen lineages.
These representations were never requested to
represent reality or nature, words of little meaning
for the people; on the contrary they were meant to
act as powerful symbols, supported by a
codification clear to everybody sharing the same

community. For example the Church never cared
about the expression of the saints' visages or their
surroundings, they were merely represented in a
way to remind the audience about their (assumed)
life in order to testify for the Christ. In the same
way noblemen cared more about the number of
the towers of the castles (which signed power)
than to a representation of their actual architecture
and surrounding landscape. All the images are flat
because they describe nothing, they are a mere
evocation.

lie*

Fig 1 The Annunciation by A. Lorenzetti is typical
of the flat Middle Age style, with one exception: it
is famous for being the first picture with a true
perspective (applied to the pavement alone) [1].

Therefore the attempts of the early Renaissance,
the Italian Quattrocento to find ways (Figl) to
give a "true" representation of the subject, either a
person with its sentiments, or the architecture of a
building, or the organisation of a landscape, was a
revolution : the interess of the audience had
changed, it now expected information beyond
symbols [2].

In the same way the images we build to represent
our data should depend on what feeling the author
want to pass to the reader; if this was not the case
a simple set of pictures would be enough !

The second human characteristic which we must
consider is the eye sensitivity, more precisely the
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human eye+brain sensitivity. The most obvious is
the sensitivity to colours: we do prefer colour
images to black and whites. A less known
property is a physiology law which says that the
effect on eye is proportional to the logarithm of
the excitation: the consequence is an intrinsic
difficulty to represent many different levels of
intensity through grey shades. A third
characteristic is the brain sensitivity to geometry.
To illustrate the latter let us consider a modern
painting (Fig2a). A non educated eye will find
rather little information in it, let alone emotion.
Let us now consider both Fig2a and Fig2b derived
from the previous one by a symmetry. Once
looking simultaneously at Fig2a and Fig2b,
structures appear that were not easily seen before.

2 "Shimmering substance", J. Pollock [3]
The original picture (Fig2a) is on the left. Fig2b
on the right is obtained by symmetry. Viewing
both pictures enhances structures not easily seen
in each.

The conclusion of this long introduction is that:
- there is no unique, natural way to represent data,
the author of an image can and must try several
points of views
- the image must be built in order to match best
the sensitivity of human observers.

Criteria.

Let us first explicit what neutron scatterers expect.
Most people involved in data imaging will do the
following (inspired from[4])
- access to the data, usually from a stored file
- display the data on a screen and make hardcopy
on a printer
- manipulate their data
- fit a theoretical model to the data.
The same person will indeed have different
request according to circumstances.

During the initial measurement itself the
experimentalist'can usually look at few images on
its terminal. Thence he wants to save on paper or

at least to call back on the screen the most
significant spectra already obtained in order to
manage the experiment. These operations must be
easy, without much learning ; availability of
various imaging possibilities and a few
manipulations to correct data are welcome but not
essential. A flat, colour image is usually enough,
provided that exist some possibilities to enhance
some features, like changing the intensity scale or
the colour palette.

Then comes the interpretation phase. The scientist
is still interested by file corrections but access to
relevant models is now essential as well as the
possibility to select the significant data (masks). It
is straightforward to see that to apply a selection
(mask) to a picture is practical on a flat
representation only. To build an appropriate
model it is nice to have a user friendly, possibly
limited set up, in order to start some analysis
before going deep into the work; this latter phase
usually requires to read a manual, preferably on
line. A very difficult problem is the comparison of
the data and the model. A general quality figure is
the value of the quality function for the fit (most
often the yj). This is of little help if something
goes wrong. The most usual way is to make
narrow cuts in the image and to project the data
along the line of the cut, reducing the problem to
the usual calculated curve to compare to a Id data
set. An other, less frequent, way is to build a
difference measured-calculated data set and to
display it as the data set image; this is extremely
useful to fast identify mismatched areas. As a
matter of fact, the cut and projection on some axis
keeps being the most common representation to
display experimental results and the only one to
allow to include error bars. In many cases
classical data evaluation requires it. For instance
SANS scatterers like to draw "Zimm plots": in
case of anisotropic spectra the meaningful method
is to draw 1/I=f(q) graphs for a set of angular
sectors. The fitting task is hardwork, its is
therefore useful to have the possibility to keep
images and fitted files with all the relevant
information in case it is necessary to rebuild them
after a while.

Finally comes the time for publication and
seminar; as most scientific journals accept only
black and white picture the range of possibilities
is much narrowed, usually to contour lines, which
most often offer a rough information. For
seminars or paper covers a 3d image with nice
colours is much appreciated.

Generally the "data imaging" problem consists in
representing a function like f(x,y), where f is an
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intensity and x,y are Cartesian spatial coordinates
of a multidetector. However the time of flight
experiments may compel to use more complex
coordinates and representation (see below the part
devoted to ISIS). New requirements will also
appear : beyond the common acquisition of data
sets versus temperature T, in more and more
experiments there may be an extra variables like
an hydrostatic pressure P, a rocking curve angle
co, or a shear flow y. We shall have to find ways to
represent accordingly the data and to fit
simultaneously several data sets.

Most of the data treatments take place where the
data files have been obtained using the available
programs. Meanwhile more and more users want
to make quietly the data treatment at home. The
problem of the portability of the program is
appearing. Many of the big programs made by
computer specialists at the biggest institutes are
built over a commercial infrastructure
(OpenGenie in ISIS, LAMP in ILL, NewSAS in
LLB). The interested user must thence get the

relevant license (IDL for OG and LAMP,
PVWAVE for NewSAS). Some others (XPLOTS
in ILL, PXY in LLB) are based on a free graphic
base (PGPLOT [5]). Many of these software work
on UNIX machines while many users like PC; the
transfer is not easy. It is not always necessary as
big Institutes make distant work available
(BARNS in ILL [6]).

However the external users most addicted to
fitting, may want to personalise their model. This
is more or less possible according to the
programs; the lowest level possibility is to make a
linear combination of built-in functions, while the
highest level programs will interpret interactively
typed function and include them in the model.
When the compiled objects are provided the user
may link its own model functions.

Reviewing some programs.

Let us now review some of the data imaging
software for neutron scatterers. They are not so

Fig 3 An example of LAMP window. In front, an image of an Anopore membrane observed by the author
on D1I at. very small angle. The general information is displayed on the large back window. Choice for
colours is available in the right window.

many and details are available on the WEB for
even fewer. The one which has probably been
used by most neutronists is LAMP at the ILL[6].
LAMP was intended to provide a coherent
interface for data analysis in all instrument groups
at the ILL during the data-acquisition period.
Consequently, this application in not dependent

on the format and form of the input data and
provides a macro-language which is not only
similar to FORTRAN90, but also provides
graphical functions and a mathematical library.

LAMP evolves in specific domains as new macros
are added by users and instrument responsibles
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and then shared between other instruments and
groups. LAMP is used by permanent and visiting
scientists.

In 1999 an important new independent layer
functionality was added to LAMP which allows
the full power of LAMP with an intelligent and
interactive access to instrument control programs.
This facility, called GEORGE, permits the
instrument to be controlled on the outcome of
data-analysis.

LAMP uses the environment of IDL (from RSI)
which at the time LAMP was conceived was the
only coherent method for combining analysis,
visualisation, and creation of interfaces. Today,
other products, such as Matlab, can also offer this
coherence, but IDL seems better suited to modern
technologies, and provides a language which is
more familiar to the "old-hands".

Finally, for those who wish to use LAMP in their
lab they can obtain a copy from "ftp.ill.fr/pub/cs"
which runs in the .same fashion on Unix, Linux,
Mac, OpenVMS, and Windows95/NT. For those
without an IDL license, LAMP can be run over
the WEB [5]. The ILL also provides LAMP free-
of-charge with a runtime license. And LAMP is
indeed used in many ILL users labs.

The strength of LAMP lies in the following:
- independence from data-format: almost all
attributes of the data can be held in standard
LAMP-variables.
- use is intuitive, and the main LAMP window
shows most of the functionality.-FORTRAN-like
syntax.
-LAMP evolves via RSI (IDL), the users (macros)
and the LAMP-team (the kernel), it is robust and
compact).
- all platforms are supported, even the WEB and
dumb terminals.
- everything is done to avoid the user reading, but
getting straight on with data analysis inspection
[8].

Also at the ILL, XPLOTS [9] basic principles are
at the opposite of LAMP. Its single aim is to
display a few data sets as fast and reliably as
possible. Learning XPLOTS is a matter of
minutes as XPLOTS is extremely simple, limited
to the essential choices, for instance the scale
choice, linear, log, square root. All significant
information is shown on the output, notably
filenames and intensity scale. While not exclusive,
XPLOTS has been optimised for SANS. It works
under UNIX or on PCs.

Fig 4 Example of output by XPLOTS, allowing to
compare several files (again the Anopore
membrane on Dll) versus rocking around the
vertical axis.

XPLOTS is developed by a single person; it is
based on the free graphic interface PGPLOT.

Developed by the author in the LLB, the PXY
program is intermediate between LAMP and
XPLOTS. When PXY was started the main
purpose was indeed to treat complex 2d images
from SANS, it is still its main success. For
comparison, PXY can display up to 9 spectra at a
time. For the data treatment many masks are
available (rectangle, angular sectors, double
rectangle cross as in Fig 5). The basic functions
are available in Id and 2d; some functions are
specific to 2d as anisotropic power law or mixed
gauss-lorentz... 2d fitting takes place pixel by
pixel, without averaging along some direction as
was done in classical SANS programs. PXY is
used for other purposes than SANS, as the
analysis of X-ray data files or even video pictures.
It is not limited to LLB, recently it was used for
Dll files. PXY is based on the free PGPLOT
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graphic interface. It can be installed at home by
any scientist, under UNIX or LINUX. New
developments will include simultaneous fitting of

several files and a PC version (sometime later as
the developer is a single scientist).

PATH
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Fig 5 An example of output by PXY. All relevant information appears on a single view : the data file
image with the mask, is on the bottom right, the file details and corrections on the top right, the intensity
in the pixels inside the two components of the mask is on the bottom left (horizontal rectangle projection
in blue, vertical one in red), the results of the fit, parameters and statistics are on the top right (an
anisotropic lorentzian was used to fit the forward scattering from a polymer liquid crystal, a gauss-
lorentz function for the smectic "Bragg" peak on the left). The menu is removed when printing.

GENIE is the name of programs used for the
display and analysis of data from the neutron
scattering instruments at the ISIS facility. The
new GENIE is known as Open GENIE to reflect
the intention that the software be used on a wide
variety of different computers and operating
systems. It is aimed at supplying scientists with an
inexpensive computer package which provides
them with access to their experimental data, so
that they may analyse the data as required and
display the results in a useful format, usually in a
graphical form [4, 10].

Arguably the most important purpose of Open
GENIE is as a tool for scientific data analysis as a
framework which provides all the tools necessary
to perform a complete analysis of the data. What
is critical and is very much at the heart of the
philosophy of Open GENIE is that the scientist
must have control over how the data is processed.

The philosophy of OpenGenie is similar to that of
LAMP. It is extremely powerful, but need reading
to exploit it fully. Thence some other programs
are also in use at ISIS.

As regards SANS at ISIS [11] data reduction and
visualisation (Id obviously, but also colour
intensity contour plots in 2d and 3d) is done with
in-house programs unique to ISIS and based
around DECGKS, PGPLOT and UNIRAS
graphics respectively. Reduced data can be
exported to other (including commercial)
packages. ISIS now has a collaboration with the
SAXS group at the Daresbury synchrotron which
has given access to the data visualisation software
developed under CCP13[12].

Indeed the nature of ISIS compels all the
spectrometers to use time of flight (tof), which
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generates an enormous quantities of data, to be
viewed and evaluated. It is interesting to look for
instance to the problems of inelastic neutron
scattering. Because of tof the scattering takes
place on a curved surface in the hyperspace built
on the 3 laboratory coordinates complemented by
an "energy transfer" axis (Fig 6). In order to make

possible for the experimentalist to grasp the data it
is necessary to make cuts in this hyperspace; on
Fig 6 is shown a subspace corresponding to the
scattering in the horizontal plane, of course the
scattering surface is still curved. Once the
experimentalist gets used to this geometry it is
probably simpler to map the data on a flat surface,

Scattering surface in (Q,e) space

1.0
[h 0 0]

., . .1

1.5

Spin wave dispersion surface of
la0,Pb<,,MnO, intersected by the
scattering surface

2.0

Fig 6 Representation of
inelastic scattering data
obtained by time of flight at
ISIS. On the top left is shown
the experimental geometry :
the scattering plane with 2
laboratory space directions
+ the energy transfer, and
the scattering surface. On the
right the data are displayed
on the scattering surface; the
vertical cone describes the
scattering law for the spin
waves; where it intersects the
scattering surface appear the
neutron intensity. Finally the
intensity map is projected on
the experimental plane
(beware of the variable
energy transfer across the
area)[13].

Projected intensity map

with all the trouble that Mercator had in the 16th

century when he wanted to map the Earth on a flat
surface... However it is very nice to get the
inelastic scattering information over a large
volume, but more than ever clever representation
programs are required. Of course the comparison
with the model keeps being as difficult as usual.

In the frame of this paper it is not possible to
discuss many more contributions. However I
would like to mention two interesting
contributions devoted to specific problems as
examples of the work done in small labs.

