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In a recent paper (Werner, S. A. Acta Cryst. (1971). A27, 665) it was pointed out that the choice of
scans in a neutron diffraction experiment should be based on the criterion that the diffracted beam
enters the detector on its centerline for each angular setting of the crystal. The same criterion should
be applied in X-ray diffraction. Since the spectral distribution of a source of X-rays and neutrons is
quite different, conclusions regarding the optimum coupling between the detector and crystal motions
are different in these two cases. In this paper, formulas are derived (within the framework of certain
gaussian approximations) for the optimum scanning ratio g in equatorial plane X-ray diffraction exper-
iments on single crystals. For the case when a monochromator is not used, g is independent of scattering
angle 265 for a large range of instrumental parameters and Bragg angles @g. It is found that a §-26 scan
is essentially never advisable. An expression for g is derived for the case when a planar monochromator
is used in symmetric Bragg reflection., The optimum scan is found to depend on the scattering angle, but
not in such a marked way as in the neutron case. Coupling the detector and crystal motions in the man-
ner suggested allows one to decrease the acceptance aperture to its minimum width, thus keeping the

background due to thermal diffuse scattering (TDS) and incoherent scattering as low as possible.

I. Introduction

The problem of the selection of scans in single crystal
peutron diffraction experiments was discussed in a
recent paper (Werner, 1971). The choice of scans in
X-ray diffraction requires special attention because
the geometry and spectral distribution of a source of
X-rays and neutrons are quite different. Equatorial
plane X-ray diffraction (like neutron diffraction)
experiments on single crystals are generally carried out
using either an w-scan (crystal rotating, detector fixed)
or a 0-20 scan (detector coupled 2:1 to the crystal).
In view of the widespread use of instrumentation
involving tape-controlled and computer-controlled
diffractometers, restricting the scanning of Bragg
reflections to these two modes is not a necessary con-

straint. The purpose of this paper is to examine the
question of whether there is in general a better way
to scan Bragg reflections in X-ray diffraction.

Over the years a number of papers have been pub-
lished on the theory of measuring integrated intensities
and on the various geometrical considerations neces-
sary in X-ray diffraction experiments on single crystals
[see for example Alexander & Smith (1962), Burbank
(1964), Ladell & Spielberg (1966)]. A summary of the
results of these papers regarding the necessary size
of the receiving aperture and the range of scan is given
in the book by Arndt & Willis (1966). However, the
analysis given in these papers does not permit the
experimentalist to readily make a decision on the
optimum coupling ratio between the detector and
crystal motions. The intent of this paper is to derive an
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expression for the optimum scanning ratio which can
be easily used in practical experimental situations.

II. Filtered beam, point sample

In the neutron diffraction case, we used the obvious
criterion in deriving the optimum scanning ratio g that
the diffracted beam should enter the detector on its
centerline for all angular settings ¢ of the crystal. That
is, as the crystal is rotated by an angle 4¢, the detector
should be moved by an angle gd¢p. A similar criterion
should be applied in X-ray diffraction. There are
several complications which make the X-ray problem
more difficult; the most important of which is that the
spectral distribution of incident X-rays is sharply
peaked at the characteristic energies. We will treat
the case here of filtered K-radiation (using a g filter or
a set of balanced filters) and assume that the incident
beam consists only of the Ka; and Ku, lines. That is,
we assume the incident beam is described by two ‘bell-
shaped’ distributions displaced from each other by a
wave number ok. There is no angle-energy correlation
in the incident beam. Thus, the beam incident on the
sample is quite different in the X-ray and neutron
cases. This difference naturally leads to quite different
conclusions regarding the choice of scan.

