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Series Preface

The long-term aim of the Commission on Crystallographic Teaching in
establishing this pamphlet programme is to produce a large collection of
short statements each dealing with a specific topic at a specific level. The
emphasis is on a particular teaching approach and there may well, in time,
be pamphlets giving alternative teaching approaches to the same topic. It
is not the function of the Commission to decide on the ‘best’ approach but
to make all available so that teachers can make their own selection. Similarly,
in due course, we hope that the same topics will be covered at more than
one level. '

The first set of ten pamphlets, published in 1981, and this second set of
nine represent a sample of the various levels and approaches and it is hoped
that they will stimulate many more people to contribute to this scheme. It
does not take very long to write a short pamphlet, but its value to someone
teaching a topic for the first time can be very great.

Each pamphlet is prefaced by a statement of aims, level, necessary
background, etc.

C. A. Taylor
Editor for the Commission

The financial assistance of UNESCO, ICSU and of the International Union of Crystal-
lography in publishing the pamphlets is gratefully acknowledged.



Teaching Aims

To help students to understand the physical principles of experimental
techniques involved in the design of monochromators, filters and collimators
in neutron powder diffractometry and to give an outline of the fundamental
concepts of neutron powder diffractometers.

Level

This would be suitable for final year of undergraduate courses or as a
part of an introductory crystallography course at post-graduate level
especially for those who wish to start doing research in the field of neutron
crystallography.

Background

A general knowledge of crystal structures and systematic absences and
some acquaintances with the basic principles of diffraction phenomenon is
needed.

Practical Resources

No specific practical resources are required though a visit to a research
reactor centre having a neutron powder diffractometer in operation would
be helpful.

Time Required for Teaching

Depending on the previous knowledge and experience of the students,
this material would require anything from 4 to 6 hours of teaching and
discussion. More time would be required if the text is extended by the
teacher or if a visit to a research reactor is arranged.



Introduction to
Neutron Powder Diffractometry

E. Arzi

Institute of Nuclear Science & Technology, University of Tehran,
P.O. Box 2989, Tehran, Iran

1. Introduction

Neutrons used in diffraction work are usually produced in a nuclear
reactor by the fission of some heavy nucleus, such as %33U. Neutrons released
in this reaction have a kinetic energy of about 5 MeV, corresponding to a
de Broglie wavelength of about 1.26 x10™* A. To make these fast neutrons
suitable for diffraction work, they have to be slowed down until their de
Broglie wavelength becomes of the same order as the separation of atoms
in condensed matter, i.e. about 1 A. This is achieved by letting the neutrons
pass through a moderator in which they gradually loose energy through a
series of elastic collisions with the nuclei of the moderator. If the moderator
is sufficiently thick, the neutrons emerging from it will have a Maxwellian
energy distribution, their average kinetic energy being 3K T where K is the
Boltzmann constant and T is the absolute temperature of the moderator.
For a moderator at room temperature—i.e. for T =300 K—this gives an
average kinetic energy of about 0.04 eV, corresponding to an average neutron
wavelength of about 1.5 A (thermal neutrons).

Since the thermal neutrons emerging from the moderator form a divergent
beam with a continuous wavelength distribution, whereas diffraction studies
require parallel beams of neutrons with a well-defined single wavelength,
the thermal neutrons have to be monochromatized and collimated first
before they can be allowed to fall on the specimen under study.

2. Monochromatization

If a neutron beam with continuous wavelength distribution falls on a
single crystal, various sets of lattice planes will give rise to Bragg reflections
in appropriate directions, each such reflection being associated with a
particular wavelength according to the Bragg law. Therefore, by aligning
the single crystal appropriately with respect to the incident neutron beam,
it can be achieved that only one particular wavelength will be ‘refiected’ in
the direction required. The angle between the incident and the reflected
beams is called the ‘take-off angle’ of the crystal monochromator. It is twice
the Bragg-angle of the reflection (26,,). Figure | shows the wavelength vs.



Fig. 1. Wavelength vs. take-off angle for GE Monochromator.

the take-off angle graph of a germanium crystal monochromator for different
sets of reflecting planes. Large single crystals of other materials such as
lead, copper, zine, aluminium, beryllium, graphite, . . . are also used as
monochromators in neutron diffraction studies. They can be used either in
reflection or transmission.

