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Abstract 

Consideration is given to the quantities required to 
convert measured X-ray intensities into absolute units 
for comparison with theoretical predictions. Attention 
is focused on the instrumental resolution correction and 
the factors of incident beam spread and wavelength 
range, crystal mosaic spread, and detector size and 
efficiency that contribute to the spread of wavevectors 
necessarily sampled in a given measurement. A scheme 
is presented for handling each of these factors with 
confidence and generally without any assumptions as to 
their simple analytic form. A set of auxiliary measure- 
ments is described which enables a practical amount of 
data to be collected for the required convolutions. The 
scheme also provides a simple method for aligning the 
apparatus in a known way. Some numerical examples 
are given of the effect of the factors on smearing the 
scattering from KC1 in our apparatus. 

Introduction 

There is a continuing interest in X-ray thermal diffuse 
scattering (TDS) but the technique of making absolute 
measurements of TDS cross sections has in the past 
acquired a reputation for difficulty, one which it does 
not really deserve. However, it is a technique in which it 
is of the utmost importance that attention be given to 
quite a number of details before confidence can be 
placed in the final results. This importance has been 
emphasized from time to time by recurring controversy 
on the accuracy of published experimentally measured 
phonon scattering intensities. Techniques have changed 
over the years and therefore, in the interests of 
discussing points which generally have been neglected 
in the literature, an account of experimental con- 
siderations relevant to obtaining reliable absolute 
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measurements will be presented. A description of our 
own methods is long overdue because no systematic 
account has been given, although some aspects have 
been reported in earlier papers by Buyers & Smith 
(1966), Pirie & Smith (1968) and Peterson & Smith 
(1972). 

Of course, there is essentially no difference between 
measuring thermal diffuse scattering and other diffuse 
scattering caused by disorder or defects, for the 
scattered photons are not labelled by the scattering 
process. Hence, the method should be applicable to 
diffuse scattering in general. However, where 
theoretical intensities are required, those relevant to 
thermal scattering will be discussed and numerical 
values quoted from thermal scattering cross sections. 
This reflects the limits for which the methods have been 
tried and tested. 

Part I of this account, excepting this introduction, is 
concerned with recent developments in evaluating the 
instrumental resolution function, an essential step in the 
analysis of measurements. Discussion of other aspects 
of technique is left to part II (Pirie & Reid, 1981) which 
also presents new absolute measurements for some 
alkali halides. 

Absolute TDS measurements are made on single 
crystals. The scattering vector K is always chosen to be 
intermediate between reciprocal-lattice points because, 
apart from using the M6ssbauer effect, there is no way 
of measuring the TDS under Bragg reflections. The 
only crystal shape in which absorption in an inhomo- 
geneous beam can be handled with complete con- 
fidence is a parallel-sided slab where the face presented 
to the incident beam is large enough to intercept the 
entire beam. This shape will be assumed, though the 
procedure that will be described can be extended to 
handle any sample shape. 

Much has been said on the relative merits of 
photographic recording versus direct photon counting 
© 1981 International Union of Crystallography 
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but it seems, without going into details here, that, if 
suitable apparatus is available, there is considerable 
advantage in using a counter for absolute measure- 
ments. This will be assumed in the rest of the 
discussion, but with appropriate rephrasing the 
methods are all applicable to photographic detection. 

The three main operations which distinguish absolute 
measurements from others are the following: 

(1) Relating the observed number of photons s -~ 
scattered into a particular solid angle to a cross section 
expressed as a fraction of the beam intensity, i.e. finding 
the main beam factor, hereinafter called B. 

(2) Changing the above cross section to appropriate 
theoretical units, usually 'electron units per cell', i.e. 
finding the unit conversion factor, here called E. This 
involves oroperties of the sample, including its ab- 
sorption characteristics, and also factors determined by 
the geometry of the equipment, its size and the beam 
polarization. 

(3) Making a first-order correction for the instru- 
mental resolution, a correction designated by (1 + R). 

When a measurement is made of the scattered 
intensity, Jobs, a value is obtained for the ratio of signal 
counts to incident beam monitor counts, having 
subtracted the mean noise in both channels. This 
measurement is converted to a cross section of Iobs in 
electron units per cell using the equation 

Iobs= Jobs × E/B. (1) 

In order to produce an experimental cross section Iexp 
appropriate to a single scattering vector K, the 
smearing effect of the instrument resolution must be 
corrected by the factor (1 + R). Thus, 

Iexp =dobs(m + R) x E/B. (2) 

Given that the detector is really recording what you 
want, for example without contamination by harmonic 
wavelengths, fluorescence or scattering from other than 
the sample crystal, then accurate conversion to absolute 
units is assured if the three factors R, E and B are 
correctly dealt with. Of these, the resolution correction 
R requires the most discussion and it is to this we turn 
our attention here. 