In SANS it is very common to get data sets at
several sample-detector distances which acts like

a zoom. J.M. Schneider [14] made a program
which combines 3 data sets together, with
logarithmic reciprocal space scaling, in order to
view all pixels in an appropriate manner.

It happens especially in SAXS that otherwise
beautiful data are spoiled by defects in the picture.
Using skilfully contrast tools and selection N.
Stribeck [15] designed a recovery program.

The canSAS network (Collective Aid for
Nomadic Small-Angle Scatterers) is devoted to
"Interchange programs for treated SAXS and
SANS data"; its main purpose is to make easier
interchange of data files, however its WEB site
[16] contains a lot of information about imaging
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programs, useful beyond the SAS community. In
particular R.K. Heenan [17] made a short critic
review of fitting programs (general one
dimensional data, or slices through 2d data,
indirect Fourier transform methods, 2d data
handling and fitting...)

Another useful source of information is the ENSA
server [18].

Conclusion

Data become information when properly looked
at.

ft.

4

Fig 7 "Philemon and Baucis. On the right is
shown the original picture of this small statue by
M. Kovacs, "StEndre museum, Hungary". On the
left, the information is wretched by excess
contouring, or is it not ? [19]
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NEUTRON REFLECTOMETRY

A.A. van Well
IRI, Delft

1. INTRODUCTION
On July 14, 1944, Fermi discovered that neutrons could be totally reflected from a surface
[1]. The recognition that this was a direct consequence of the wave character of the neutron
resulted in the assessment of many analogies between neutrons and light. This part offieutron
research where reflection, refraction, and interference play an essential role is generally
Teferred"to as 'neutron optics'. Klein and Werner |2, 5\ give an extensive review of many
aspects of neutron optics. For a very good and clear introduction in this field, we refer to
Sears [4]. Analogous to optics with visible light, a refractive index n for neutron can be
defined for each material. If we define n = 1 in vacuum, it appears that for almost all
materials the refractive index for thermal neutrons is smaller than unity. The deviations from
1 are in the order of 10~5. This implies that for most materials total reflection will occur at
small glancing angles (of the of a fraction of 1 degree) coming from the vacuum (or air), just
opposite the normal situation for light. The ifeutron wavelength, the scattering length density
and the magnetic properties of the material determine the critical angle for total reflection.
We"wilT come bacYTcHfiTs~TrTcretail in tHe~next""sections. TotaTrefTection ot neutrons fs
extensively applied in the determination of the neutron scattering length [5], for the transport
of neutrons over long distances (10 - 100 m) in neutron guides [6], in filter systems [7], and
neutron polarisers [8-10]. In the latter application, use is made of the fact that the interaction
of neutrons with spin parallel to the magnetic induction differs from that with the anti-parallel
spin.

So in the early stages, the phenomenon of total reflection was used to construct instrument
components. Much later one realised that detailed information about surface and interface
structure could be obtained by determining the (partially) reflected neutron intensity 'beyond'
the total reflection region. This information concerns the composition as well as magnetic
profiles as a function of z, the distance tot the interface. The spatial range extends from a
fraction of 1 nm (monolayers) to depths of a few hundred nanometres. This insight resulted in
a fast growing number of neutron reflectometers all over the world, with a still broadening
range of applications.

Generally, samples are being studied that are isotropic in the x-y plane, parallel to the
interface. This means perfectly layered structures along an area of the order of several cm^.
For these systems, the neutron reflects purely specularly (angle of incidence = angle of
reflection). In principle, information about lateral structure (in the range from 100 nm to
several |im) could be obtained from the intensity distribution of the non-specularly reflected
neutrons. This is a new and complex branch of neutron reflection that is still maturing [11,
12] and will not be considered here.

Neutron reflectometry and the reflection of electro-magnetic waves with the is-vector
perpendicular to the plane of reflection, the so-called s-waves, are described by the same
equation. Lekner [13] extensively reviews the theoretical background and gives exact and
approximate solution methods for both EM-waves and particles. In Section 2, the theoretical
background will be discussed briefly. The phenomenon of reflection is described by the
Schrodinger equation, where the medium is considered to be continuous and is characterised
by means of an effective (or 'optical') potential. This potential can be translated into an



expression for the refractive index. In Section 3, some words are spent on the interpretation of
neutron reflection data. For a recent review of this field, we advice [14]. Section 4 discusses
the experimental methods. In Section 5, we conclude with some examples of the application
of neutron reflectometry.

2. THEORETICAL BACKGROUND
The neutron is described by a plane wave with wave vector k, with magnitude k = 2n/X, and
with kinetic energy

2

The interaction with matter is described by an effective or 'optical' potential [4]

F ( ) ( ) B ( ) (2)
m

where the first term describes the interaction with the nuclei and the second term the magnetic
interaction, m is the neutron mass, |u,n the neutron magnetic moment, B the magnetic
induction (throughout this paper we use SI units), and the scattering length density is defined
by

p(r) =<]>>,.£,.>, (3)

where TVj and b\ are the number density and coherent scattering length of species i, and <•••>
denotes the average at position r. Neutron absorption is taken into account by the imaginary
part of the scattering length b [4]

b = V-ib", (4)
where b" = (k/4n)aa(k), with a a the absorption cross section. Except for thick layers and/or
strongly absorbing elements, such as Cd and Gd, the adsorption can in general be neglected.

Reflection is governed by the 3-dimensinal Schrodinger equation

2 . (5)()
2m

If we consider a system that is isotropic in the*, y plane, then the potential Fonly depends on
the perpendicular component z (see Fig. 1). Eq. (5) then reduces to the 1-dimensional
equation

^ feV = 0, (6)
with y{z) the perpendicular component of the neutron wave function, and qQ = kQ sin Go is
the perpendicular component of the neutron wave vector in the incoming medium (z < 0).
Note that the wave vector transfer during reflection is given by Q = 2q§. The optical potential
in units of wave vector squared is defined by

^ ) . (7)r(z) ^ F ( z ) .
n~

The perpendicular component of the neutron wave vector as a function of depth is
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Fig. 1. Reflection geometry

In Eq. (6), the incoming medium was taken vacuum (or air) with F = 0. If the neutron
approaches the interface through a bulk medium with F = FQ, F(Z) should be replaced by
r(z)-F(). The nuclear part of F(z) is given by

Fn (z) = 4np{z) = 4n < \ Nt b{ >. (9)

The treatment of the magnetic part is more complicated. Here we will only consider the
collinear case, i.e. where the neutron spin is either parallel or anti-parallel to the magnetic
induction B. Then the magnetic part of F can be written as

iPi>, (10)

resulting in

=r n ( z )+r B = 4 * ( i i )

where the 'magnetic scattering length' is defined as

Pi=Cfii, (12)
with /u\ the magnetic moment of species i in units of Bohr magneton ^Q and the constant
given by C = m/jn/jQ/jQ/2nh^ = 2.699 fm/z/g. The plus (minus) sign in Eqs. (10-11) refers to
spin parallel (anti parallel) to the magnetic induction (or magnetisation). In the non-collinear
case, the theoretical description is much more complicated [15-17]. Then, spin flip may occur
during reflection, also leading to non-specular reflection [17-20].

From Eqs. (6) and (8) follows that for neutron, analogous to light, a refractive index can be
defined by

(13)

For the non-magnetic case this yields

V n 2n
A sharp interface between two bulk media with F() < T\ (see Fig.l) acts as a potential barrier
for de neutron with a height AV = h^AT/(2m), with AF = F) - Fo- If the 'perpendicular
component' of the kinetic energy is smaller than this barrier, total reflection occurs. I.e., the
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reflected intensity R(qo) = 1 for qo<qc= -v AF . In that case, q\ is imaginary, corresponding
with an exponentially damped wave, the 'evanescent 'wave'. For qg > qc the reflectivity
decays according to the Fresnel law (see dotted line in Fig. 2)

2

(15)

For qo » qc the Fresnel reflectivity approaches the asymptotic form

zw^/tfc Y_(AT)2

2q
(16)

At the interface between two media with refractive indices«o and n\ (conform Eq. (13)), the
Snellius law holds

n0 cos#0 = nx cos#,. . (17)

q (nrn1)

Figure 2. Calculated reflectivity from a glass substrate with a nickel layer of thickness
D. Continuous line: D = 100 nm; dashed line: D = 10 nm; dotted line: bare substrate.

In our example «Q < n\ and therefore 8\ < 9o- For neutrons with wavelength A. = 2n/kQ total
reflection occurs for glancing angles smaller than the critical angle 9C = arccos («]/«()) =

qc/JcQ =VAr IICQ = A-VAF 11%. For most materials the deviation ofn from 1 is of the order
10~5, resulting in very small critical angles, of the order 10 mrad (17.5 mrad corresponds to
1°). In Table I, numerical values for the variables discussed above are given for some
materials. In Fig. 3, Fn (and the corresponding ri) is displayed for all elements. Note that
different isotope in general have different scattering lengths.
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Figure 3.T, defined by Eq. (11); and the deviation of the refractive index from unity
(for X = 0.28 nm) as a function of the atomic number. For some elements, values for
different isotopes are given. Closed circles represent natural isotopic abundance.

Table I. Neutron reflection parameters for some materials. The symbols for the
magnetic materials indicate that the magnetic moment (in saturation) is not taken into
account (0), is parallel (©), or anti-parallel (e) to the neutron spin.

material

Si crystal
SiO2 'glass'
Ni ©

©
©

58Ni ©

©
©

C diamond
C graphite
Al
Au
Cd
Gd
Ti
Fe ©

©
e

Co ©
©
©

H2O
D2O

b'
(fm)
4.15

15.75
10.3
10.3
10.3
14.4
14.4
14.4
6.65
6.65
3.45
7.63
4.87
6.5

-3.43
9.65
9.65
9.65
2.53
2.53
2.53

-1.677
19.15

6"
(fm)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.027
0.70

13.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0.

p
(fm)
0.0
0.0
0.0
2.0

-2.0
0.0
2.0

-2.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.8

-5.8
0.0
4.5

-4.5
0.0
0.0

N
(nm-3)

49.9
22.0
91.3
91.3
91.3
91.3
91.3
91.3

176.0
112.8
60.3
59.0
46.4
30.2
56.6
84.8
84.8
84.8
89.7
89.7
89.7
33.4
33.3

r
(nm'2)

0.00260
0.00435
0.0118
0.0141
0.0095
0.0165
0.0188
0.0142
0.0147
0.0094
0.00264
0.00566
0.00284-0.0005/
0.00247-0.0035/

-0.00245
0.0102
0.0163
0.0040
0.00281
0.0077

-0.0022
-0.00070
0.00800

9c
(nm1)

0.0510
0.0660
0.109
0.119
0.0975
0.128
0.137
0.119
0.121
0.097
0.0514
0.0752
0.0533
0.0497
0.0
0.101
0.128
0.063
0.053
0.088
0.0
0.0
0.0894

8C

(mrad/nm)
8.12

10.50
17.3
18.9
15.5
20.4
21.8
19.0
19.3
15.4
8.18

12.0
8.48
7.91
0.0

16.1
20.3
10.1
8.44

14.0
0.0
0.0

14.2

As a second example, we consider a substrate coated with a single layer. In this case also, an
analytic expression exists [13]. The partially reflected waves from both interfaces interfere.
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The positions of the interference fringes (the so-called Kiessig fringes [21]) are determined
by the layer thickness, while the amplitude depends on the contrast inF for the three media.
For qQ » qc the period of the oscillations approaches n/D, with D the layer thickness. In Fig.
2, the reflected intensity from a glass substrate with a nickel layer is shown. In this case the
optical potential of the layer is higher than that of the substrate. For qQ < <7cCNi), the
'perpendicular component' of E is smaller than the potential V of nickel. The neutron wave
tunnels through the layer and is reflected / transmitted at the second interface. For a layer
thickness D = 100 nm, almost total reflection occurs in the range<?c(glass) < qQ < <7c(Ni). For
a thickness D = 10 nm, the penetration depth in this go-reg'011 is large enough to see the
influence of the buried interface.

R 10

10 —

10 - 6

0.0

Figure 4. Reflectivity from a Ni/TiHx multilayer on silicon, consisting of 20 bilayers with
5/3.1 nm thicknesses. Experimental results are obtained with the time-of-flight
reflectometer ROG of IRI [22], for glancing angles 7.5 (closed circles), 20.5 (open
circles), and 60.4 mrad (triangles). The continuous line represents a model
calculation with perfect interfaces. For the dashed line, an interfacial roughness of 0.5
nm was included.

As a third example, we consider a multilayer system composed of a stack of identical
bilayers. Again, at small qQ, we recognize the Kiessig fringes, resulting from the total layer
thickness. Due to the repetition of the bilayers (with bilayer thicknessd = d^\ + dj\\\) Bragg
reflections are present. At large go values, the peak position of the /th order Bragg peak can
be approximated by In/d.