The reflectivity of a perfect single crystal is low caused by the large
primary extinction due to the small angular misalignment of the mosaic
blocks which the crystal is composed of (so-called mosaic spread, 8,). One
way of increasing the reflectivity of a crystal monochromator is to increase
the mosaic spread through a controlled and uniform distribution of imper-
fections such as the introduction of dislocations or impurities. The mosaic
spread of a crystal monochromator can be estimated from the width-at-half-
height of its ‘rocking curve’ which is the intensity of the reflected neutron
beam plotted as a function of the angular setting of the crystal in the
immediate neighbourhood of a Bragg peak.

Germanium and silicon crystals both have diamond structure, hence the
second order reflections from lattice planes whose Miller indices (hkl) are
all odd—such as the 222, 622 and 662 reflections—are systematically absent.
Hence using the 111, 311 or 331 reflecting planes of a germanium mono-
chromator, there will be no A /2 contamination in the monochromated beam.
Another advantage of these crystal monochromators is their low absorption
and low incoherent scattering cross section. Moreover, large single crystals
of germanium and silicon are readily available, though are often ‘too perfect’
for diffraction work resulting in a very low reflectivity. Increasing the mosaic
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spread by doping impurity into perfect single crystal of germanium has not
been very successful. Barrett, Mueller and Heaton (1963) tried several ways
of introducing imperfections into a germanium single crystal to increase its
reflectivity. The best method turned out to be an uniaxial compression of
a disc or slab of germanium along the [110] direction at 650°C (‘squashed’
single crystal). This compression produced a uniform mosaic spread and a
high neutron reflectivity. Barrett et al. reported an increase in the reflectivity
of a compressed single crystal of germanium by a factor up to 30 as compared
with the reflectivity of an ‘as-grown’ crystal. By varying the amount of
compression, a wide range of mosaic spread can be obtained. This method
proved to be quite successful and was subsequently adopted by Dolling
and Nieman (1967) at Chalk River Nuclear Laboratories, Canada and by
Cooper and Nathans (1967) at- Brookhaven National Laboratory, USA as
well as at the A.E.R.E., Harwell. (Note: Herbstein, Boonstra, Dunn, Chip-
man, Boldrini and Loopstra, 1967, gave a brief abstract of 520 papers
published up to the end of 1966 under the heading: ‘Methods of obtaining
monochromatic X-rays and neutrons’. See also, Turberfield, 1968).

Some efforts have been made in recent years to develop multilayer
monochromators for neutrons (see e.g. Saxena and Schoenborn, 1977).
Alternating thin film of two materials such as Mn and Ge, deposited on a
glass substrate, makes a periodic system in the direction normal to the plane
of the multilayer with a periodicity determined by combined thickness of
two films. By choosing the appropriate materials, the multilayer can give
rise to very high reflectivities, and in addition to that, the diffracted beam
has very low high-order contamination. According to Saxena and Schoen-
born, the multilayers can also be used as excellent polarizers and filters for
neutrons.

The study of curved neutron monochromators has recently attracted much
attention and seems promising though not well understood as yet (see e.g.
Rustichelli, 1969; Riste, 1970; Nunes and Shirane, 1971; Antonini ef al,
1972; Boeuf and Rustichelli, 1973, 1974; Kalus et al,, 1973; Currant, 1973;
Kalus, 1975; Frey, 1975; Albertini et al, 1977; Boeuf et al,, 1979). A curved
monochromator is either a bent smgle crystal or it is basmally composed
of bent perfect crystal slices (lamellae). The bending of the crystals is done
either mechanically, chemically or thermally. The basic principles of these
monochromators are the same as for the bent monochromators in X-ray
experiments (see e.g. Parrish and Roberts, 1962; Herbstein et al, 1967 and
Webb et al, 1977).

3. Collimation

To produce a parallel neutron beam, the monochromated neutrons have
to be collimated. Neutron powder diffractometers normaily use Soller slit-
type collimators, named after Soller (1924) who has used this type of
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collimation for the first time in his X-ray experiments. Soller-slits suitable
for collimating neutron beams were described by Sailor, Foote, Landon
‘and Wood (1956). See also Poletti and Rossitto (1973).