In the interests of brevity, unity and clarity, reference 
is not made to other authors' attempts at determining 
the resolution correction since they tend to suffer from 
sins of omission and a reliance on analytic represen- 
tations of the functions involved. No criticism is implied 
of their results as they pertain to the particular 
apparatus to which they refer but the author believes 
that the spirit of the approach described here is more 
trustworthy. Although the following discussion may 
seem lengthy, for many pieces of equipment one or 
more effects may obviously be negligible after an order 
of magnitude calculation and hence the corresponding 
section can be omitted. 

The resolution correction 

Strategy 

The incomplete treatment of the resolution correction 
has been a feature of some past diffuse scattering 
measurements, it not being uncommon to wish it away 
altogether without producing evidence that it is small. 
In fact, it can be quite large and an appreciation of the 
magnitude of the factors involved is likely to lead to a 
better use of equipment, even when only relative and 
not absolute diffuse scattering measurements are being 
made. Indeed, the situation with diffuse scattering 
contrasts markedly with that of Bragg scattering, where 
the resolution function is effectively irrelevant except 
for considerations introduced by the spread in wave- 
length of the incident radiation. 

It is easy to say that calculating the instrumental 
resolution function merely involves convolving a few 
functions together. In practice, collecting enough 
information for an exact calculation would take a 
prohibitive amount of time, as would computing the 
result. 

The basic input information required is the complete 
spatial distribution of the beam intensity at different 
wavelengths, the three-dimensional mosaic-spread 
distribution of the sample crystal, and the counter 
geometry and sensitivity distribution. If the sample 
crystal is not of the assumed shape, one also needs its 
complete shape, position and orientation at the chosen 
scattering configuration. It is doubtful if all these 
complexities can be handled to the required accuracy 
and it seems a choice must be made on whether to 
spend the computing time calculating the effects of an 
irregular crystal in a uniform beam or the effects of a 
non-uniform beam with the simple crystal shape 
assumed. The beam available dictates the choice. In our 
experience, X-ray beams from bent-crystal mono- 
chromaters cannot be represented by uniform functions 
or even Gaussian functions or other simple analytic 
expressions. Similarly, mosaic distributions of crystals 
often do not respect mathematical simplicity. The 
procedure to be described is based upon a numerical 
integration using point-by-point measurements of the 
characteristics of beam, sample and counter. The goal 
is accuracy and confidence in the resolution with a 
feasible amount of data collection and computation. 
The trap is that there is a temptation to cut corners on a 
lengthy exercise which in the end may produce a 
correction of only a few percent. Yet one factor 
inadequately treated may produce a totally spurious 
result after a lot of work. 

The numerical treatment given here has been 
developed from the approach briefly reported by 
Buyers & Smith (1966). The resolution correction is 
intimately linked to the process of aligning and 
measuring goniometer angles. One by-product of the 
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approach described here is that it gives a particularly 
simple and easily reproduceable method of setting the 
crystal and counter. 

With a given setting of goniometer angles, the 
measured intensity lob s comes from a range of scatter- 
ing vectors K occupying a volume in reciprocal space, 
irregularly sampled because of non-uniformities of 
beam, crystal and counter, Any comparison with 
theoretical intensities Ith(K) can only be made after 
these have similarly been integrated over the same 
volume in reciprocal space. 

Preliminary 

It is convenient to have available in reciprocal space 
three separate (right-handed) sets of reference axes and, 
of course, algorithms to transform between these axes. 
With reference to Fig. 1, the following are established: 

(a) A set of axes {X,Y,Z }, the usual axes in which 
one would express components of the scattering vector 
as K x, Ky, K s, e.g. K = 1.2, 1.2, 1.2, the units being 
2n/d. 

(b) A set of axes {A,B,C}, which essentially defines 
the scattering plane of interest in the experiment. It is 
fixed with respect to the crystal structure planes and 
one would normally expect the crystal to have its 
incident face perpendicular to the scattering plane. If it 
has not, then the absorption correction will be more 
complicated. Let A be perpendicular to the crystal face 
and in the scattering plane, B lie parallel to the crystal 
face and in the scattering plane, and C lie parallel to the 
crystal face and perpendicular to the scattering plane. 
Thus, a crystal suitable for reflection measurements of 
the above wave vector might have A = [110], B = 
[001] and C = [110] in terms of {X,Y,Z}. 