3. INTERPRETATION
The aim of a neutron-reflection experiment is to obtain information about F(z) from a
measured reflection profile R(q) (for sake of simplicity we omit the subscript '0 ' in the
remainder of this paper). Usually, this is done by model fitting. Then, a model for F(z),
containing adjustable parameters, is used. Some kind of (weighted) least-squares routines is
used, to deduce these parameters from the experimental data. The weight factors are
determined by the statistical accuracy of the data. In the model calculations, the finite
exprimental ^-resolution is taken into account. For a continuously varying F(z), it is -in
general- not possible to derive an analytical expression forR(q). By dividing the layer into an
number of layers, each with constant F, the reflection profile R(q) can be calculated
numerically, using an optical matrix method [13, 23]. For each layer, a matrix is constructed
from the boundary conditions that at the interface both y/(z) and d^z)/dz are continuous.
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From the product of the matrices of the individual layers,/?(g) can be calculated. In this way,
R(q) can be calculated for all T(z) to any desired accuracy. Although, due to lack of phase
information, no unique solution can be obtained, this fitting procedure often leads to good
results. If it appears to be difficult to find a good set of starting values for the parameters,
leading to acceptable fits, other methods are available. In this case 'maximum entropy
methods' [24-25] or 'genetic algorithms' [26] can be used to globally scan the parameter
space. Recently, methods are being developed to obtain phase information via a specially
designed set of experiments [27-31]. With this phase information it is -in principle- possible
to uniquely invert the data to T(z).

Besides these 'exact' methods to calculate/?(<?), approximate methods exist [13]. The so-
called kinematic approximation yields the best physical insight. This is a weak-interaction
approximation, and is only valid for low reflectivities, i.e. for q » qc. It results in the
following expression

2

r.substrate rdrI—exp(72gz)dz
J A?16<7

where the reflectivity is expressed in terms of the Fourier transform of the gradient of the
density profile. The failure of Eq. (17) for some systems, even at low reflectivities, is
explicitly demonstrated by Lekner [32]. Crowtey [33] developed a more advanced
'kinematic' approximation, also applicable for higher values of 7?, i.e. smaller q values.

4. EXPERIMENTAL TECHNIQUES
Reflectivities have to be determined as a function of 17 = (2n/X) sin 0. This can be realized by
using a monochromatic beam, performing 0-20 scans. This (MONO) method is often used at
continuous sources. Examples: NIST (USA), K.FA, HMI, GKSS (Germany), Riso (Denmark).
If a broad wavelength spectrum is available, the glancing angle© can be kept fixed, while X is
determined by means of the time-of-flight (TOF) technique. This method is the obvious
choice at pulsed sources. Examples: ISIS (UK), Los Alamos (USA). The advantage of the
latter method is that a large q region can be covered, without changing the geometry. De Haan
et al. [34] made a comparison between both methods, for an instrument placed at a
continuous source. If a special type of chopper is used [35], the performance of both
techniques is similar. At the Delft reflectometer ROG, the TOF technique is used. In the
reflectometers, presently being built at PSI and ILL, both the TOF and MONO option will be
possible. Extra options, available at several reflectometers, are polarisers, spin flippers, spin
analyser (all needed for properly measuring magnetic structures), and a position sensitive
detector (for measuring non-specular reflection).

5. APPLICATIONS
The field of application is very broad. To give an overview, we refer to [23, 36], with
references therein. Almost full account of all reflectometry research is given in the
proceedings of the Surface X-Ray and Neutron Scattering (SXNS) conference series [37].
Here, we restrict ourselves by remarking that neutron reflectometry yields unique information
is those fields where contrast variation, by means of isotope substitution, can be applied, and
in the field of surface magnetism. We will demonstrate both areas with an example.

As a first example, we show the results of Lee et al. [38], concerning the adsorption of the
surfactant decyl-trimethylammoniumbromide (DTAB, CioH2lN(CH3)3+Br) at the air/water
interface.
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Figure 5. Left: experimental reflectivities from the air-water interface of a 0.05M
solution of DTAB; 1: CioH2iN(CH3)3+Br- ; 2: CioD2]N(CH3)3+Br ; 3:
CioD2iN(CD3)3+Br.
Right: An artist impression of the structure of the adsorbed layer, obtained by
simultaneously fitting the 3 data sets.

The tail of this molecule is hydrofobic and the head hydrophylic. The experiment have been
performed with so-called air-contrast-matched water (a H2O/D2O mixture containing 8.08
vol% D2O, yielding F = 0). Then all signals measured are originating from the adsorbed
layer. Three different levels of deuteration of the molecule were used, yielding detailed
information about the different parts of the molecule. The measured reflectivity curves with
the resulting structure is shown in Fig. 5.
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Figure 6. Reflectivity as a function of wave vector transfer 2q, of spin parallel (open
circles) and spin anti-parallel (closed circles) for 1.6 nm Fe on a MgO substrate,
covered with Au, in a magnetic field of 2000 Oe.

As an example of polarised neutron reflectometry, we discuss the experiment of Huang et al.
[39] of a thin bcc iron film on MgO, covered with a gold layer. Experiments were performed
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for different thicknesses of the iron layer (0.4, 0.6, 0.8, and 1.0 nm). From the data was
concluded that the ordering temperature and the perpendicular anisotropy strongly depend on
the thickness of the Fe film. The magnetic moment of Fe in saturation hardly differs from the
bulk value (2.2 //g per Fe atom). However, in thin cobalt films on silver, a clear increase of
the magnetic moment per Co atom was found - up to 2.15 /^g , while the bulk value is 1.8
/̂ B - . Fig. 6 shows two reflectivity curves for spin parallel and spin parallel for a 1.6-nm-
thick Fe film.
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Inelastic Scattering - Time-of-flight
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The Inelastic Neutron Scattering Experiment.

The quantity we are measuring in an inelastic neutron scattering experiment is the

double differential cross section ,

b2S(Q,co)

It is the scattering function, S(Q,co), which provides the link between the scattering data

and the physical system being studied and is thereby the parameter of interest. The

nature of the experiment will dictate the portions of momentum transfer - energy

transfer space that is to be probed. Rgefe^^ovides-a^aapjoi-tbe Q co apace--

Jnijj^pting fon rngji"ino ip whiqhjffiXl£Ufi P^^ The

portions of Q-co space that are accessible and the way it is covered determine the

appropriateness of an instrument or technique to a particular experiment. One should

also remember that if ̂ ««*tE) studying a polycrystalline of disordered material,

momentum transfer need only by characterized by modulus Q whereas in studies of

single crystals one is operating in four-dimensional Qx-Qy-Qz-co space.

The Time-of-flight Technique.

Thermal neutrons have velocities of the order of a few km s'1. Consequently, their

energy or momentum can be determined by measuring their time of flight over a

distance of a few meters. In the case of inelastic scattering experiment of course one

wants to measure the energy and momentum transferred to or from the sample so

either the incident energy is fixed and the final energy measured, or vice-versa. This, in
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essence defines the two types of time-of-flight spectrometers; direct geometry

spectrometers which have a energy selecting, device such as a chopper or crystal, in

the incident beam; or indirect geometry spectrometers which have an energy selecting

device in the scattered beam. In both cases, the starting time for the neutrons must be

defined. In the case of a pulsed source, this is inherent in the nature of the source, but

on a steady state source, a pulsing device such as a chopper is required.

Accessible regions in (Q,co) space.

Whether we are defining ki and measuring kf by time of flight or the other way round

dictates the path any given detector traces across (Q,co) space as a function of time of

flight. The two scattering triangles are shown in figure 1.

Q(t)
Q(t)

Figure 1. Scattering triangles for direct and indirect geometry.

By applying the cosine rule to the scattering triangle and translating into energy units we

have

Q 2 = k f + k ? - 2 k j k

2m

For direct geometry spectrometers we can eliminate Ef to give

= 2Ej -^co-2cos(|)[Ej(Ei -h
2m

And similarly, for indirect geometry, we can eliminate Ej thus,
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2m
= 2Ei +^o)-2cos<t>[Ef(Ef

The range of Q,OJ space probed by a range of detector angles for both cases is shown in

figure 2.
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Figure 2. The regions of Q-w space accessible for direct a direct geometry spectrometer

with Ej=100meV (left) and for an indirect geometry spectrometer with Ef=100meV.

Direct Geometry Spectrometers

The incident beam for a direct geometry spectrometer is monochromated by a single

chopper or crystal on a pulsed source and by a combination of a crystal and a chopper

or two choppers on a steady state source. A schematic of a chopper spectrometer on a

pulsed source is shown in figure 3. The graphs to the left of the schematic illustrate the

role of the different components of the spectrometer. The spallation process produces a

burst of very fast, very high-energy neutrons. To slow these down to usable energies

the high scattering cross section of hydrogen is utilised. Hydrogen at 22K, CH2 at 100K
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Target
and H2O at 316K are used as moderators. In

order to preserve the high flux of high-energy

neutrons and the narrow pulse width, which are

valuable features of pulsed sources, the beam

is under-moderated. That is to say the neutron

flux leaving the moderator has two

components; the Maxwellian component

caused by the moderation and the epithermal

(high-energy flux) of the weakly moderated Nimonic Chopper

neutrons.

Time

Moderator

Monitor

Time

Time

Fermi Chopper

Monitor 2

Time

_LLL
Time

Detectors

Monitor 3 W

A substantial amount of background arises

from ys generated as the proton beam hits the

target and from fast neutrons that thermalise

within the spectrometer. The background

produced in this way is significantly reduced by

a nimonic or t=0 chopper which effectively

closes the beam tube to the spectrometer at

the moment the proton beam hits the target.

The beam itself is monochromated by a Fermi

chopper, which is an aluminium drum,
. . Figure 3 Schematic diagram of a

containing a lit package made up of thin sheets chopper spectrometer on a pulsed

of highly absorbing material, such as boron, source.

interleaved with neutronically transparent

sheets of aluminium. The drum rotates at multiples of the source frequency, usually up

to 600Hz and if phased to the initial neutron. The energy of the transmitted neutron

beam is then selected by the phase of the chopper, and the intensity-resolution balance

can be optimised by the choice of frequency. In this way the incident energy is

continuously varied over a wide range and several slit packages are available to suit

specific energy ranges and intensity/resolution requirements.

The time-of-flight between monitors is used to determine the incident energy.
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Ideally chopper spectrometers should be equipped with a large detector bank. The

sample to detector bank dictates the energy resolution to a great extent, but once the

criterion for suitable resolution has been established the only constraints on the size of

the detector bank are space and cost. The direct geometry spectrometers at the ILL;

IN4, IN5 and IN6 offer broad angular coverage, as does the MARI spectrometer at ISIS

(figure 4)

Fast Fermi
chopper at 10m

3He detectors 4m
low angle bank "v<

3°-12o 4

Background
••- chopper

3 He detectors
12°-135'at4m

Figure 4. The MARI chopper spectrometer at ISIS.

Such large detector arrays allow large areas of Q-o space to be surveyed

simultaneously; the greatest asset of direct geometry spectrometers.
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Indirect Geometry Spectrometers

On a pulsed source indirect geometry spectrometers can offer high resolution, because

the incident energies spread out naturally with distance from the moderator. AT ISIS the

IRIS spectrometer offers high resolution and wide momentum transfer coverage for cold

neutron studies; TOSCA offers broad energy transfer range coverage (2-1000meV) and

is optimised for vibrational spectroscopy studies. The coherent excitations spectrometer

PRISMA provide wide coverage of Q-w space and is designed for studying magnetic

and structural excitations in single crystal samples

The IRIS spectrometer (figure 5) has a sample position 36.5m from the hydrogen

moderator and offers energy resolution as low as 1

MICA analyiers

Rosoli
flljjeV

iuMons 4.4.2(ieV
V

Transmitted
beam monitor

Hydrogen
moderator at 36.5rt

Diffraction
detector

Detectors at 175°

Figure 5. The IRIS indirect geometry spectrometer at ISIS

Large banks of pyrolytic graphite and mica analysers are arranged in close to back

scattering geometry, offering wide momentum transfer coverage. Cooling them to 25K

reduces thermal diffuse scattering from the graphite analysers.
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Conclusion and Future Prospects

Time-of-flight inelastic spectrometers offer broad, simultaneous coverage of Q-w space,

and cover a broad energy range form meV up to 100 eV (the eVS spectrometer at ISIS).

They can be utilised in a broad range of science, and new areas have and continue to

be developed. The studies of magnetic excitations in single crystals on chopper

spectrometers provides a good example. New technologies such as supermirror guides

and position sensitive detector offer opportunities to dramatically improve the

performance of existing instruments and to develop new instruments. The development

of 3He polarising filters has the potential to make polarisation analysis a routine option

on time-of-flight spectrometers, where large detector arrays makes the use of polarising

crystals or benders impractical.
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T h e b a s i c s o f Neutron Spin Echo
Bela Farago

ILL - Grenoble

Introduction

Until 1974 inelastic neutron scattering consisted of producing by some means a neutron
beam of known speed and measuring the final speed of the neutrons after the scattering
event. The smaller the energy change was, the better the neutron speed had to be
defined. As the neutrons come form a reactor with an approximately Maxwell distribution,
an infinitely good energy resolution can be achieved only at the expense of infinitely
low count rate. This introduces a practical resolution limit around 0.1|jeV on back-
scattering instuments.
In 1972 F. Mezei discovered the method of Neutron Spin Echo.

this method decouples the energy resolution from intensity loss.