Each collimator consists of a number of thin metal sheets (steel or brass,
about 0.1 mm thick) bound together to form a series of long, narrow,
rectangular channels separated by the metal sheets. Each slit (channel)
allows a narrow parallel beam of neutrons to pass through. Diverging
neutrons get repeatedly reflected (scattered) and absorbed by the metal
sheets forming the walls of the slits. To increase absorption the metal sheets
are plated with cadmium, either by spraying or by inserting them into molten
cadmium (see also Meister and Weckermann, 1973 and Hey et al., 1975).

The ratio of the width to the length of a single channel of the Soller slits
is called the horizontal angular divergence (a) and it is of the order of a
few minutes of arc. The ratio of the height to the length of a single channel
of the collimator is called the vertical divergence and it is of the order of
a few degrees of arc.

In high-resolution powder diffractometers three such Soller-slit type col-
limators are used in the following positions: one in front and one behind
the crystal monochromator and a third one in front of the BF; counter (see
a,, o, and a; in Fig. 2).* The «,-collimator is usually called ‘in-pile’ and
the other two ‘out-pile’ collimators.

Caglioti, Paoletti and Ricci (1958) calculated the width-at-half-height
(WHH) and the luminosity (L) of the powder peaks as a function of the
horizontal angular divergence of the three collimators (a,, o, and ;) and
of the mosaic spread of the crystal monochromator (8,). The effect of the
vertical divergence was neglected in the calculations, since this is usuvally
much larger than the horizontal divergence. (Note: it is worth mentioning
that the effect of the vertical divergence cannot be ignored altogether since
it broadens the powder peaks on their low-angle sides and thus makes them
asymmetric. The amount of asymmetry depends on the Bragg angle, it is
zero at 28 =90°)

* The name of this diffractometer is derived from the initials of *Powder Automatic Neutron
Diffraction Apparatus’. It is one of the recent neutron powder diffractometers installed at
Harwell, UK and has a very high resolution. It is fitted with a mechanism which allows
continuous rotation and tilting of the monochromator. By using different monochromator
crystals, varying the reflecting planes and the take-off-angle, the neutron wavelength can be
continuously varied from 0.5 to 4 A. This diffractometer has a bank of three BF; counters in
the equatorial plane (instead of one counter in simple diffractometers). Three additional
counters are mounted below and another three above the equatorial counters, making a total
of nine counters altogether, but the data obtained from the non-equatorial counters are not
exactly the same as those for equatorial ones, see Arzi (1975). Out of three tubes marked as
collimator (o) only one is used in a given diffraction experiment, the other two are blocked.
The choice between the three tubes depends on the reflecting planes and the take-off-angle of
the crystal monochromator.
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Fig. 2. A schematic diagram of a neutron powder diffractometer named PANDA which is installed
at A.E.RE. Harwell.

In a subsequent paper Caglioti and Ricci (1962, see also Caglioti, 1970)
compared the calculated values of WHH with the experimental ones and
found a reasonably good agreement, but the calculated luminosity was
normalized by an appropriate factor P to match the experimental value.

The profile I(p) of each Bragg powder peak was found to be a Gaussian
function of the following type:

122038,

I(p)= M==22" exp {~4(In 2)p*/ WHH?} )

where p is the 28-positions of the profile. p =0 is the exact direction of the
Bragg reflection and, a,, @, and a; are the horizontal angular divergences
of the three collimators, 8, is the mosaic spread of the crystal mono-
chromator, M is a constant and, WHH is the width-at-half-height of the
powder peak given by the following equation:

WHH = N/(ai +a3+487)"* ()
and
N ={afa}+aja}+aja] +4pi(a+aj)
—4aai(al+267) +4a*(alai +aifi ez} ®)

In the expression of N, a=tan 6/tan 6,, where 6 and 8, are the Bragg
angle of the powder peak and the take-off angle of the crystal mono-
chromator respectively. By integrating eq. (1) with respect to the angular
positions p of the counter around the peak position (p =0) the following
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equation was found for the instrumental luminosity:

_ a a3,
(af +a3+4p)"™

@

It is important to note that L is independent of a =tan @/tan 6, so that
no geometrical corrections originating from the collimating system are
required in evaluating the structure factors from the measured integrated
intensities of the powder peaks.