(c) A set of axes {R,S,T}, which define convenient 
axes to generate a uniform mesh of points in reciprocal 

c [1 f01 ,B [0011 

1111] 

x[ 

~Y 10101 
Fig. 1. Axes in reciprocal space. A and B define the scattering plane 

(a specific example is shown) which contains a direction [1111 
along which the scattering is to be investigated. R, S, T and 
associated steps define a mesh of points at which the theoretical 
scattering can be calculated. 

space at which theoretical intensities can be calculated, 
e.g. R = [111], S = [112], T = [110] in terms of 
{X,Y,Z}. Usually T is parallel to C but the origin of the 
{ R,S,T } axes is not the origin of reciprocal space. 

Alignment 

It is assumed that the X-ray beam has been aligned 
more or less perpendicular to the common axis of 
rotation of crystal and counter (09 and 0 axes). The 
following steps refer to collecting the data necessary for 
calculating the resolution function. Fig. 2 shows the 
components to which reference will be made. 

It is possible to obtain information on the spread of 
the beam perpendicular to the scattering plane by 
scanning a pair of slits. However, it is simpler to 
arrange on a scanning platform in front of the counter a 
converging Soller slit which will provide the exact 
information relevant to convolving in the direction 
perpendicular to the scattering plane. Only one scan of 
this slit is made and the profile S(J) against the 
corresponding micrometer reading (J) is recorded for 
use in the convolution. As to the specification of this 
Soller slit, see the section on Perpendicular beam 
spread. 

With the Soller slit removed, the beam distribution in 
the scattering plane is now mapped with the aid of a 
pair of fine slits, P and Q, positioned as far apart as 
possible as shown in Fig. 2. This distance in our 
equipment is 290 mm. These fine slits must be rigidly 
mounted perpendicular to the scattering plane and must 
be sufficiently long to allow the whole vertical distri- 
bution of the beam to pass. They should be accurately 
relocatable and must stay parallel while being tracked. 

MONITOR 

SAMPLE 

MONOCHROMATOR L ~  ~ c a n  
SOLLER ~ , , ~  
SLIT ,hT', ~ 

DETECTOR 
SLIT 

Fig. 2. The essential experimental components relevant to the 
collection of data for calculating the resolution function. The fine 
slits P and Q are perpendicular to the scattering plane and are 
scanned in the scattering plane. The converging Soller slit S is 
scanned perpendicular to the scattering plane. P, Q and S are all 
removed before making a diffuse scattering measurement but 
permanent beam limiting slits, which are not shown in the figure, 
remain. The incident beam strikes the sample crystal at X whose 
position along the sample depends on the selected position of P 
and Q. h and w are the height and width of the detector slit D as 
measured perpendicular and parallel to the scattering plane 
respectively. 
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The required performance can be checked optically. We 
use dowels to locate the slit holders and accurately 
machined dovetailed slides for the movement, but a 
kinematic mount and slide would be better. If the whole 
beam is measured, the slit widths must be as wide as the 
step between successive settings. If the beam is sampled 
only, narrower slits can be used. 

A good analysing crystal of LiF, calcite, or any 
material with a mosaic sufficiently narrow to separate 
clearly the a I and a 2 reflections on an accessible Bragg 
peak is obtained and put into the sample holder. For 
each pair of fine slit settings the crystal is rocked 
through the a I and a 2 reflections and the intensity of 
these recorded. The fine slits are moved systematically 
across the whole beam enabling one to build up a table 
of the beam structure containing typically a few 
hundred intensity entries. The step chosen depends on 
the irregularity of the beam. This basic data need be 
collected only once for a given beam but should be 
collected at the normal voltage and current settings for 
the tube. The validity of this data for analysis lies in the 
assumption that in planes parallel to the mean 
scattering plane, the overall beam intensity may be 
different but the relative distribution within the plane 
does not change much, at least in the region where the 
bulk of the intensity lies. Hence, sampling the distri- 
bution by perpendicular slits is a reasonable procedure. 

One particular pair of fine slit settings is selected at 
or near the mean of the beam and the fine beam let 
through by these slits is designated the reference beam. 
Subsequent setting up of the goniometer for a required 
scattering vector uses this reference beam so that it is 
known with certainty which part of the beam has the 
required K coordinates in the scattering plane. If quite 
wide slits have been used to map the beam, it may be 
advisable to use finer slits to define the reference beam 
to within about 1' arc. 