Basics

It can be shown [1] that an ensemble of polarized particle with a magnetic moment and
1/2 spin behaves exactly like a classical magnetic moment. Entering a region with a
magnetic field perpendicular to its magnetic moment it will undergo Larmor precession.
In the case of neutrons:

(o-yB
where B is the magnetic field, CD is the frequency of rotation and ^=2.916kHz/Oe is the
gyromagnetic ratio of the neutron.
When the magnetic field changes its direction relative to the neutron trajectory two
limiting cases have to be distinguished:
1) Adiabatic change, when the change of the magnetic field direction (as seen by the
neutron) is slow compared to the Larmor precession. In this case the component of the
beam polarization which was parallel to the magnetic field will be maintained and it
will follow the field direction.
2) Sudden change, is just the opposite limit. In that case the polarization will not follow
the field direction. This limit is used to realize the static (Mezei) flippers.
Now let us consider a polarized neutron beam which enters a 5, magnetic field region
of length I,. The total precession angle of the neutron will be:

depending on the velocity (wavelength) of the neutrons. If v has a finite distribution,
after a short distance (a few turns of the polarization) the beam will appear to be
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completely depolarized. If now the beam will go through an other region with opposite
field B2 and length l2 the total precession angle is:

_yBxlx &2l2
<Ptol

vvx v2

In the case of elastic scattering on the sample v,=v2 and if B,l, = BJ2then <pm will be

zero independently of v and we recover the original beam polarization. Let us suppose
now that a neutron is scattered with a small co energy exchange between the B, and B2

region. In that case in leading order in 0) :

<pml = - 2 = y co where m is the mass of the neutron
mv

If we put an analyzer after the second precession field and the angle between the
polarization of a neutron and the analyzer direction is <p then the probability that a
neutron is transmitted is cos (p. We have to take the expectation value of (cos#>) over all
the scattered neutrons. At a given q the probability of the scattering with co energy
exchange is by definition S{q,co). Consequently the beam polarization measured

\ cos{^-—co)S(q,Q))dco
(COS?) = Iff— = S(q,t)

I S(q, C0)dC0

So NSE directly measures the intermediate scattering function where:
t=hjm

It is important to notice that /°c(l/v)3 <* xho the resolution in t increases very rapidly
with X.

Implementation

In practice reversing the magnetic field is difficult as in the middle this would create a
zero field point where the beam gets easily depolarized. Instead, a continuous horizontal
field is used (conveniently produced by solenoids) and a 7C/2 flipper starts the precession
by flipping the horizontal polarization perpendicular to the magnetic field. The field
reversal is replaced by a n flipper which reverses the precession plane around an axis
and at the end a second n/2 flipper stops the precession and turns the recovered polarization
in the direction of the analyzer.
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Elements

Monochromatisation:
The biggest advantage of NSE is that it decouples monochromatisation form energy
resolution. Whenever q resolution is not so important (or it is determined by the angular
resolution rather than the wavelength distribution ), a neutron velocity selector with
high transmission (e.g. AA//l=15% FWHM) is the best choice. If necessary the wavelength
distribution can be reduced by installing after the analyzer a crystal monochromator
(graphite or mica) and the detector in Bragg geometry.

Polarizer:
This is a very essential part of the spectrometer, and generally supermirrors are used.
There are two possible choices, reflection or transmission mode. As the polariser-sample
distance is in the order of 2-3m the main danger in both cases is the unwanted increase
of the incoming beam divergence on the polariser. Due to that relatively big distance
here one can loose integer factors in the neutron flux on the sample. Inherently the
reflecting supermirrors are more susceptible to increase the beam divergence, and also
have the inconvenience that the reflection angle might have to be adjusted to different
wavelength if the useful range is large enough. On the other hand the supermirrors of
this type were easier to obtain.

n and 7t/2 flipper:

The flipper action is based on the nonadiabatic limit. Using a flat coil (~5mm thick)
perpendicular to the neutron beam with a relatively strong field inside and arranging
such that the horizontal field is small, the polarized neutrons going through the (thin)
winding do not have time to follow adiabatically the change in the field direction. All of
a sudden the beam polarization is no more parallel to the magnetic field and it will start
precess around the field. With the appropriate choice of the field strength and direction
the neutrons will precess exactly n or 7C/2 by the time they fly through the flipper.
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n/2 Flipper
ISO degree Precession around

an axis at AS degrees
ISO degree Precession around

a vertical axis

Main precession coils

We have seen that the Fourier time is proportional to the field integral. If we want a
good resolution, we need high field and long integration path. Both will have a drawback.
Even the most symmetric solution for the main precession coil, a solenoid, will produce
an inhomogenous field for finite beam size. The underlying physical reason is that in
the middle of the precession coil we have a strong field and at the flippers, as was
explained above, we need a small horizontal component. Since Maxwell we know that
div(B) is zero, consequently the transition region will introduce inhomogeneities.
Making long precession coils is not necessarily optimum because that increases the
distance between the source (polariser exit) and the sample as well as the sample-detector
distance. The counting rate will decrease with R2*R2.

"Fresnel coils"

How to correct the unavoidable inhomogeneities due to the finite size beam? Let us
consider the field integral difference between the trajectory on the symmetry axis and
one parallel at a distance r through the solenoid. In leading order this gives:

It can be shown also that a current loop placed in a strong field region changes the field
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integral by 4KI, if the trajectory passes
inside the loop and by zero if it passes
outside. To correct the above
calculated r2 dependence we just have
to place properly arranged current
loops in the beam. The so called
Fresnel coils just do that.fl]
They are usually made by printed
circuit technology preparing two
spirals where the radius changes with
r oc J<p placed back to back with a

thinnest possible isolator (30micron
kapton) to minimize neutron
absorption.

Resolution:

Why field inhomogeneities are bad? In fact all we are interested in is the field integral.
We have to use finite beam size if we want to have finite counting rates. With finite
beam size we have different neutron trajectories arriving on the sample and coming to
the detector. If the field integral for different trajectories are non equal then the final

precession angle (ptot - will be different for different trajectories and the
1 2.

detected polarization even for an elastic scatterer will be reduced to (cosp). The echo
measured on the sample will be further reduced due to the energy exchange. Using an
elastic scatterer we can measure the influence of the inhomogeneities and divid ir out.
(in other words while in energy space the instrumental response has to be deconvoluted
from the measured curve to obtain the sample response, in the Fourier transformed
space the deconvolution becomes a simple division)
Nevertheless if the field integral for different trajectories is too different, then (cosp)

quickly becomes zero and no matter how precisely we measure it, division by zero is
usually problematic!
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To put this into context lets have a look at some realistic numbers:
On INI 1 we have a maximum field integral of «3*105 Gausscm. With 8A wavelength
this gives a Fourier time of 28nsec. An exponential decrease with a time constant of
28nsec correspond in energy space to a Lorentzian line width of 23 nev. With the
incoming neutron energy (8A), his is a relative energy exchange of the order of 1(J5. The
360 degree phase difference between two trajectories corresponsd to 17 Gausscm
difference in field integral. This means a requested relative precision of better than
6*10'5 for all trajectories!
So what is the theoretical limit to the achievable resolution? There is no easy answer. In
principle with sufficiently precise in-beam correction coils (like the Fresnels but including
higher order term corrections) any resolution should be reachable. In practice we could
certainly reached already an overall correction better than 10"4.

Measurement sequence
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Now we will detail how an experiment is really done. Oiice the aims of the experiments
are clear one has to decide what wavelength to use. Long wavelength gives better
resolution but lower flux. In the example below we illustrate for a given sample
(Polystyrene solution in deuterated cyclohexane) how much one can gain by using

o o o

different wavelengths to match the requested resolution. Going from 10A to 8A and 6A
in each step we gain about a factor five in intensity.

•33 m 03 £]

a;
Q values
o 0.022 @ 10A
A 0.033
• 0.055
A 0.069 @ 8A
• 0.082
• 0.110
v 0.146 @6A
o 0.183

10 20 30
time [nsec]

Then it has to be decided at which precession field (Fourier time) the echo pints has to
be measured. Depending on the problem studied, it can be adequate to take equidistant
points on a logarithmic scale.
For each wavelength and each precession field value, the flippers have to be tuned to
make the right n or %I2 flips as was explained above. The vertical component in the
flipper depends nominally only on the wavelength, but the horizontal component must
be adjusted with the help of correction coils, and these values depend on the wavelength
and on the stray field of the precession coils. This is rather time consuming even if it is
fully automatized. The field integral on the two side of the n flipper must be equal to a
precision of 10"5 . This is done by using an additional winding on the first precession
coil, the symmetry coil. Scanning the current in this coil will go through the exact
symmetry point producing the typical echo group as shown below
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The periodicity of the damped oscillation is determined by the average wavelength and
the envelope is the Fourier transform of the wavelength distribution. These depend only
on the monochromator (velocity selector) so do not carry information on the sample. (
With one notable exception, when the sample is crystalline and remonochromatize the
beam. In that case the echo envelope becomes much more extended)
With the echo we measure how much of the initial polarization we recover. For elastic
scatterer on an ideal instrument we recover it fully. During the scattering process the
initial beam polarization can change. One reason for this can be when the sample
contains hydrogen which has a high spin incoherent cross section. Spin incoherent
scattering changes the initial polarization from P to -1/3P. The scattered intensity is thus
composed of the sum of coherent and incoherent scattering decreasing, the up/down
ratio. The relative weight of these can, and will change as a function of scattering angle
(or wave vector q). The measurement sequence thus starts with the measurment of
spin-up and spin down for the given scattering angle and sample condition. This is
accomplished by setting a guide field to maintain beam polarization and counting with
n flipper on and K flipper oft This will give us two points marked as Up and Down on
the figure above. It would be inefficient to measure always the whole echo group as we
are interested only in its maximum amplitude. At most it is equal to (Up-Down)/2. On
an elastic scatterer we can quickly find where the center of the echo group is as a
function of the current in the symmetry coil. (Note that this current will be a function of
the scattering angle because changing the direction of the detector arm will change the
field overlap of the two solenoids and also the magnetic contribution of the earth field
will change.) As we also know the periodicity of the sinusoidal echo group it is more
efficient to measure four points placed around the center with n/2 steps. This will give
us
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El = Aver+Echo*sin(()))
E2 = Aver-Echo*cos((|))
E3 = Aver-Echo*sin((|))
E4 = Aver+Echo*cos(()))

From the four measurement Aver,Echo and <|) (the phase) can be determined, and finally

,O) = 2*E/(Up-Down)

If we are sure that the phase is zero, then it is sufficient to measure E2 and E4. However
in general to monitor any possible phase drift, (due to current instability, external
perturbation, .... or accidental displacement of a coil ) usually all the four points are
measured but giving more weight to E2 and E4. This four point measurement has to be
repeated at all the precession angles, but the Up and Down counts are measured only
once at the beginning.
Further optimization can be done as follows
Because (Up-Down)/2 = Average and (El+E2+E3+E4)/4 = Average, furthermore this
is the same for all precession currents at a given scattering angle, we have a very precise
measurement of the Average. Counting Down and E2 longer than the other points, we
gain a lot in statistical accuracy.

Signal and Background

No general recipe can be given, beside that both should be measured and the appropriate
correction done! Nevertheless lets discuss a few typical cases and for the sake of
simplicity lets take an ideal instrument (all flippers, polariser,analyzer 100% efficiency,
perfect field integrals)
Coherent, (spin) incoherent scattering:
As was mentioned incoherent scattering changes the beam polarization to -1/3. Let's
consider the case when the scattered intensity is composed of 1= Icoh + Iincoh- Then we
will have

Up = U+l/3Iincoh

Down = 2/3Incoh

Echo=Icoh*fcoh(t)-l/3Iincoh*fincoh(t)

where fcoh(t),f incoh(t) denotes the time dependence (dynamics) of each contribution and at
t=0 both are equal to one.
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Our usual data treatment will give

= [Icoh*Ut) -l/3Iincoh*fincoh(t)]/[Icoh-l/3Iincoh]

This means that from Up and Down we can determine the relative weight of each
contribution but the separate time dependence is impossible to extract (except if suitable
model exist and even then it is hard to achieve the necessary statistical accuracy) .
Fortunately in many cases it is possible to minimize the incoherent contribution by
using deuterated samples.(Note the incoherent echo signal is further reduced by the
factor 1/3) In other cases it is possible to suppose that the dynamics of fcoh(t) and fincoh(t)
is the same or nearly identical and then

I(q,t)/I(q,O) = [I-Oh*fcoh(t) -l/3Iincoh*fincoh(t)]/[Icoh-l/3Iincoh] = f(t)

There can be also some scattering from the sample holder, solvet, etc. Some cases can
be treated in a simplified way. For example in polymer solution scattering from deuterated
solvent gives coherent scattering, but it is too inelastic to be seen by NSE, which means
its relaxation time is out of the time window. In this case it will influence Up-Down but
gives no echo. It is sufficient to measure Up and Down of the solvent and eventually
verify at one precession field that there is no echo signal. Similarly sample holders
usually give only some elastic scattering. Again Up,Down and a few echo points in
time are sufficient to establish its contribution.