A schematic diagram of a typical X-ray diffraction
experiment is shown in Fig. 1. We first assume that the
sample size is small in comparison to the X-ray focus.
The angular distribution of X-rays incident on the
sample is then due to the finite size of the X-ray focus.
As the crystal is rotated through a Bragg reflection the
angulur distribution of reflected wave vectors will shift
in a particular way dependent upon the nominal scat-
tering angle 26, the sample mosaic spread #,, the
spectral distribution of the source, and the angular
divergence of the incident beam. In order to obtain
the integrated intensity, it is necessary for the detector
to accept all of these Bragg scattered X-rays for each
angular setting ¢ of the crystal with essentially equal
efficiency. In order to reduce the background due to
incoherent scattering and the correction necessary for
thermal diffuse scattering, a slit is generally placed in
front of the detector. This slit should be no wider than
is necessary to accept all of the Bragg-scattered X-rays.
For this to be the case, the detector must be moved as
a function of the crystal angle ¢. The necessary dimen-
sions of the detector aperture have been discussed by
several authors for the case of w and 6-26 scans [see
for example Furnas (1957) or Burbank (1964)).

The intensity of the beam diffracted at an angle
204+ 7, (where 265 is the nominal scattering angle) for
a given setting ¢ of the crystal will involve an integra-
tion over wave number since the detector cannot distin-
guish between wave numbers k close to the nominal
value k,. That is
4k )

1y, 0)= SJo (% » )’0) R(45)d (_k_o— 1)
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Jo is the distribution in wave number 4dk/k, and angle
y, of the incident X-rays. R(4;) is the reflectivity of the
sample as a function of mosaic orientation angle 4.
Since the incident spectrum consists of two parts, Ko,
and Ku,, the diffracted beam consists of two parts,
namely

10.0= {1 (5 o) R ()

+ SJZ (Ak—]: , 70) R(As)d(i]:) )

The central wavenumber k, is generally taken to be
3k, +%k,, where k, and k, are the wavenumbers cor-
responding to the centers of the Koy and Ka, spectral
lines [see Fig. 2(a)]. We have defined 4k to be the dif-
ference between any other wave number k and this
arbitrary selection of the nominal k, The angular
distribution of the incident beam is generally trapez-
oidal in shape with rounded edges as shown in Fig. 2(b).
We will assume that the reflectivity of the crystal is
gaussian, that is

R(45)=p; exp (—45/275) . 3

The integrations indicated in equation (2) cannot be
done analytically. Thus, in principle, a numerical
integration is necessary for each Bragg reflection and
for each set of instrumental parameters. This, of course,
would be too cumbersome to be useful experimentally.
However, if we approximate each of the spectral com-
ponents, and the angular distribution of incident
X-rays by gaussian functions, the integrations are
straightforward. Since we are only interested in ob-
taining an expression for the optimum scanning ratio
g and not the detailed nature of I(y,¢), these approxi-
mations will be found to be adequate. Thus, we sup-
pose the incident beam is described by

0

+ Ty oxp [~ (k= kP 203830} oxp [~ ] @)

%EYECTOR
/5 o

b4
" 2
28,
8 J’

Focus a J "

% CRYSTAL

Fig.1. A schematic diagram of a typical X-ray diffraction ex-
periment. The distance between the X-ray focus and the
crystal is Ry, and the distance between the detector and the
crystal is R;. The ‘apparent’ angle at which a given diffracted
ray enters the detector is f=s/R;, where the arc length s is
measured from the nominal diffracted ray point O.
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®)

Fig.2. (a). Assumed wave number distribution of the incident
beam. (b) Diagram showing the assumed gaussian approx-
imation to a trapezoidal angular distribution of the incident
beam impinging upon a point sample.

The parameters &;, &, and «, are chosen such that the
area and height of the gaussian functions are the same
as for the Cauchy and trapezoidal functions, namely,

&=V @2)w,
2a+b

= Veor,

w; is the half-width at half-maximum of the spectral
line Koy or Ko, @ and b are horizontal dimensions
associated with the X-ray focus. R, is the distance
between the source and the sample (see Figs. 1 and 2).