After replacing the analysing crystal by the sample 
crystal, a simple o) scan is performed with the reference 
beam, or any other fine beam, to give a measure of the 
mosaic spread distribution, which will be needed in the 
convolution. This must be checked for uniformity 
across the region of the crystal which will be sampled 
by the spread of the incident beam incurred by the 
range of scattering angles to be used. Also, the scan 
should be repeated for several different rotations about 
an axis perpendicular to the crystal face to give some 
idea of the isotropy or otherwise of the mosaic 
distribution. 

Temporarily restricting the beam to a small square 
cross section at the counter and using an absorbing foil 
if necessary, a fine pencil beam can be scanned directly 
over the useful region of the signal counter to build up a 
map of its relative efficiency. This may also be used in 
the convolution, but our experience suggests that a new 
scintillation counter, for example, is likely to be uniform 
to within 1% over a sizeable proportion of its surface. 

Nevertheless, scintillators deteriorate and this unifor- 
mity is worth checking from time to time. Si(Li) 
detectors also appear to be uniform. 

All the information required for the numerical 
convolutions is now at hand. The goniometer is 
carefully aligned, with the rotation axis passing through 
the reference beam. The sample crystal is centred, 
strictly speaking with the rotation axis passing through 
the mean scattering point (as will be discussed in part 
II). With the fine reference beam and then the Soller slit, 
an iterative procedure of successively rotating the 
crystal about the A and C axes quickly secures 
alignment on a Bragg peak with reciprocal-lattice 
vector near the region of reciprocal space of interest. It 
is important to record which points on the mosaic- 
spread curve and on the Soller-slit profile curve 
(preferably the mean) are used for setting up because 
these provide the respective zeros about which the 
convolution is carried out. It is also necessary to record 
whether Kal, Ka 2 or a certain mean wavelength is used 
in the alignment and change of angles. 

The correction R 

With the alignment procedure just sketched, once the 
goniometer has been adjusted for a particular value of 
scattering vector K in the scattering plane of interest, it 
is those rays of the reference beam which pass through 
the Soller slit at its set position and arrive at the 
mid-point of the counter area which have exactly the 
chosen scattering vector K. All other scattering 
intensity recorded at different parts of the receiving 
area, or from different incident rays, have different 
scattering vectors. However, information has been 
collected to enable one to determine exactly how the 
surrounding region of reciprocal space is sampled. 

The theoretical scattering intensity Ith(K) is cal- 
culated at K and numerically convoluted in the region 
surrounding K using the data collected. This con- 
volution results in a value ItCh(K). The resolution 
correction is determined by the change which the 
convolution produces, namely, 

/th(K) -- ItCh(K) 
R'  ---- (3) 

ItCh(K) 

Strictly speaking, a comparison between an experi- 
mental value of lobs(K) and theoretical value of Ith(K) 
should be made by comparing lobs(K ) with Ith(K)/ 
(1 +R ' ) .  

However, this comparison is not entirely satis- 
factory because Ith(K)/(1 + R') contains a mixture of 
theoretical and apparatus-dependent terms. In practice, 
it is better to compare/th(K), a property independent of 
the apparatus, with its experimental equivalent Iexp(K) 
= (1 + R) Iobs(K), hence the use of (2). The correct R to 
use in this equation is determined by a convolution of 
the true intensity distribution in reciprocal space, 
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requiring for its precise determination an iterative 
procedure and a great many measurements. In practice, 
(2) is indeed used but with 

R = R ' ,  (4) 

the justification for convolving the theoretical intensities 
rather than the true ones being that the difference 
between the two varies slowly in reciprocal space 
compared with the rapidity of variations which signifi- 
cantly affect R. 

The convolutions 

Once it is accepted that resolution corrections can be 
confidently made, it is worth considering the design of 
apparatus to the limit of this confidence. For this 
reason, and to provide a clear idea of how reciprocal 
space is sampled in different ways by different effects, 
the following sections give some detail of the smearing 
produced by beam, mosaic and receiving area. In truth, 
there are not many pieces of apparatus dedicated 
specifically to measuring TDS but there are a great 
many X-ray scattering installations to which similar 
considerations apply, although the details are not 
always appreciated. For instance, an extremely narrow 
beam scattered by a perfect crystal may produce Bragg 
reflections of a few seconds of arc width but may at the 
same time receive diffuse scattering from a very 
appreciable region in reciprocal space around the Bragg 
reflection. In a different situation, a photographic plate 
may effectively be considered as a surface of indepen- 
dent point receivers and yet at each point there will be 
an intensity which is the integral of the diffuse 
scattering over an odd-shaped, and possibly quite 
sizeable, region of reciprocal space. 