Caglioti et al. (1958) point out that the luminosity L is a symmetrical
function of a; and a, but is a linear function of a; so that a convenient
way of obtaining larger luminosity is to increase a; which broadens the
diffraction peaks mainly for small 26 angles. Caglioti et al. also suggest that
the collimator divergence angles should be chosen in such a way that
;> o> .

By using egs. (2) and (4), Popovici (1965) carried out some calculations
to achieve a good compromise between luminosity and the resolution. He
points out that the optimum relation between the luminosity and WHH of
powder peaks is strongly dependent of parameter a =tan 6/tan 6, hence
it can be given only for a given peak and not for the whole powder pattern.

For relatively large values of a (higher 26 values) the calculation confir-
med the result obtained earlier by Caglioti et al. (1958) for which the
inequalities @3> a,> a, must be satisfied. In the range of relatively small
values of a it is necessary to eliminate the collimator between the crystal
monochromator and the sample which is equivalent to «, =<0, because near
the focussing point of the diffractometer the WHH of the powder peaks is
insensitive to the value of a, whereas larger values of a, give rise to higher
luminosity, see also Sakamoto et al. (1965). (Note: the D, neutron powder
diffractometer at the ILL, Grenoble, France is operating without a,-
collimator as well as Panda diffractometer.)

Any misalignment or distortion of the cadmium plated steel sheets defin-
ing the Soller-slits can have a drastic effect on the value of angular divergence
and hence alter the WHH and the luminosity of the powder peaks.

Another disturbing effect which was not included in the calculation of
Caglioti et al (1958) and Popvici (1965) is the total reflection of thermal
and long-wavelength neutrons from the surfaces of the metal sheets of the
collimators which impair the angular divergences and thus increase the
WHH of the Bragg peaks. Jones and Bartolini (1963) showed that total
reflection will occur for all angles of incidence less than the critical angle
0. (which is of the order of a few minutes of arc and differs from one
substance to another). They suggest that by coating the steel plates with
organic compounds containing hydrogen, 6, could be drastically reduced
thus the total reflection could be suppressed. One of the most suitable
coatings appears to be tetradecanoic acid (C,4H,50.), a very stable fatty
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acid, which does not absorb or adsorb gases and does not decompose even
above its melting point (T = 53-54°C). Jones and Bartolini point out that a
1 ‘mil’ coating of this acid reduces the total reflection by a factor of 420
due to the high incoherent scattering cross-section of hydrogen. This type
of coating can only be used for the ‘out-pile’ collimators («, and a3).

4. Filtering

A crystal monochromator set to reflect a chosen wavelength A in the
direction 28, from a set of lattice planes (hkl) according to Bragg law does
not reflect neutrons of only this A wavelength, but also its higher harmonics
A/2,A/3,...,A/ngiving rise to a 2nd, 3rd, . . . and nth-order contamination
in the monochromatized beam. To minimize this disturbance, neutron
diffraction patterns are usually recorded with neutron wavelengths of about
A =1 A where the contribution of the higher order contaminations is negli-
gible. On the other hand there are cases when the use of longer wavelengths
is advisable, such as the investigation of complex powder patterns with
many overlapping peaks. In this case the longer wavelength has the advan-
tage that it stretches out the diffraction pattern to higher 28-angles, thus
increasing the angular separation of the adjacent peaks and improving the
resolution. The practical difficulty in using longer wavelengths is that, that
above 1 A the intensity of the higher order contaminations (especially A/2)
gets more pronounced. At sufficiently high wavelengths the intensity of the
second-order contamination may even exceed that of the fundamental
monochromatic wavelength. In such cases these higher order contaminations
must be eliminated by an appropriate neutron filter. If the monochromator
is a germanium single crystal and only reflections from lattice planes with
three odd indices are used, the second order reflections are eliminated
automatically (see Section 2). Hence in this case only the third-order con-
tamination must be filtered out from the monochromated beam.

There are numerous neutron filters described in the literature, such as
polycrystalline filters, mechanical velocity selector, resonance filter and
single crystal filters. The most practical and efficient of these appear to be
the polycrystalline filters, and among the single crystal filters a special crystal
of graphite (so-called pyrolytic graphite). They are easy to use and have
high transmission for the fundamental wavelength.