NSE vs standard inelastic instruments

NSE not only has very high energy resolution but also has a very wide dynamical range.
With some tricks it can be as high as tmax/tmin = 1000 . With the combination of
several wavelength this can be further extended by a factor 10-100. We can measur e
energy exchanges up to lOOueV which not only overlaps with back scattering but also
with TimeOfFlight like IN5 or IN6. When to choose which instrument?
The fundamental difference is that NSE measures in Fourier time while TOF in omega
space. Consider a sample which has a strong (95% of the intensity) elastic line, and well
defined but weak (5%) excitations at finite energy. While this is well separated in
omega space on NSE the Fourier transform will give a small (5%) cosine oscillation
around 0.95. Statistically this is very unfavorable. Furthermore the rough wavelength
distribution (around 15% FWHM) of NSE will smear out the oscillations (t -A,3). For
that type of experiments TOS is better suited.
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On the other hand when all (or most of) the intensity is quasielastic, NSE can give
more precise information on the time dependence. The main reason is that the
deconvolution of the instrumental resolution is replaced by a simple division which
leaves the data less influenced by numerical manipulation.
Studying fully incoherent scatterers is also not very favorable for NSE. Already incoherent
scattering in general gives rather weak intensity, secondly the -1/3 factor in polarization
decreases the statistical accuracy. These drawbacks are somewhat lifted by now on the
multidetector spin echo instruments like Inl 1C and SPAN in Berlin, (see below)

Variants

inelastic NSE

One could ask the question whether the method could be used in the case of well
defined excitations? The answer is yes, but with some modification. By choosing B,^ *
B^2 the same Fourier back-transformation happens but around the excitation energy co0

[1]:

(<y -G)Q) $ (q,(D)dcD
1

v, is the velocity of the incoming neutron and v2 is after the scattering

The problem here is that around a)=0 S{q,co) usually has a strong peak (either quasielastic
scattering, diffuse elastic scattering and/or incoherent scattering or just instrumental
background) The solution is to use a triple axis spectrometer geometry which acts as a
filter, pre-cutting an interval around cot, with a coarse resolution compared to NSE.
There is a further requirement when co is q dependent. (like a phonon branch) We have
to make the spin precession dependent on the incoming and outgoing direction. Interested
readers should look up the details in ref[l]. Here we just give an easy to understand
picture. Quasielastic NSE measures the Fourier transform from co to time space. This is
a Fourier transform in the ID space. Now we switch to the (at least) 2D q-co space. If co
is q independent (at least in the vicinity we are measuring, e.g. close to the Brillouin
zone boundary) with asymmetric field integral we make the Fourier transform around a
finite co0 and we obtain the line width. Now if we do the same e.g. on an acoustical

branch we will Fourier transform along a vertical line. To measure the real physical line

107



0 .8 ,—

0 . 6

0 . 4

0 . 2

0 . 0

No focusing needed

\Proper Fourier transform direction

Gives wrong line width
j i i i _

o.o 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 1 . 4

width, we need to do the Fourier-
transformation along a line
perpendicular to the dispersion
relation. This refocalisation of the
echo works if the spin precession
becomes dependent on the neutron
direction.

Magnetic scattering

The application of NSE to magnetic scattering has special features. One is that
ferromagnetic samples can hardly be studied. The random orientation of magnetic domains
introduces Larmor precessions around random axis and unknown precession angles
normally resulting in depolarisation of the beam and the loss of the echo signal. In some
cases the application of a strong external field to align all the domains in the same
direction can help for one component of the polarization to survive [1]
The second case is paramagnetic scattering. If the scattering vector (q) is in the y
direction, then in the sample only the spin components which are in the xz plane
(perpendicular to q) will contribute to the magnetic scattering. As the precession plane
of the neutrons in the usual NSE geometry is the xy, the neutrons which arrive spin
parallel to q will undergo spin flip scattering, while those arriving perpendicular to q
will have 50% probability of spin flip and 50% probability of non spin flip scattering.
Accordingly the scattered beam polarization can be decomposed as

0
2

0

We can realize that the second term is equivalent to a n flipped beam around the x axis.
Consequently without a n flipper the second term will give an echo with 50% amplitude
of the magnetic scattering, while using a n flipper the first term results in a negative
echo of 50% amplitude plus a full echo from the eventual nuclear scattering as well.
This means that without % flipper ONLY the magnetic scattering gives an echo signal,
which eliminates the need of time consuming background measurements to separate the
nuclear contribution.
Antiferromagnetic samples do not depolarize the beam, so in most cases they are identical
to paramagnetic samples. However if we measure a single-crystal it might happen to be
a single domain and depending on the spin direction one can have full echo without %
flipper or we might need a % flipper to see any echo (spins parallel to q).
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ZFNSE

This method was introduced by Gahler & Golub [2]. We will just give a quick explanation
how to understand the basic principle.
The magnetic field profile along the axis of a classical NSE schematically is the following:
Nearly zero horizontal field at the first nil flipper, strong (Bo) field in the first solenoid,
nearly zero at the n flipper, again strong field in the second precession region, finally
nearly zero again at the second n/2 flipper. In Bo the neutron precesses with the Larmor
frequency C0b=̂ B0. Let us choose now a rotating frame reference which rotates with coo.
In this frame the neutron seems not to precess in the solenoids which means it sees
B'0=0. However now in the originally low field region it will rotate with cot, which
indicates the presence of a strong Bo field. The small field of our static flipper will
appear to rotate also with coo. Let us realize this configuration now in the lab frame.
Inside the n and nl2 flippers we must have a strong static field Bo and perpendicular to
that a small field which rotates with COO=YBO. We need a well localized strong magnetic
field perpendicular to the neutron beam, and inside a smaller coil perpendicular both to
the neutron beam and to the strong field. This small coil has to be driven by a radiofrequency
generator which will produce the necessary rotating field. In between the these flippers
a strictly zero field region has to be insured to avoid "spurious" spin precession.

Multidetector variants

At the time of writing, four instruments are developed to extend the "classical" NSE to
use multidetectors, and thus reducing the data acquisition time. In all cases the problem
is that useful information can be collect in all detectors only if the echo condition can be
fulfilled simultaneously for all of them. This is not a straightforward exercise as the
field integrals must be equal with a precision of 10"5! This strict condition can be
somewhat relaxed, if we can have enough information in each individual detector to
make the phase correction on a one-by-one basis. This is not always possible if the
scattering is weak. In that case on an elastic scatterer the relative phase differences
between detectors can be measured and imposed during the data treatment.

[1] Mezei,F. (editor) Neutron Spin Echo Lecture Notes in Physics 128 Springer-Verlag
1979
[2] R.Gahler, R.Golub Z.Phys, B65 (1987) 269.
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Inelastic scattering using the Three-Axis Spectrometer technique
Roland CURRAT - ILL- Grenoble

1. Principle of the technique

The selection of k, (kf) is performed by Bragg scattering on a monochromator
(analyser) single-crystal.

Flipper Coil

Sample

Permanent guide
field

Monochromator
Changer

[Secondary Shutter

Shielding

Pyrolytic Graphite
Filter

Analyser]

1N20 Polarised beam
Thermal 3-axis

Spectrometer

Detector

- Each configuration of the spectrometer corresponds to a well-defined point in
(Q,co) space.

- Conversely, any chosen point in (Q,co) space can be reached in an infinite
number of ways (subject to kinematical and geometrical conditions).

- Arbitrary scans in (Q,co) space, in particular constant-Q scans, can be
performed via a step-scanning procedure.
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- Well-suited to the study of collective excitations (phonons, magnons) in single
crystals.

r> Flexible but slow ^*

2. Kinematical equations and reciprocal space diagrams

Momentum-energy conservation equations:

k i - k r = Q = r ± q

h'ki" h'kf"

2Mn ~ 2Mn
hco

Reciprocal space diagrams:

\A

All configurations leading to the same (Q,co) point correspond to (k{rkf,Q) triangles
such that the common origin of k{ and k̂  lies on a line (A) perpendicular to Q. The
choice of k, and kf values will be dictated by intensity/resolution considerations
and/or by angular limitations.
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Example of constant-Q constant-^ scan:

Example of constant- Q constant-kf scan:

- Since the direction of k, is fixed in a frame tied to the sample table, the sample must
be reoriented at each data point ( ^ angle ip : rotation of rec. space around O). Each
positioning step involves the repositioning of 4 angular variables for a constant-Q
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scan: (0m, 26m, cp, \p or 8a, 26a, cp, ip) and only 2 (cp. op) for a constant-energy scan (cp =
(k,Jkf)). The use of a 4-circle Eulerian cradle allowing 3-D rec. space scans, is also in
principle possible (e.g.: D10 at ILL).

3. The TAS vs. TOF choice.

Conventional wisdom says that if one has a single-crystal sample one should
think TAS rather than TOF, the logic being that all one probably wants to get from the
experiment is a set of constant-Q cuts through (Q,(o) space, at a few "strategic"
(high-symmetry) points in rec. space. These cuts will give access directly to the
spectral response function from a selected set of collective excitations.

Constant-Q spectra can also be recovered from TOF data and for an isotropic
sample (liquid or amorphous) it is a straightforward and efficient procedure because
all data corresponding to the same (IQI,co) can be regrouped. The same applies to the
measurement of phonon density-of-states in poly crystalline samples, where the TOF
technique is also preferable.

For a single-crystal sample, on the other hand, the procedure of recovering
constant-Q scans from TOF data is much less efficient because now the direction of Q
is important and, in general, most of the collected data correspond to non-symmetry
directions which are often less interesting (and more difficult to relate to models).

Times are changing, however, and such a clear separation between TAS- and
TOF-type experiments can no longer be made solely on the basis of the nature of the
sample. For example, low-Q dynamical studies on liquid and amorphous systems ("fast
sound" studies) are often carried out on hot-source or thermal TAS instruments (and
often using X-rays !). Conversely, TOF spallation source instruments such as MARI or
HET at ISIS, have produced very valuable results on single-crystal specimens,
particularly at high energy transfers or for low-dimensional magnetic systems.

The main advantage of the TOF technique is its ability to collect simultaneously
information corresponding to a large number of Q (multidetector) and co
(multichannel) values . The price to pay is the lower incident average flux and the fact
that the information recorded in the various pixels and time-channels is not of equal
value.

The positive points of the TAS technique are the possibility of a high incident
flux (see chart below) and the flexibility /selectivity of the measurement technique.

113



TAS vs. TOF comparison of average monochromatic flux figures on sample :

Instrument

PHOENIX

HET

MAR!

MAPS

Fiuxt(at50meV)
{n.cnrrlmeV-1^1)

70x103

47x103

23x10 3

55x103

Number
of Pixels

50000

2000

1000

42000

Pixel.flux
(n.cm-2.meV-'.s-')

352x10 '

9 x 1 0 '

2 x 1 0 '

231x10 '

Solid
angle(Sr)

3.1

0.4

0.4

0.45

Angular
range

3"-150°

3° -30",
110"-135°

3°-132°

3° - 60"

% energy
resolution

2 - 4 %

2 - 4 %

1-3%

1 - 3 %

Fig. 3.1.: Flux and incident
energy resolution on the o
IN8B (ILL) thermal beam X
3- axis spectrometer.
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PG002

ao=50'

CU111(nM»25)
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" 0 2 4 6 , . J
neutron wavevector Kj (A )

-> TOF is more efficient whenever one needs to explore large sections of(Q,<x>)
space, e.g. when:

- one does not know where the interesting physics lies ("^ overview)

- one knows that the interesting physics is diffuse
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•^ TAS is more efficient whenever:

- one knows what one wants to measure and where to find it

- one knows that it is well localised in (Q,co) space

{Caveat: sometimes one thinks one knows...)

4. What determines the detector count-rate ?

Using B. Dorner's notations, the intensity in the detector, for a given
spectrometer configuration (corresponding to nominal values (Q0,co0) of momentum
and energy transfer) is written as:

I(Q0,o)0) = N Jj(kt, kf) dk, dkf (4.1)

with:

,, kf) = A(k}) Pi(k,) S(Q,o)) pf(kf) (4.2)

where A(k,) describes the spectrum of the source, and Pj(k,) (pf(kf)) refer to the
transmission of the monochromator (analyser) for each incident (scattered) neutron
wavevector. The variables (k,, kf) and (Qxo) are related through the momentun-energy
conservation equations .

The integration (4.1) can be performed over the variables k,and kr at fixed Q
and GO, and, subsequently, over the variables Q and co :

S(Q,CO) dQ do x

/ A(kt) Pi(k.) pf(kf) 6{Q-k i+kf} 5{oj-h(k!
2-kf

3)/2Mn}dk, dkf (4.3)
or:

KQcWo) = N <A(k,)>/ R(Q-Q0,o)-(D0) S(Q.oa) dQ dco

which defines the instrumental resolution function R(Q-Q0,CO-CD0) as:

R(Q-Q0,co-o)0) = / Pi(k,) pf(kf) 6{Q-ki+kf> 6{a)-h(k,2-kf-)/2Mn} dk, dkf (4.4)
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Eq. (4.4) may be used to obtain the norm of the resolution function [1]:

/ R(Q-Qo^-coo) dQ dco = / Pi(k,) pf(kf) dk, dkf = V, .VF (4.5)

with:

, and VF=/p f(k f) dkf (4.6)

•> The resolution function (4.4) is the convolution product of the two rec. space
distributions pj(k,) and pf(kf).

••• The norm of the resolution function is the product of the two integrated
distributions V! .VF and is independent of the scattering angle cp.