Detector slit effects 

Fig. 3 illustrates how the spread of scattered 
wavevectors (k~) allowed by a finite slit samples an area 
of reciprocal space, or, more strictly, a volume whose 
thickness is determined by the wavelength spread A2. 
The use of a circular slit poses an unnecessary 
complexity in the numerical integration. It also removes 
the possibility of making use of the greater tolerance 
which usually exists to spread perpendicular to the 
scattering plane compared to spread within the scatter- 
ing plane. 

Since we have so far been able to use counters with a 
uniform response, we have not needed an efficiency 
function to weight different parts of the sampled area. 
The total area is not significantly different for al and a 2 
wavelengths and hence a mean wavelength appropriate 
to the beam may be used. Centring on each point of the 
RST mesh and interpolating in between as described 
later, the theoretical intensity is convolved with a 

uniform function of constant size and orientation 
representing the slit height. 

As for the slit width, some time may be saved with its 
convolution if this is not performed first but made the 
penultimate convolution before taking account of the 
individual a~ and a 2 beam distributions within the 
scattering plane. The theoretical intensities need be 
convolved at this stage only at the subset of points 
within the scattering plane. However, the change in 
angle of the sampled line of points with changing angle 
of k 1 must be incorporated. 

Mosaic spread effects 

The sampling of reciprocal space introduced by the 
mosaic distribution is illustrated in Fig. 4. The spread 
increases directly with the magnitude of K. The figure 
shows clearly that it is not just the mosaic as measured 
by rotations of the sample perpendicular to the 
scattering plane which is relevant but in general the 
whole three-dimensional distribution of mosaic. This 
data is scarcely accessible in most circumstances and 
there is little alternative to assuming an isotropic 
distribution with a shape given by some average of 
experimental determinations. Fortunately, for a reason- 
ably good crystal the spread in reciprocal space 
introduced by the mosaic is typically the smallest of all 
the factors involved. Unfortunately, it requires the 
greatest effort to calculate. Reducing the spherical cap 
to a circular area does not significantly help and neither 
does introducing an analytic function for the mosaic. In 
the absence of any obvious simplification which would 
not at the same  time introduce uncertainty, our 
theoretical intensities are convoluted numerically over 
the spherical cap, as required. 

B 

h 2n 

Fig. 3. Illustration of the detector slit smearing in reciprocal space. 
The detector slit of dimensions h, w at crystal-slit distance XD 
(see Fig. 2) allows a range of scattered wavevectors k~ to sample 
an effectively planar area, as shown for one incident wavevector 
k o. (The scattering vector K = k~ -- k0.) 
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Details of this convolution, or any other, are not spelt 
out here for they would merely clothe the line of 
development in routine geometrical complexity. 

Perpendicular beam spread 

Fig. 5 shows exactly how the beam spread per- 
pendicular to the scattering plane involves sampling 
reciprocal space with non-zero K c components. 

What might appear at first sight a lengthy problem 
involving the complete crossfire details of the vertical 
beam distribution yields to a very simple solution by 

direction of 
mean K 

~ B 

A 

(a) 

<. 

Fig. 4. Illustration of the mosaic-spread smearing in reciprocal 
space. (a) For a given incident wavevector k 0 and scattered 
wavevector kl, the mosaic distribution causes reciprocal space to 
be sampled over a surface in the form of a spherical cap about 
the end of the mean scattering vector K. (b) In spherical polar 
coordinates (r,O,~o) with mean K as the z axis, the spherical cap is 
sampled by the mosaic function M(8,¢) which could, in principle, 
also depend on the direction of K. In practice, an average 
isotropic distribution M(tp) is likely to be an adequate approxi- 
mation in almost all cases. 

i n c ~ L E  

~ ' - -  - . . . ~ a t t e r e d  ra angle of incident ray ~ - - . ~ . ~  ~ . ? y  
to scattering plane [ :'~-"~ ~ / D  

[ XD / c~entre of 
"~,: detector slit (a) 

allowing three approximations involving little loss of 
accuracy. These assumptions are: (1) upon rotation of 
the crystal, the interception height v of a ray does not 
change significantly; (2) in any apparatus suitable for 
diffuse scattering measurements, the fractional change 
in the distance XD is small and, indeed, for this 
convolution, XD can be taken as the distance between 
rotation axis and detector for all beams; (3) at least in 
the region containing most of the beam intensity, the 
perpendicular beam distribution does not change 
rapidly with the plane selected to measure this 
distribution. Operationally, the validity of this approxi- 
mation can be checked by using the P, Q slits to select 
different perpendicular planes whose distribution can be 
scanned by the Soller slit described in the next 
paragraph. 