In order to perform the integrations indicated in
equation (2) we must express y, and 4, in terms of y,
¢ and 4dk/k,. This is easily done; the results are

(5a)

(56)

y0=y—2£s tan 6y (6a)
ko

and
di=y—gp— 2 ctano, . (6b)
ko

All angles are defined to be positive for rotations in
the counter-clockwise sense, and ¢ gives the sense of
scattering (not important in this problem). Inserting
these relations into equation (2), we find that the

AC28A 4
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intensity for a given diffracted-ray direction y and crys-
tal setting p(=6-6p) is

1(y,p)=1, exp {—[y—TI'(p)—20,1%/26; — (p— 9,)*]20%}
+1, exp {—[y~I'p) —20.1%/205— (9 — 9.)*/ 203. (1)

The width of the rocking curve associated with each
spectral component (Ko, Ka,) is given by ¢;. The width
of each component of the outgoing diffracted beam 6,
is independent of the crystal setting. Expressions for o;
and J; are given in Appendix 4.

The centroid of the diffracted rays for each spectral
component is shifted by an angle 2¢, (relative to the
nominal scattering angle 26;) due to the selection of
k, to lie between the Ko, and K, lines. This angle in-
creases with increasing scattering angle according to

k’ _ko )
ko )

@i=—tan 93( ®)

There is an additional shift I; of the diffracted rays
which is a linear function of the crystal setting, namely

I'(p)=glp—0), ®
where the dependence of g; on the instrumental param-
eters is found to be
_ o542 tan® 0p¢7
C P 4tan? 08 a2

(10)

i

This is a rather simple formula; however, the implica-
tions of it are rather surprising. The physical impor-
tance is the following: if the diffractometer is aligned
on a given Bragg reflection such that the nominal
incident wave vector k, is reflected into the center of
the detector when the crystal is set at ¢ =0, the centroids
of the diffracted rays associated with the K, and
Ko, lines will be displaced to the left and to the right

I | | | |
o 0 20 30 40 S50 60 70 80 90 00

8>

Fig.3. Curves showing the variation of the optimum scanning
ratio g as a function of Bragg angle. The spectral width par-
ameters were takenas&; =257 x 1074, ¢, =2-82 x 10~4[appro=-
priate to Mo radiation according to equation (5a)]. The colli-
mation parameter was chosen to be o9 =0-15°. Curve (4) is
drawn for a mosaic spread 7 =0-01°, (B) for #;=0-1°, (C) for
7s=0-3° and (D) for 7s=0-5°.
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respectively of the center of the detector aperture. As
the crystal is rotated by an angle ¢, the diffracted Ko,
component will shift by an angle g,p and the Ko,
component will shift by g,p. Thus, in order to maintain
the original alignment of the diffracted rays with
respect to the center of the detector aperture, the
detector should be rotated by the angle g,p for Ku;
and g,p for Ko, This, of course, cannot be done.
However, g; and g, differ only because the widths of
the Ko, and Ka, lines are slightly different. This dif-
ference is only 10% for Mo radiation [see Compton
& Allison (1935) p. 745]. In addition the spectral
widths ¢&; are quite often very small in comparison with
the collimation «, and the sample mosaic spread #,.

In this case
2

%o
81=8: ’7§+a% . (1 1)
Plots of g; using widths appropriate to Mo radiation
and for a;=0-15° for various mosaic spreads 7, are
shown in Fig. 3. It is seen that the difference between
g, and g, only shows up at very large scattering angle.
Thus, to a very good approximation, a scanning ratio
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which is the average of g; and g, is optimum. That is,
the coupling between the detector and crystal motions
should be

+

This choice of scan will keep the diffracted beam
aligned with the detector. It will be noted that a 6-20
scan is essentially never advisable. In fact, in the
simplest case to consider, namely that of a perfect
crystal (7,=0) and a monoenergetic source (£;=0), the
coupling between the detector and the crystal should
be 1:1 not 2:1!