Eq. (4.1) to (4.6) are completely general and apply equally to TOF and TAS
instruments. For a TAS spectrometer the "volumes" Vj and VF can be evaluated in
terms of the characteristics of the monochromator and analyser crystals and in terms
of the angular divergences of the neutron beam.

one gets[1]:
For a flat (i.e. non-focusing) mosaic crystal in the gaussian approximation [2],

[1]

. k,3. cot 0m . (2nf2. ftft riaxxnxx} — ( 4 7)

where kx is the average incident neutron wavevector:

k I =/k l P i (k l )dk 1 (4.8)

and a0, Po, a t and p\ are respectively, the horizontal and vertical beam collimations
before and after the monochromator; 77m and rj'm are the horizontal and vertical mosaic
widths of the monochromating crystal and Pm(kl) its peak reflectivity. The expression
for VF is completely analogous.

5. The norm of the resolution function

The 4-dimensional resolution function R(Q-Q0,co-a>0) depends parametrically on
the spectrometer configuration, i.e. on Qo and oo0. In the gaussian approximation:

4 4

R(Q-Q0,OJ-CO0) = R0(Q0,OJ0) exp{ - l / 222
k = l 1 = 1
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where the matrix My defines the resolution ellipsoid and the 4 principal coordinates Xk
are linear combinations of the components of Q-Qo and of CO-OJ0.

During a constant-Q scan across a dispersion curve, as sketched in Fig. 4.1
below, the nominal value of the energy transfer co0 varies at each point and hence the
quantities Ro(Q0,co0) and M^Q,,,^) vary as well and these variations affect the
experimental lineshapes.

CO

Fig. 4.1.
Constant-Q scan across
a dispersion curve in a
focused configuration

However, for the purpose of estimating the measured integrated intensity of the
mode, one may, to a good approximation, neglect these changes and assume that the
ellipsoid is translated along the co-axis without deformation during the constant-Q scan,
in which case the mode integrated intensity is simply proportional to the norm of the
resolution function:

f I(Q0,co0) dco0- N A(k ,*) / R(Q-Q0, oo-co0*)dQ ^ ~ N A(k,*) .V,* . VF*

where the * refers to the point of maximum overlap between the ellipsoid and the
dispersion surface .

Another instance when the norm of the resolution function enters directly into
the measured intensity occurs when the scattering function varies slowly on the scale
of the resolution ellipsoid (diffuse scattering in both Q and to):

= N A ( k , ) / R(Q-Q0,co-co0) S(Q,co) dQ dco ~

N A(k,)J R(Q-Q0,co-o)0) S(Q0,co0) dQ dco = N A(k,) .V,. VF. S(Q0,co0)
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As a rule, the intensities measured in a constant-Q scan should be corrected
point by point for the variation of the norm of the resolution function. Such a
correction may be looked upon as a zeroth-order resolution correction. It is a useful
first step, particularly when one is interested in integrated intensities (mode strengths)
rather than lineshapes. This applies also to more general scans when both Q and co
are varied simultaneously (for a constant-co scan the norm of the resolution is
constant).

For a scan obtained in the constant-kf mode, VFis constant across the scan and
the measured intensities should be corrected for the variation of A(k,) Nx . Since the
quantity A(k,). k, .Vj measures the neutron flux incident on the sample (see lecture by
B. Dorner), it is sufficient therefore to use a monitor with a 1/v characteristic in the
incident beam to normalise the counting time per point.

For a scan obtained in the constant-^ mode the measured intensities must be
corrected for the variation of Pa(kp) k/cot0a, as seen from the analogue of eq. (4.7)
for VF. Note that Pa(kF) may vary rapidly as a function of kF due to parasitic multiple
Bragg reflections.

6. What determines the size and shape of the resolution function ?

Since the resolution function is the convolution product of the distributions Pj(k,)
and pf(kf) (see eq. (4.4)), its shape is determined by the shape of each distribution and
by the value of the scattering angle cp which controls the way in which the two
distributions are combined.

The size and shape of the distribution p;(k,) depends on a number of independent
parameters: the Bragg angle at the monochromator 6m; the horizontal (a0, c^) and
vertical (|30, (3,) beam collimations before and after the monochromator; the horizontal
and vertical monochromator mosaic widths (r\m, T]'m). A similar set of independent
parameters determines the size and shape of the distribution pf(kf).

With so many independent input parameters it is not easy to trace the influence
of each input parameter on the final result. To get a feeling for the complexity of the
problem, let us define the deviation of k, from its average value k, as 6k, =
(Sk/1, ftki"1* ̂ kiZ) where the superscripts II , 1 , and z, refer to the directions, respectively,
parallel to k,, normal to k, in the horizontal scattering plane and vertical. Using a
similar convention for Skf = k rkF and SQ = Q-Qo, we see from any of the rec. space
diagrams in § 2, that a finite value of Sk, (Sk,l!) induces a finite value of SQ", SQ"1, and
SOD, while Slci

J"(Skf
1) couples to SQ", SQ~ and not to Sco and SkjZ (Skf

z) couples to SQZ

only.

On the other hand, when dealing with dispersive excitations, it is of practical
importance to optimise the orientation of the resolution ellipsoid with respect to the
slope of the dispersion curve. Focusing, as shown in Fig. 4.1, allows to minimise
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instrumental broadening without reducing the overall size of the ellipsoid, i.e. at no cost
in integrated intensity (and hence with a gain in peak intensity).

The first step is to find the shape of the distributions pE(kt) and pr(kf). To this end
one makes use of scattering diagrams drawn in the rec. space of the monochromator
(analyser) crystal. Fig. 6.1 shows a graphical illustration of Bragg scattering on a
perfect (r\m = 0) monochromator crystal: a neutron wavevector k0 incident on the
monochromator satisfies Bragg law if its origin lies on the bissectrix (A) of the Bragg
scattering vector xm:

k 0 - k, = Tm ; I x j = 2jc/dm= 2kjSin8m

The directions of the incident (k,,) and scattered (k,) wavevectors is limited by the
collimations a0 and a t , respectively.

Fig. 6.1.: k-space distribution delivered by a perfect monochromator. The segment 1-2
is transformed into l'-2\ The length of the segment is further reduced by the outgoing
collimation a{ (a, <a0 ).

Introducing a finite mosaic width r\m amounts to rotating the above diagram by
± l/2r]m as shown in Fig. 6.2(a) for the case r\m< a0 , a1 and Fig. 6.2(b) for the case
r\m> a0, a t . The resulting outgoing k-space volume W{ is elongated along a direction
inclined by an angle 0 from the direction of k,, with 8 = 8m in case (a) and
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6 = tan'^tanO,,,) < 20m in case (b). Its thickness is controlled by the mosaic width in
case (a) and its length by the collimations. As expected, in case (b), the dimensions of
the volume V, are entirely determined by the collimations.

r

Fig. 6.2(a): k-space volume delivered by a mosaic monochromator (Case r\m< a0, a{).
The acceptance volume 1-2-3-4 is transformed into r-2'-3'-4', out of which the
hatched volume Vj is selected by the outgoing collimation av

V

Fig. 6.2(b): k-space volume delivered by a mosaic monochromator (Case y\m> ct0, a{).

Fig. 6.3(a) shows the volumes Vt and VF drawn in the rec. space of the sample.
The scattering geometry is of the "W-type" with scattering to the right on the
monochromator, to the left on the sample and to the right again on the analyser. Two
projections of the resolution ellipsoid obtained by convoluting the two volumes are
shown in Figs. 6.3(b) and 6.3(c). Fig: 6.3(b) shows that the largest positive (negative)
values of SQ1 are obtained by coupling incident wavevectors near point 1 in V, with
scattered wavevectors near point 3 in VF (resp. points 2 and 4). The corresponding
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wavevectors k,and kf are shorter (longer) than and kF by about the same amount so
that 8co - 0. Conversely the largest positive (negative) values of Sco are obtained by
coupling 2 and 3 (resp. 1 and 4) which correspond to 5Q" ~ 0. Altogether this leads to a
low degree of correlation between the variables 5Q" and 5co, and to a projection of the
ellipsoid onto the (5Q11, 8o>) plane as shown in Fig. 6.3(b).

Fig 6.3.: Convolution of the distributions Pj(k|) and pf(kf) showing the strong (6Q~\ Seo)
correlation

The situation is entirely different for the (SQ\ 6oo) where the strong correlation
between the two variables is evident by inspection of Fig. 6.3(a), leading to a
characteristic "cigar" shape of the (6QX, b<x>) projection. One may also convince
oneself that the thickness of the cigar vanishes in the limit of small scattering angles, as
the two conditions SQ1 = 0 and So) = 0 become identical. This feature is sometimes
used for high-resolution low-Q diffraction measurements'31.

^ The strong correlation between 6QX and 6co is a very general feature. Changing the
input parameters or the spectrometer configuration can change the value of the slope
(8Qx/5co) but not its sign. This strong correlation gives the possibility of focusing on
dispersive excitations measured in transverse geometries (Q 1 q), as, e.g., for
transverse acoustic phonons.
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•^Nothing as general can be said about the correlation between SQ" and Sco, which is
weak in the case of Fig. 6.3 but could become significant for different configurations,
different scattering angles and different energy transfers.

fourth dimension of the ellipsoid 6QZ is decoupled from the other three, in first
order. Hence the vertical dimension is always a principal direction of the ellipsoid.

7. Decoupling energy and momentum resolutions.

The coupling between the uncertainties on the energy transfer and on the in-
plane components of momentum transfer is an unwanted characteristic of the 3-axis
technique. Ideally one would like to be able to tune the momentum and energy
resolutions independently of one another to best match the experiment's
requirements.

In many cases energy resolution is the more important factor and Q-resolution
can be readily traded for improved luminosity. Such a situation is encountered when
measuring locally dispersionless excitations. In this section we examine this case in
more detail and discuss how the trade-off between Q-resolution and intensity can best
be achieved.

Within the same gaussian approximation as in § 4 above (namely: flat
monochromator with gaussian mosaic width; Soller collimators with gaussian
transmission), the energy definition of the neutron beam incident on the sample is
given by:

AE/E, = 2 Ak/ki = 2 cotem A6m (7.1)

where A9m, the uncertainty on the Bragg angle at the monochromator position, is
expressed as:

+ anHm + aiHm (12\
*• • /

The optimisation of Vr at constant AES is obtained by comparing eq. (4.7) with
eq. (7.2) above. Since both expressions are symmetric with respect to a0 and a\, there
is no reason to use different collimations before and after the monochromator. Setting
a0 = a t = a t, eqs. (7.2) and (4.7) reduce to:

A0m = % V l - p^k , ) . k?co»em. ^fTlm (7.3)
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which would seem to indicate that the best compromise is achieved by taking r|m as
large as possible. However the monochromator peak reflectivity Pm(k[) decreases
rapidly with rjm, due to absorption corrections, and the best compromise is generally
achieved by choosing the monochromator mosaic width to be comparable to the
standard collimations.

Eqs. (7.1) and (7.3) above show that any change in kr, or in 6m (by changing the
d-spacing of the monochromator) or in collimation results in a reduction of Vr that is at
least as fast as the reduction in AE;. If we assume, as should be the case in practice,
that AEj and AEf are of comparable magnitude, a reduction of ctj and aF, each by a
factor 2, results in a reduction of:

Aco = V AET + AEf

by a factor 2, causing a reduction of Vr and VF each by a factor up to 4 and a loss in
integrated intensity of up to a factor 16 ! Whenever possible, the alternative options of
reducing kj and kF and/or changing the d-spacing of the monochromator (analyser)
crystal are generally more advantageous, although the variations of source spectrum
(A(kr)) and crystal reflectivity should also be taken into account.

The use of bent focusing crystals allows to concentrate the neutron beam onto
small samples at the expense of Q-resolution, but without degrading the energy-
resolution. This is by far the most effective way of trading Q-resolution for improved
luminosity.

Focusing in the vertical plane is used systematically on monochromator crystals.
The principle is shown in Fig. 7.1. In first order, vertical focusing has no effect on the
Bragg angle at the monochromator nor on the energy definition of the neutron beam
incident on the sample. It only affects the uncertainty on 6k,z and hence on 6QZ.

Scattering plane

Fig. 7.1.: Vertically-focusing bent monochromator

123



aM
T3

1
1r

Source Mono ( h j Sample

Fig. 7.2 above shows the ray-tracing diagram corresponding to Fig. 7.1. The
horizontal axis is taken along the beam path and the vertical curvature 1/1̂ , of the
monochromator is assumed to satisfy the "lens" equation:

2sin6m/Rv = 1/LO

Each vertical source element dZg emits rays which are focused by the
monochromator onto a sample element dZp = dZq (Lj/Lg). The source of height hs
has an image in the sample plane of height hjm = ns(L1/L0). For a sample of height
h < him, the intensity gain Gv over a non-focusing geometry can be estimated by
comparing the vertical beam divergences in both cases, viz. : hs/(L) + LJ in the non-
focusing case vs. hm/L, in the focusing case. Hence :

hs L,

In practice, measured gains are reduced by blurring effects connected with the
monochromator vertical mosaic spread and by the use of composite assemblies of
small flat crystal pieces instead of bent crystals. Nevertheless measured values are
typically in the range: 2 < Gv < 4.

For an instrument installed on a guide the corresponding expressions are
obtained by setting 1/LO = 0 and hs/L0 = aa (the characteristic divergence of the guide).
Similar gains are also possible on the analyser side although one often finds it more
expedient to use a cylindrical detector of suitable size mounted with its axis vertical.