The convoluting function for the perpendicular 
beam spread is that distribution which samples all 
incident beams of constant (tp - v/XD). Fig. 6, with the 
accompanying legend, shows that a converging Soller 

v 

a ~ detector DETECTOR 

i 

~ X D  ~ 

~ ~ . ~ .  - sdie~eet°r " ~  DE ~ E_~C TOR 

(b) 

kl 
2n 

xo = T <~ - o/XD) 

(b) 

Fig. 5. Illustration of the component of the scattering vector 
perpendicular to the scattering plane caused by a skew ray. (a) In 
real space an incident ray striking the sample crystal at point X at 
an angle ¢ to the scattering plane and at a distance v from the 
scattering plane. (b) In reciprocal space the resulting component 
of the scattering vector perpendicular to the scattering plane is 
K c = 2n(~p- v / X D ) / 2 .  

Fig. 6. Illustration of how the set of beams with constant K c are 
sampled by a converging Soller slit. The figure shows a section of 
real space perpendicular to the scattering plane with distances in 
this direction (such as v) exaggerated relative to those in the 
scattering plane (such as X D ) .  (a) All the incident beams on the 
left will reach the mid-point of the detector after scattering with 
zero component of scattering vector perpendicular to the 
scattering plane (i.e. K c = 0). A converging Soller slit centred on 
the detector (slit), as sketched in Fig. 2, with a narrow spacing 
between the plates will allow the total intensity of these beams to 
be measured. (b) When the Soller slit is scanned down a distance 
& the intensity received by the detector corresponds to a different 
set of incident rays. All these rays when scattered to the 
mid-point of the detector slit undergo scattering with the same 
perpendicular component of scattering vectors, namely K c = 

(2rt/2) ( 6 / X D ) .  
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slit centred on the detector slit will enable this 
distribution to be found experimentally by a single scan. 

The converging Soller-slit technique only works for 
the distribution perpendicular to the scattering plane 
because the mean value of K c is approximately zero for 
all scattering angles• It is generally impractical to use 
the method to map the spread within the scattering 
plane because two scans would be needed with 
changing scattering angle. However, under special 
circumstances this might be an advantageous procedure 
over an exhaustive P, Q slit mapping. 

In passing, it is worth noticing that in the plane 
perpendicular to the scattering plane the spread 
sampled in reciprocal space is a minimum when the 
doubly-bent monochromator crystal focuses the beam 
at the detector slit and not at the sample. Buyers 
constructed such a monochromator for our apparatus 
in 1963. 

Scattering plane beam spread 

When allowance is made for the different positions at 
which the different beams selected by the P, Q slits 
strike the sample, no two beams scattered to the 
mid-point of the counter are associated with the same 
scattering vector. Fig. 7 shows how the variation in 
incident and take-off angles causes a spread in 
reciprocal space, and a later section will show in detail 
the range of K values that may be covered• This is the 
final convolution performed and need only be carried 
out for K values of interest within the scattering plane. 

Theoretical intensities 

Requirements 

Equations (3) and (4) show that the resolution 
correction depends on the effect of the convolution, 
namely ( I t h -  I(h)" It is clear that if I is increased by a 
constant then this effect remains unchanged. It is also 
easy to show that if the convoluting function is centred 
about its mean point then a linear variation of I with K 
makes no difference to I(h. Hence, under normal 
circumstances it is the curvature of the intensity 
variation which determines R'  and hence R. Therefore, 
one should only obtain appreciable values of R where 
the curvature of the total scattering cross section is 
appreciable. When this happens in practice, most of the 
curvature resides in the 1-phonon scattering (11). The 
other contributions to the scattering such as the sum of 
the multiphonon and anharmonic scattering (I,,), and 
the Compton scattering (Icompt) are either relatively 
small or, in regions where they are comparable or even 
larger than 11 , they can reasonably be taken to vary 
linearly over the volume sampled by a particular 
scattering beam geometry• Hence, writing 

I =  11 + I n + Icompt, (5) 

let 

then 

11 - / ~  
R~ - - - ,  (6) 

if 

if 
R' = R ]  

I f  + 1 n +/compt  

R; 
1 + (1 + R])(I,, + Icompt)/I 1 (7) 

Therefore, only the 1-phonon scattering need be 
convolved to give If and, through (6), (7), (4) and (2) 
the required correction to the observed intensities. This 
is a most useful simplification. 