In order to emphasize the seriousness of not per-
forming the optimum scan, we have plotted in Fig. 4(a)
the angular distribution of the diffracted beam as given
by equation (7) for a given set of parameters (7;=0-1°,
%,=015°, 85=20°) using Mo radiation. We have as-
sumed that the relative intensity of Ko, and Ko, is 2: 1.
For an o scan, the center of the detector remains at
y=0. Thus, as the crystal is rotated from negative to
positive ¢, the diffracted beam moves across the
detector apertures from left to right. The same distri-

T—z.o T—l.o $=-03 10
——20 20— —20
)
—15 1(y. ) 15— $=-01
() $=-0.1 e Iy}
—10 10—
05—

15
$=-0.l
10
' —1—15 —15
$=0.l
| 1.0 —p 0
— 0.5 0.
A N

5
$=03
1 1 | R O T | [ " P

$=01

N

—o! . —1—05
-05 % -05 0 05 -05 0 05
y[deg] —» (y-2¢) [deg] = (y-g¢)[deg] —s
Minimum
e Detector Aperture Minimum Detetlztor Aperture j Detector Aperture
P ' / T
Center of Detector Center of Detector Center of Detector

@ ®) ©

Fig.4. This figure shows the diffracted beam distribution [as given by equation (7)] plotted with an abscissa appropriate to
(@) an w scan, (b) a 26 scan, (c) an optimum scan. The collimation parameter xg=0-15°, the mosaic spread ns=0-1°, the
Bragg angle §5=20°. The separation between the Ka; and Ko, lines was taken as (k1 —k2)/ko=5-9 x 10-3, appropriate to Mo

. radiation, and the relative intensity of the two lines was assumed to be 2:1. It is noted that the detector aperture (as shown
schematically here) can be considerably narrower if the optimum scan is performed than for an w-scan or a 8-20 scan. The
slit widths shown are not precise (a matter of judgement) and are only shown to illustrate the possibility of using a narrower
receiving aperture.
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Fig.5. Dependence of the optimum scanning ratio g on the
ratio of the mosaic spread #; to the net collimation param-
eter ag. These curves are drawn for various ay/ag, where this
ratio gives the fraction of the collimation which is due to the
crystal size. The relative distance between the detector and
the crystal (R;) and the distance between the source and the
crystal (R;) is r=1-0.

butions are plotted in Fig. 4(b) with y —2¢ as the abscis-
sa, which is appropriate for a 620 scan. The center of
the detector is at y—2¢p=0. Thus, we see that in this
case the diffracted beam moves from right to left across
the detector as the crystal is rotated from negative to
positive ¢. That is, the detector is moving too rapidly
in order to keep the diffracted beam aligned with its
centerline. In Fig. 4(c), the same distribution is plotted
with y—ggp as the abscissa. In this case the optimum
scanning ratio g is 0-694, and we note that this coupling
ratio maintains the alignment of the detector with the
diffracted beam. An important benefit of coupling the
detector and the crystal together in the way suggested
here is that the size of the detector aperture may be
reduced to its minimum size, thus reducing the back-
ground due to TDS and incoherent scattering.

II1. Effect of crystal size

In § IT we assumed that the crystal size was small in
comparison to the size of the X-ray focus. The fact
that in some cases the crystal may be of comparable
size is important. Not only is the cross-fire, say «,, of
the incident beam increased, but the center of gravity
of the diffracted beam within the crystal shifts as the
crystal is rotated. That is, the ‘X-ray center’ of the
crystal does not coincide with its geometric center and
is dependent upon crystal angle ¢. Thus the detector
should be moved as a function of ¢ in order to remain
aligned with the diffracted beam. In fact, the detector
should really be translated as a function of ¢. However
since the crystal size is generally small in comparison
with the distance R, between the detector and the crystal,
this necessary translation can be taken care of by an

A C28A -4*
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additional rotation of the detector. A precise calcula-
tion of this effect will of course depend on the size and
shape of the crystal. Since we are only interes.ed in
obtaining an expression for the optimum scanning
ratio we will make certain approximations so that the
problem is analytically tractable.