Pyrolytic graphite is a crystalline form of graphite with pronounced
preferred orientation. The hexagonal c-axis is highly aligned so as to have
a single crystal structure in that direction but the a-axis has a random
orientation in the basal plane. If a parallel beam of neutrons passes through
such crystal parallel to the c-axis, the shorter wavelengths get scattered
through Bragg reflections from the lattice planes while the longer
wavelengths remain unaffected since they cannot satisfy the Bragg equation.
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Fig. 3. Total cross section per atom (in barns) vs. energy for pyrolytic graphite crysial aligned
with the c-axis parallel to the incident white neutron beam. After Loopstra, 1966.

Thus the pyrolytic graphite is transparent to longer wavelengths and opaque
to shorter ones.®

Figure 3 shows the total neutron scattering cross section as a function of
the incident neutron energy for a collimated neutron beam having a Maxwel-
lian energy distribution incident parallel to the c-axis of a pyrolytic graphite
crystal. The figures above the peak positions are the indices of the reflecting
planes (hkl) responsible for the scattering of neutrons of a particular energy
(wavelength).

It can be seen that below and above the 004 peak there are ranges of
energies with very low scattering cross section, suggesting that pyrolytic
graphite is transparent to neutrons having energies in those ranges while
eliminating their higher order contaminations through scattering. Most of
the investigators using pyrolytic graphite as a neutron filter were concerned
with the elimination of the second-order contamination, because it was
found that a sufficient size of crystal for eliminating A /2 was always sufficient
for the higher order contamination as well.

* Highly oriented pyrolytic graphite is also used as monochromator, see e.g. Dorner and
Kollmar (1974).



Loopstra (1966) suggested the use of a wavelength of A = 2.6 A for neutron
powder diffractometry which has its second and third order contaminations
at E =48.4 meV and 108.9 meV respectively. It can be seen from Fig. 3 that
the total neutron scattering cross section corresponding to these two energies
are high suggesting that they will be filtered out. On the other hand, the
total scattering cross section for the fundamental wavelength (A =26A
corresponding to E =12.1 meV) is very low.

Bergsma and Van Dijk (1967) measured the total neutron scattering cross
section of pyrolytic graphite at room temperature and at liquid nitrogen
temperature and showed that a 4 cm thick crystal of this type was an excellent
filter for the elimination of higher order contamination from a neutron
beam with its primary energy in the ranges of 4-5meV and 11-14 meV
(corresponding to A =4.52-4.04 A and X =2.73-2.42 A respectively). They
also found that the transmission of the primary neutron beam with an energy
of E =13.5meV (A =2.46 A) through a 3.8 cm thick pyrolytic graphite can
be increased from 67% at room temperature to 74% by cooling it down to
liquid nitrogen temperature (because cooling the crystal reduces the contri-
bution of the thermal diffuse scattering to the total neutron scattering cross
section hence increases the transmission). The second-order transmission
did not change by cooling the pyrolytic graphite.

Shirane and Minkiewicz (1970) showed that the efficiency of a filter of a
given thickness increases as the mosaic spread of the pyrolytic graphite
decreases. The transmission ratios of the primary (A) and secondary (A/2)
components for the 2" thick pyrolytic graphite filter with different mosaic
spreads are given in Table 1.

Heller and Saad (1975) showed that by turning the pyrolytic graphite
slightly out of position while keeping its orientation axis parallel to the
incident neutron beam, the energy range for filtering can be increased and
by using a graphite filter with a small mosaic spread, the loss of neutron
intensity of the fundamental wavelength can be reduced for required reduc-
tion of the higher order contamination.

Table 1. Observed transmission ratios of 2" thick pyrolytic
graphite filters for the primary neutron wavelengths of A = 2.44 A
or A =234 A. After Shirane and Minkiewicz, 1970,

Mosaic spread
Wavelength 6.5° 35" 1.0°
\ ! 3 s
2 4 6
. 1 A L
2 20 1500 15,000




Frikkee (1975) investigated the neutron transmission through a pyrolytic
graphite filter as a function of the filter orientation with respect to the beam
and showed that tuned pyrolytic graphite filters are useful for neutron beams
having fundamental wavelength between 2.23 and 3.96 A while cooled
polycrystalline Be filters would be more efficient for wavelengths greater
than 3.96 A.
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