Although it is easy to align the apparatus with 
reference to the mean mosaic position, the mean 
Soller-slit setting and the centre of the counter, for the 

positive direction 
P - -  ~ of scan 

Q / ~ +  Ai 
SAMPLE// /X~ 

/ / / . ~ - - ~  detector 
'S k/'r • sl,t / 

rota.on '/) 
axis 

(a) 

spread 
caused 
by dr 

spread 

B 

(b) 

Fig. 7. Illustration of the sampling of reciprocal space within the 
scattering plane by the main beam. (a) In real space a sub-beam 
defined by the fine slits P and Q moved away from the reference 
beam settings by amounts AP and AQ respectively. (b) The 
spread in reciprocal space caused by 2hA//2 and 2r, Ar/2. In 
magnitude Ai = (AQ - AP)/PQ and Ar = (sin r/sin i) ( Q X A P -  
PQAQ)/XD.PQ, where PQ represents the distance between 
components P and Q, and similarly for other distances. 
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above simplification to be most effective the reference 
beam must not be arbitrarily chosen but must be the 
mean of the whole beam. It is easy to test whether the 
chosen beam is adequately near to the mean by 
calculating R ~ for a test linear function of I~(K). 

Interpolation and integration 
The 1-phonon scattering intensities must be 

generated over a volume mesh of points covering the 
sampled region and defined by axes {R,S,T} and the 
associated step widths. A satisfactory but not over- 
generous density for the mesh gives 20 steps from zone 
centre along [001] to the zone boundary. A non-linear 
interpolation is clearly essential and the simplest 
approach works well. A second-order Taylor expansion 
is made about the nearest mesh point using 16 first- and 
second-neighbour values, and the mesh point value, to 
estimate the nine derivatives involved (in three dimen- 
sions). Since second derivatives cannot be estimated 
accurately at the edge of the mesh, the volume should 
be chosen sufficiently large that the region sampled by 
the apparatus does not come to the edge. 

Each convolution is performed on the intensity 
function generated by the previous convolution. Since 
the process is non-linear, the total effect cannot be 
found by summing the individual effects of each term 
acting on its own on the raw theoretical intensities. The 
integrations are made using Simpson's rule. Since this 
rule accurately integrates a cubic, there is a simplifi- 
cation possible if the Taylor expansion is always 
centred on the mesh point whose convoluted intensity is 
being found, rather than on the nearest mesh point to 
the K value reached in the integral. This simplification 
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Fig. 8. Examples of the variation of the correction term R] with slit 
height. Two K values in the (001) scattering plane illustrate the 
range of behaviour. The reason for the difference in the two cases 
can be understood by examining the 1-phonon contours in the 
region of 400 which are similar to the contours around 600 
shown in Fig. 11. The slit is at a distance of about 340 mm from 
the sample. 

produces a less accurate representation of the intensity 
at some distance from a mesh point but avoids 
numerical problems that can arise because the approxi- 
mation produced by moving the expansion point is not 
everywhere smooth, though it is locally more accurate. 
Both methods are easy to implement and the only way 
to judge whether the simplification gives a useful saving 
in time with negligible or acceptable introduction of 
error is to make a numerical comparison in some 
expected 'worse cases'. 

1o 

" -  8 

4 

I I I I 

_ . . . . . ' ' ' ' ' ' ' "  
. . . .  oo. . . ' " ' "  

. . . . . . . . . . . . . . . . . . . . . . . . . .  K" "" 4, 0-2, 0 

K = 1.8, 1.8, 1.8 

K = 4 ,0 .4 ,0  

I I I 1 
10 20 30 40 50 

Beam height spread (minutes arc) 