Horizontal focusing is more delicate. Fig. 7.3 shows the general principle. The
entrance slit plays the role of a virtual source which is imaged onto the sample by an
appropriate choice of the crystal plane curvature 1/RH:

2/sin9RH =l/f + l/r
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Furthermore when I = € = RH sin8, the Bragg angle is constant all along the surface
of the monochromator and the beam incident on the sample is monochrotnatic.

HORIZONTALLY
CURVED

MONOCHROMATOR

R. PLANE
CURVATURE

SAMPLE

Fig. 7.3.: Horizontally focusing monochromator. The focused beam is monochromatic
when both slit and sample lie on the circle of diameter RH (Rowland circle).

The intensity gain GH over the non-focusing geometry is again given by the ratio
of the acceptance angles. From Fig. 7.4 one gets:

for the monochromatic focussing case.

Source Sample

Fig. 7.4: Horizontally bent monochromator in monochromatic focusing geometry
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8. Practical aspects

The first choice to be made in preparing a TAS experiment is to select the
incident neutron energy range. This choice determines in turn the type of neutron
source (cold, thermal or hot) and instrument best suited for the experiment. Thermal
instruments are typically used for incident neutron energies in the range from 15 to
100 meV, although the precise crossover values depend on the detailed characteristics
of each instrument.

The choice of the incident neutron energy should be made in relation with a
number of often conflicting requirements:

- to be able to "close the triangle" i.e. to satisfy the kinematical constraints over the
required (Q,co) range. These constraints are particularly severe in the low-Q large-co
limit.

- to satisfy the existing angular limitations on the selected instrument (notably the
maximum value of the scattering angle cp which determines the maximum value of Q
that may be reached for a given set of (kj,kf) values).

- to be able to perform the experiment under acceptable resolution/intensity
conditions. One may recall from the discussion in §§ 4 and 5 that resolution and
integrated intensities vary in opposite senses as a function of

Optimising the experimental conditions also involves making choices and
compromises with repect to: the d-spacing of the monochromator and analyser crystals
(see e.g. Fig. 3.1), the collimations, the use of flat or focusing bent crystals, the
scattering configurations. In carrying out this, often complex, optimisation process, the
availability of reliable simulation programs is essential. For example the RESTRAX
computer package141 is able to simulate scan profiles and resolution corrections on
several levels of approximation: gaussian approximations for fisP] and bent[;>1 crystals
as well as general Monte-Carlo ray-tracing simulations.

An element which may perturb the measurements is the presence of harmonic
wavelengths 2kj, 3ki5 ...in the primary beam or 2kf, 3kfv. in the detected beam due to
higher-order diffraction at the monochromator or analyser position. For instance, the
contribution of unfiltered 2kj and 3k, harmonics to the monitor count-rate (used to
normalise the acquisition times in the constant-!^ mode) can be quite significant and
lead to large scan profile distorsions unless corrected for.

Harmonics also lead to spurious signals for "commensurate" values of k; and
kf:

nkj = mk{ with n,m - 1,2,3,4,..

due to elastic (diffuse or incoherent) scattering in the sample (or sample environment).
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To minimise the probability of such processes one must limit the magnitude of the
energy transfer with respect to the incident neutron energy. A safe rule of thumb is
given by 2/3 < k/k,- < 3/2.

Harmonic contaminations may sometimes be suppressed by using appropriate
filters. Pyrolytic graphite (PG) is the most commonly used filter in the thermal energy
range while polycrystalline beryllium is used on cold neutron beams (k; ,- < 1.57 A'̂ 1).
PG filters are effective for specific wavelengths and their use restricts considerably the
choice of available constant-lq or constant-k,- values. Alternatively, elastically-bent
perfect S i l l l crystals have reflecting properties comparable to PG002 and are free
from 2nd order contamination.

9. Summary and outlook Ojb V .

The three-axistechnique^Qntiriner, to-h^ a basic neutron scattering technique
fojMnejastic wor^k^O£]single-crystol specimens. As'>diseusssa24ii>§/\3 There j s , at the
moment, a fair degree of compiejaientaritv between TAS instruments on steadY^state
sourc£S-andJIOF instrume^ In the long term, the

'-availability of high intensity pulsed neutron sources will certainly tip the balance more
in favor of the TOF techniques.

As discussed in § 7, the design of the spectrometers currently being developed
emphasises luminosity at the expense of momentum resolution, with the aim to
investigate a broader range of small and/or weakly scattering specimens. The price to
pay is the reliance on more sophisticated data treatment programs involving modeling
of the scattering function and convolution with the 4D instrumental resolution
function.

A number of extensions of the technique have been attempted in the past and
some are currently under development. One of them is the use of multianalyser-
multidetector in order to explore a section of (Q,co) space at once without sacrificing
Q-resolution as in the monochromatic focusing bent analyser technique[61. The use of
the "flat-cone" technique [7) (a bank of independent analysers with vertical scattering
geometry) is also being revived.

The TAS technique is particularly well-suited for polarised-beam inelastic work,
through the use of polarising monochromator and analyser Heusler crystals and/or
supermirror polarising benders. The combined use of a polarised-beam TAS
instrument, acting as background spectrometer, together with a neutron spin-echo set-
up optimised for inelastic work, may open new fields of research in the near future.

rT o
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1. Introduction. Definitions
At the origin of theneutron scattering technique there is the interaction of thermal

neutrons~with the nuclei of atoms. In SANS experiments, as in other dillraction~studies, one

nieasureslhe scattered intensity, U$fy , as a function of the direction of scattering. In general,
the elastic scattering is dominant and the entire interaction is described in terms of a single

parameter: the vector Q corresponding to the momentum conservation: Q = kx-k2 , where &,

and k2 are the wave vectors of incident and scattered neutrons, respectively. For isotropic

samples I(Q) =I(Q). By definition, elastic scattering implies ki=k2, yielding Q=(4?i/A)sin 0/2,
where 9 is the scattering angle. For SANS, the following approximations are used: Q=
(2TI/X)6OX Q- (2TL/XD)R, where D is the distance sample-detector and R (typically between 3
and 50 cm) is the distance between the point of impact of the transmitted beam and a cell of
the multidetector. Useful relations between momentum k, velocity v, wavelength A, and
energy E axe:k=2n/A, v=(h/m)(l/X), E/meV=81.81/ (A2/A2).

Note that experimentally, most of the time, one intends to measure S(Q) = S(Q, co)dco , where co

relates to the energy exchange. In practice, one measures the integral along the dispersion curve of neutrons at
fixed angle 6, which contains an end point on the energy loss side. To assume that elastic scattering is dominant

corresponds to assume that S(Q) = S(Q,0), i.e. that the ensemble average of the structure S(Q) coincides

with the average over infinite time, S(Q,0) . At small angles, this assumption is not bad, because most of the
inelastic effects correspond to diffusion processes for which the change of energy is proportional to Q2. The only
exception can be the case of systems containing relatively large amounts of hydrogen. The very large incoherent
cross section of the proton may produce large inelastic effects even at small values of Q. The combination with
multiple scattering can enhance such effects. The best known example is water.

I(Q) is the spatial Fourier transform of the function (p(o)p(r)), wherep(r)

represents the density of scattering length at point r . In a typical SANS experiment, the value
of Q is typically between 10"3 and 0.5 A"1, meaning that only correlations existing in a spatial
range extending typically from 10 to 5000 A will be detected. Depending on the selected
experimental Q range, the individual coherent scattering length, bi, of the different nuclei of
the sample can be replaced by a density of scattering length. For example, liquid heavy water
can be described by an uniform {Q independent) scattering length p, given by:
p=l.lNA/20(2bD+bo), where 1.1 g cm"3 is the density and 20 is the molecular weight of D2O,
NA is the Avogadro number and bp and bo the coherent scattering length of the hydrogen and
oxygen nuclei, respectively. For a given study, one normally selects a window in Q space
where the correlations to be observed are better observed. More than the absolute values, it is
important to think about the resolution with which the Q space is analysed.
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Two errors are frequently done in the choice of the window and in the preliminary analysis of the data.
The first is to take I(Q) as the Fourier transform of the density of the sample. Note that l(Q) is the Fourier
transform of a correlation function, not of the density of the sample. For example, the distance of 2.8 A between
water molecules cannot be observed in a SANS experiment, but a spherical crown with the same thickness and a
diameter of, say, 50 A will be perfectly detected. Another frequent mistake concerns the interpretation of an
isolated peak in I(Q) as a measurement of the distance between particles. This can be approximately true for
spherical particles, but it definitively wrong in other cases. Bragg relation applies only for crystalline samples.

For a simple liquid, such as water, benzene or mercury, the Q range of a SANS
experiment does not allow to observe the distances between atoms or between molecules. The
scattering is almost always independent of Q and only due to thermodynamic fluctuations:
I(Q)=l(0)=N2<b>2kBT%T + hnc, where N is the number of molecules, <b> is the average
coherent scattering length of each molecule and XT the isothermal compressibility. Iinc is the
incoherent intensity due to the incoherent cross section of each nucleus. This contribution is
important for samples containing hydrogen because the incoherent cross section of the proton
is very large: 80 barns.

Most of the SANS studies do not concern uniform samples. Instead, two or more
phases are in general clearly identified. Typical examples are colloidal particles in a
"solvent", polymers in solution, polymer blends, precipitates in metallic alloys, etc. In all
these cases, one tries to identify one or more contrasts between parts of the sample.

Contrast is an important concept in SANS. It refers to differences between scattering
length densities of parts of the sample. Such parts can be different molecules, different parts
of molecules, aggregates, etc. depending on the Q window and on the purpose of the study.
There is consequently some arbitrariness on the definition of contrast and, for a given sample,
different contrasts may be defined. In Chemical Physics, Organic Chemistry and
Biochemistry, one of the more important possibilities is the substitution of hydrogen by
deuterium. In first approximation, the thermodynamic properties are not modified but the fact
that the coherent scattering length of each isotope is very different (6a=0.667xl0"12 cm, and
&#=-0.374xl0~12 cm) makes possible several modulations of the contrast, as we will see
below.

Due to contrast, the scattered intensity of a complex system can be orders of
magnitude larger than the scattered intensity due to density fluctuations. In most experiments,
it is typically above 0.1 cm"1, a large value compared to that due to density fluctuations. For
example, the scattered intensity by water is equal to 0.007 cm"1. In some cases (porous
systems, for example), the intensity can reach 1000 cm"1.

Because most of the samples studied by SANS have a complex chemical composition, it is traditional to
present the data normalised by the scattering volume of the sample. Consequently, the "absolute units" are cm"1.
Instead, in most of wide-angle studies of the structure of molecular liquids, it is more frequent to divide the
scattered intensity by its*, value at infinite Q. Then, I(Q) is a number without dimensions. .In the preceding
example (liquid water), /f0.=O.OO71 cm"1 is identical to I(Q)=QM45.

2. Density and concentration fluctuations
Sometimes, simple liquids or mixtures of liquids show fluctuations of large amplitude.

This is the situation at the vicinity of the critical point of a simple liquid or at the vicinity of a
demixtion of two liquids. In the first case (simple liquid), density fluctuations increase
dramatically at the vicinity of the critical point where the isothermal compressibility diverges.
In the second case (two miscible liquids), concentration fluctuations are associated with the
divergence of an osmotic compressibility. It is worth noting that concentration fluctuations are
observed only if there is a difference (contrast) between the scattering length density of the
two liquids. Suppressing the contrast between the two liquids allows the observation of solely
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the density fluctuations. X-rays and neutron scattering (SAXS and SANS) are the ideal way
for measuring the correlation length, £ of such fluctuations. Actually, in both cases, the Q
dependence of the scattered intensity is given by the Ornstein-Zernike law:

The correlation length, £ of density fluctuations is very different of a long range order as measured by
the oscillations of the pair correlation function, g(r), of a liquid. The last extends to several A, meaning that
beyond such distance the probability to find a molecule at a given position is simply the liquid density, i.e. the
position is totally unknown. This remains true for a liquid near the critical point. The Ornstein-Zernike law
concerns the decay of the correlation function of density and assumes an exponential shape. At the vicinity of the
critical point, £ is very large (critical opalescence) and diverges at the critical point.

3. Form factor
One of the more important applications of SANS concerns the determination of shape

and size of small objects (colloids, precipitates, macromolecules, etc.). It is easy to
demonstrate that the intensity scattered by an ensemble of identical, uniform and non-
interacting objects {scatterers) embedded in a uniform medium is given by

where 0 is the concentration of scatterers and P(Q) contains the information about size and
shape of the object. P(Q) is the square of the form factor F(Q), given by the Fourier
transform:

^(0= l{p(r)-po)exp(iQ.r)dr
volumeoflhescatterer

where K = p(r)- p0 is the contrast (difference between the scattering length density of the

scatterer, p(r), and that of the embedding medium, po). If the scatterer is uniform, p(r)= p
and the scattered intensity reduces to

I(Q) = 0K2V2L(Q)
where L(Q) is the square of the Fourier transform of unity over the volume of the particle,
divided by its volume, a quantity dimensionless. Obviously, L(0) = \, showing that 1(0) can be
used to measure the volume of the scatterer, or its mass if the chemical composition is known.

For spherical particles of radius R, P(Q) is:

{QRf )
In the case of particles without spherical symmetry, their orientation relative to Q

must be taken into account in the evaluation of P(Q). If there is no preferential orientation, the
average form factor is obtained by averaging over all the orientations:

where fj. = cos a and a is the angle between an axis of the scatterer and Q.
Lists of form factors can be found in the literature. Many exact expressions imply the

evaluation of numerical integrals, which may yield long and tedious calculations in fitting
procedures, sometimes not justified by the quality of the data... It is more frequent to use
asymptotic expressions valid within some limits. For example, in the case of very thin disks of
radius R, P(Q) is given by:

2
P(Q) = K2V2 , „

. 2QR

where J\(x) is the first order Bessel function.
For long cylinders with length L, P(Q) is given by:
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It is important to note that, in the first case the main dependence of 1(Q) at
small Q is in 1/Q2 and that, in the second case is in 1/Q. These results are very general: for
two dimensional objects there is a Q range where the scattered intensity varies in 1/Q* and
one dimensional scatterers yield 1(Q)~1/Q- Conversely, the observation of the general
dependence of I(Q) is often a useful indication when evaluating a shape from the scattered
intensity. Practically, such dependencies are tested graphically plotting log I vs. log Q, or
IfQJQ2 vs. Q, or I(Q)Q vs. Q, etc.

When each particle contains parts with different scattering length densities, P(Q) must
be evaluated from the square of the addition of the different form factors.

As an example, suppose two concentric spheres, the internal one with radius /?,, volume Vi=(4n/3)Ri
i

and scattering length density ph the external with radius R2, volume VT=(4x/3)R2
3 and scattering length density

p2 (on the spherical crown between Rt and R2). P(Q) will be given by:

P(Q) = {(A - A, iVrf(QR2) - VJ(QR{)]+ (A - p0 )VJ\QR, )}2

where p0 is the scattering length of the embedding medium and f(x)=(sin x-xcos x)/x~\

One of the most powerful applications of SANS is the study of systems containing
different subsets with different scattering length densities. Using isotope substitutions, namely
hydrogen/deuterium, it is very often possible to make identical the scattering length density of
different parts of the system. This is called contrast matching.

In the preceding example, make pi=p2 will give the radius R2 Making p2=po, will give the radius /?/.
And po=pi, will yield a good measurement of the spherical crown.

4. Guinier and Porod laws
For all shapes of scatterers, a general equation due to Guinier expresses the low limit

behaviour of the scattered intensity by an ensemble of monodisperse non-interacting
scatterers:

7(0 =
where Rg is the radius of gyration of each individual scatterer. An important feature of this
equation, is that the radius of gyration can be determined even if I(Q) is known only in
arbitrary units. Practically, the plot of log I(Q) vs. Q2 is linear at small values of Q (Q<l/Rg)
and the slope of the straight line gives Rg .

The Guinier approximation must be used only if all the conditions of applicability are fulfilled. The
system must be formed of monodisperse particles without interaction and the domain of Q must be large enough
to determine without ambiguity the eventual linear behaviour. When the system is moderately polydisperse the
equation may apply and one obtains a value of the average of/?/, which is different of the value of the average
of Rg or of 1/Rg, this last average often determined by Dynamic Light Scattering. A frequent mistake consists to
use the Guinier approximation in intermediate Q regions, i.e. to ignore I(Q) at very small values of Q. Very
rarely justified in Solid State, when the intensity scattered at very small Q is eventually due to dislocations or
surface defects, this practice should be avoided.

Another important and general result concerns the scattering at large values of Q,
dominated by the signal due to the interface between each, scatterer and the embedding
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medium. At the resolution of a SANS experiment, the interface appears as a discontinuity of
the scattering length density what yields the following general law due to Porod:

where E is the total area of the interface per unit volume of the sample. This equation allows
the determination of Z whatever is the nature of the particles, their shape and size, but needs
the calibration of the scattered intensity in absolute units. It is, for example, very useful in the
study of porous materials with known chemical composition. Actually, samples formed of
large grains show, very often, a scattered intensity varying with Q'4 in all the accessible Q
range.

A consequence of the two general behaviours (Guinier and Porod regions) is that sometimes, only from
the analysis of the two domains, an idea of the shape can be induced. This is because for a given radius of
gyration, the total area changes substantially when the shape goes from spherical to oblate ellipsoids, prolate
ellipsoids or long cylinders, for example.

5. Fractals
A generalisation o the Porod equation applies when the interface presents a roughness

at different length scales in a domain large enough to allow the application of the notion of
self-similarity. Such surfaces are called fractal and their scattered intensity is proportional to
Q-(6-DS)^ w n e r e Q j s t n e fractaj dimension of the interface. Ds is a number between 2 and 3
and, obviously, to the sharp interface refereed above corresponds to Ds=2. The meaning is
clear: if one writes, for a given value Qj, the equation:

SO| is the measure of the interface with a gauge 1/Qi. Larger values of Qi yield larger values
of the area of the interface similarly to experiments where the area is measured by adsorption
of molecules of different sizes.

The notion of fractal is very often used in the characterisation of complex systems.
Most of the time it corresponds to situations for which the scattered intensity shows a Q
dependence that follows a power law: I(Q)~Qa. Such behaviour is actually rather poor in
physical information, as it gives a maximum of two numbers: the constant and the exponent
a. Values of a between 3 and 4 correspond to a fractal surface, as we have seen; values of a
between 1 and 3 correspond to a fractal object of dimension a. Note that OFQ. corresponds to
the Ornstein-Zernike equation for critical scattering at large Q. Because the notion of self-
similarity necessarily breaks down beyond some length scale <£ a more general expression
applies at sufficiently small values of Q:

7 ( 0 =l + <nY>lQro) f
1+

6. Structure factor
When several particles are in presence, they interact at least because the volume

occupied by each of them is not accessible to the others (steric effect). The interaction can be
much more important when charges are present. Coulombic interaction decays in 1 /distance
and consequently the interaction between charged particles is important even in dilute
solutions. A system formed by several interacting particles in suspension in a solvent can be
seen as a liquid. Similarly to the liquid, the positions of the centres of mass of the particles is
determined by the interaction potential V(r), and the general theory of liquids applies.
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In the case of an atomic liquid, scattering experiments determine the Fourier transform
of the pair correlation function g(r), which is related to the probability to find an atom at
point f, assuming another at the origin:

5 ( 0 = 1 + O \[g{r)- l]exp(i£.r )df

S(Q) is called the structure factor. In the case of isotropic systems, the preceding
expression simplifies into:

g(r), the pair correlation function, together with the potential V(f) are the more important
functions for describing the structural properties of disordered systems. The two are related
through the closure relations (Mean Spherical Approximation, Percus-Yevick, Hypernetted
Chain, etc.).

According to its definition, the coordination number or number of nearest neighbours,
z, is an important quantity that can be evaluated directly from g(r):

R

z = A71& \g{r)r2dr
0

where the limit R of the integral is taken at the first minimum of g(r).
It is easy to demonstrate that the scattered intensity, I(Q), depends only on the form

factor of the individual scatterers and on the structure factor S(Q). The general expression
implies the knowledge of all the form factors and of all the partials Sy(Q), where the indexes i
and j refer to each of the species present in the system. If only one species is present
(monodisperse system), the expression for I(Q) can be written as a product of two terms:

where F(Q) is the form factor of each scatterer and the bar means orientation average.

In the case of particles with spherical symmetry, F{Q) = F2(Q) yielding:

with P(Q) = F2(Q).

We see that the scattered intensity I(Q) simplifies to the product of P(Q) and S(Q) only in the case of
monodisperse systems formed by particles with spherical symmetry. It is worth noting also that I(Q) allows the
determination of the form factor of a particle only if S(Q) can be assumed equal to unity, which is the perfect gas
limit. Otherwise, for repulsive interactions (which includes steric effects), S(Q) decreases the intensity at small
values of Q, creating eventually a dip at g=0. This is the reason why the Guinier approximation must be used
with caution as it can give even negative values for RK

2\ However, if the particles are not charged, S(Q) is not
very different of unity for dilute systems. Also, in the case of precipitates in Solid State Physics, the interactions
can be ignored, in general. In the case of attractive interactions, 1(Q) can take large values at small Q, which can
be often interpreted as well in terms of aggregation or polydispersity.

In all cases, it subsists the problem of the separation of the form and structure factors
from a measurement of I(Q). There is no general rule. If the particles are not charged,
measurements of dilute samples or extrapolations to zero concentration may be a good
method to determine P(Q). At large values of Q, S(Q)^>1, and consequently, I(Q)—>P(Q),
meaning that the Porod region is less affected by interactions. Specific methods, using the
theory of liquids and the closure relations are used often to describe solutions of macroions
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and counterions. The method of Hayter and Penfold, for example, is widely used for the
analysis of the scattered intensity by solutions of charged micelles.

7. Polymers
SANS technique is probably the more suitable technique for the study of the structure

and dynamics of polymers. This is due to their chemical composition, normally rich in
hydrogen what opens many possibilities of labelling and a systematic use of contrast
variation. However, polymers form rarely centrosymetric objects, the interactions between
monomers of different chains is very often much larger than that between monomers of the
same chain, the interactions are important at very low concentrations and entanglement of
chains is a current situation. Specific theories have been developed for the study of polymers
by SANS.

From the theory of Flory for polymer solutions, it is known that the osmotic pressure,
FI, can be expanded in function of the volume fraction, c (virial expansion):

n (\ 2 3 ^

c \M ' ' )
where M is the molecular weight of the polymer. The extrapolation to Q=0 of the scattered
intensity is a way to determine the mass and the coefficients of the virial:

- 2 A c + ...

where br = — , and &,-, v, and w, are the coherent scattering lengths, the volumes and

masses of the monomers (index 1) and of the molecules of the solvent (index 0)
From this equation, one deduces that the excluded volume, v, is given by V-2A2*'

The interaction parameter, %, between the solvent and the polymer is ^=^7-v/v^/2, where vo is
the volume of one molecule of solvent. If the repulsions are large (good solvent), % <l/2; if
the attractions dominate (bad solvent), ,#> 1 /2.

The Zimm plot is a useful way of plotting series of data of solutions of polymers at
different concentrations. Normally, one plots c/I(Q) vs.^+Xc, where X is a constant. The data
should align in straight lines. Extrapolations to zero concentration, zero Q, and slopes give the
values of different structural quantities: molecular weight, radius of gyration, second virial
coefficient, excluded volume.

Other expressions currently used, when QRg<l, are:
a) Zimm approximation (linear polymers, rigid rods):

nN

b) Guinier approximation (compact objects):

c) Debye approximation:
J(Q) - 2 \Y 1
nN x~

where x=QRg. la these expressions, n is the number of polymers in the solution and iV is the
number of monomers of each polymer.
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8. Data treatment and technical aspects
Measured intensities depend on many technical aspects, such as the neutron source,

electronic noise and defects of the detector, collimation, etc.
The flux, <f>, of incident neutrons are scattered by a scattering volume At of the sample,

where A is the area of the surface of the sample perpendicular to the beam and t is the
thickness (typically 1 cm2 and 1 or 2 mm respectively). One important quantity is the
transmission, T. Attenuation of the incident neutron beam is measured by T=exp(-/M), where
ju is the total cross section per unit volume of the sample. The signal is proportional to tT,
hence maximum for t=l/ju, what corresponds to 7=0.368, but, except if the low transmission
is due to absorption, one prefers smaller thickness and values for the transmission above 0.7,
in order to avoid effects due to multiple scattering. The scattered intensity is normally
detected at a distance D (typically 1 to 10 m) from the sample. Normally, a 2 dimensional
multidetector with thousands of cells with a typical size of lxl cm2 performs the detection.
The solid angle, £2, that corresponds to a cell i, is equal to a/D2, where a, is the area of the cell
/. The measured intensity at each cell is given by:

where S\ is the efficiency of cell / and, as defined above, I(Q) is the scattered intensity per unit
volume of the sample. The average value of 0£jA can be determined by a direct measurement
of the incident beam.

If <j>£;A saturates the detector, an attenuator must be used. Its attenuation factor is easily determined from
the ratio of the scattered intensities by a sample measured with and without the attenuator.

The signal to be analysed is obtained after subtraction of some background and of the
incoherent contribution:

hkg(Q) can be the solvent, in the case of a solution or simply the direct beam in other cases. In
the case of the solvent, density fluctuations are, in principle, suppressed in this way and I(Q)
corresponds then to that of an incompressible sample.

Finally, because of the defects of the detector, which cause fluctuations of the
efficiencies £•„ it is necessary to normalise the data by dividing (preferably cell by cell) the
data by the signal of an incoherent sample (often, liquid water), supposed to have a signal
independent of Q.

All these treatments are normally standardised at different neutron facilities. Before to
finish, it is important to remind that there are two types of neutron sources, reactors and
spallation sources. For SANS, the last put some problems related to frame overlap and noise
that imply less good performances at very low values of Q, say for £><0.01 A'1. In reactors, it
is possible to approach or to reach 0=0.001 A"1, and the use of a chopper would allow better
signal to noise ratios. Because the study of a very large Q range is more and more interesting
in data analysis, it is possible that time-of-flight techniques will become more popular in
steady state reactors.

This short summary intended to give an idea of the possibilities of SANS, a technique
always developing and with applications in all domains of Condensed Matter Physics. For
researchers more interested in some particular aspects or to specific applications, excellent
review articles and a large literature, including courses, are easily available.
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