Fig. 9. Examples of the variation of the correction term R'~ with 
vertical beam profile width. The contribution to the correction 
from this effect is generally acceptable with a full beam spread of 
up to  1 o perpendicular to the scattering plane• 
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Fig. 10. Example of the variation of R '  1 with selected reference- 
beam position• The chosen scattering vector K = 1.9, 1-9, 1.9 in 
the (1 I0) scattering plane illustrates that R~ can be quite sensitive 
to the selected reference beam. Moving either slit by 0.1 mm is 
equivalent to an angular change in the selected incident ray of 
about 1.2' arc. As explained in the text, the reference beam 
should not be chosen to give zero R ~ but should be chosen to give 
zero effect with a linear scattering function. 
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6.2,0,0 

600 

5-8,0,0 

6.2,1,0 6.2,2,0 

5.8,1,0 5-8,2,0 

Fig. 11. Illustration to show that the shape and size of the sampled area in the scattering plane can depend on the scattering vector K. The 
reference beam is set to selected points with scattering vector 6,Ky,0. The diagram shows a section of the (001) scattering plane with 
1-phonon intensity contours in electron units per cell for KCI. Around each point the vertically hatched area represents the region 
sampled by the Ka, beam, with the enclosed black area indicating where 90% of the intensity lies. The horizontally hatched area 
similarly represents the region sampled by the Ka 2 beam (which is itself about half the strength of the Ka, beam). The changing area 
effect is exaggerated here because as K = 620 is approached the incident beam makes a very shallow angle of incidence with the crystal 
surface. However, it is always present to some extent and originates from the effect described in Fig. 7. The same cause explains why the 
two different reflection geometries giving the same K value have associated with them different correction terms. 

Behaviour of  the individual contributions 

The whole exercise of evaluating the resolution function 
with some accuracy has two main aims. The first is to 
set up a numerical simulation of the effect of all the 
important experimental parameters, allowing trials to 
be made of the effect of varying these parameters. 
These trials show trends and values not confused by the 
uncertainty of counting statistics, which seriously 
hinder the corresponding real trials, supposing them to 
be possible. They also produce the answers relatively 
quickly, allowing, for example, some optimization of 
design by matching the resolution produced by different 
effects. One cannot be certain, however, that the model 
of the complete system of apparatus and scattering 
function is accurate (for if one could there would be no 
point in making the experiment) and hence some real 
trials must also be undertaken. Nevertheless, the 
exercise is valuable because some parameters, such as 
the sample 'mosaic spread', cannot be varied easily. 
The second aim of the exercise is, of course, to provide 
the best possible corrections for interpreting experi- 
mental results. 

Figs. 8-11 show some effects of varying the 
parameters of our apparatus with KC1 as a scatterer. 
The results cannot be said to be 'typical '  because there 
is no standardization of apparatus suitable for diffuse 
scattering studies. The exact values of R ~ depend on the 
size and geometry of the apparatus, all the details of 

which would cloud the issue. In fact, to illustrate the 
effects clearly with large absolute changes, points have 
been chosen closer to Bragg peaks than this particular 
apparatus was designed to operate customarily. Nor- 
maUy, one effect would not contribute more than a few 
percent, and probably much less, making it difficult to 
check the prediction experimentally. The diffuse scatter- 
ing is generally sufficiently weak that it is not possible 
to restrict further slit or beam sizes and yet collect 
sufficient data with a small enough statistical spread to 
reveal a trend accurately. 

The uncertainty in the calculated result depends on 
the statistical uncertainty in the governing data collec- 
ted (particularly the beam sampling), the validity of 
approximations used in the treatment and the realism of 
the intensity function convolved. The uncertainty in the 

- -  

data collected can be reduced to quite small propor- 
tions. The approximations involved are not only 
normally applicable but can be checked experimentally 
or numerically, as has been suggested at appropriate 
places in the text. Ultimately, the confidence in the 
correction stems from the feeling that all the ingredients 
have been properly treated. 

The resulting corrected experimental measurements 
(equation 2) will give a figure for comparison with the 
theoretical intensities which represents a measure of 
agreement, or disagreement, not at one scattering 
vector K but over a surrounding volume in reciprocal 
space. In general, a true deconvolution of the experi- 
mental results requires more measurements over a small 
volume in reciprocal space than is usually practicable, 
followed by an iterative application of the resolution 
correction. In practice, however, unless the scattering at 
the K value of interest reflects some highly localized 
singular value, the method described provides an 
effective deconvolution. It is an equally valuable 
assurance of confidence in measured intensities if the 
method unequivocally shows that no resolution correc- 
tion is required. 

The author would particularly like to thank Dr J. D. 
Pirie for many helpful discussions on the topics 
discussed here. 
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