In this case we are interested in calculating the net
diffracted X-ray intensity entering the detector aperture
at a distance s away from the nominal ray on an arc of
radius R, (see Fig. 1) for each setting of the crystal .
That is, we are interested in the intensity I(s,p) or
equivalently I(f,p) where f=s/R,. This involves inte-
grating the diffracted intensity over wave number and
over all of the possible ray directions y leading from
the crystal to the point s on the detector aperture.

We write the incident intensity J, as a function of
wave number 4dk/k, and the position y, (measured
perpendicular to the incident beam direction) on the
X-ray focus. The reflectivity R of the crystal is now a
function of both the mosaic orientation angle 4, and
the position in the crystal from which the diffracted
beam originates. We make the following approxima-
tions:

Approximation (1). The trapezoidal shape of the y, de-
pendence of the incident beam is replaced by a gaussian
(as in § IT), namely

Jo(y1) ~exp (—3i/203) . 13)

Approximation (2). The crystal shape is approxi-
mated by a thin disk with the plane of the disk con-
taining the scattering vector (see Fig. 1), and the
reflectivity drops off from the center of the crystal as a
gaussian

R~exp (—y320)) . (14
Thus, the diffracted intensity as a function of the
‘apparent’ outgoing angle f and crystal setting ¢ is

4k 4k

16.0)= 7 (k—o, 1) Ry )idnd (7) L)

At first sight approximation (2) might appear to be ex-
cessively severe. However, it is clear that we have retained
the essential physical ingredients of the problem, and the
accuracy to which our result for the optimum scanning
ratio g approximates the result of a detailed numerical
integration for a given crystal shape will depend on
how we choose the equivalent gaussian parameter w,.
We suggest that this should be done in the same way
as in § IT; namely, the gaussian function approximating
the y, dependence of the reflectivity should have the
same area and height as the more exact expression.

For example, for a ‘transparent’ sphere of radius ¢
the reflectivity falls off quadratically with y, as

R(y:)=1—(y./0)*, (16)
so that we would take
1
—4 ,
wl_s V(zn) Q‘ (17)
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In §TI we found that the selection of the position of the
nominal wavevector k, to lie between Koy and Ko,
simply displaces the mean diffracted-ray direction by
2¢, and the maximum of crystal rocking curve by
;. Consequently, we will let k, coincide with the center
of the Ka, line (or the Ka, line) in order to simplify the
algebra and suppose that the incident beam consists of
only one line of the doublet. The result [equation (20)]
can then be modified to include both lines by making the
substitutions f — f—2¢; and ¢ — ¢ —0,.

In order to perform the integration indicated in
equation (15) we must express y;, ¥;, and 4; in terms
of B, ¢, y, and dk/k,. This is easily done from the
geometry of Fig. 1 and the results are

Ak
n= '—(R1+R2)y+23 tan GBRI k_ +R2ﬁ , (18)
0
and

(9

y2=R,f—Ryy.
':)<_ . - '

4, is given by equation (6b). With these substitutions
the intensity as a function of the ‘apparent’ diffracted-
ray direction f and crystal setting ¢ is found to be
of the form

I(B,0) =1, exp {—[B—I'(p)}/26*—¢*]26*} . (20)

The center of the diffracted beam again shifts linearly
with the crystal setting according to

@1

The general expressions for o, é and g are given in
Appendix B. When the width of the spectral line is
narrow in comparison with the collimation and mosaic
spread, the optimum scanning ratio is

I'(p)=gp .

2\ .2 2

SR A @)
rrog+ag+1s
where r is the ratio of the distance between the detector
and the sample (R,) to the distance from the source
to the sample (R,). The collimation parameters («;,;)
associated with the size of the source and the sample
are oy =m,/R, and a,=w,/R, respectively. If one were
only to take into account the angular variables and
were to ignore the effect of the shift of the ‘X-ray’
center of the crystal with ¢ this expression would
reduce to equation (11), where the net collimation
parameter is

o=V ad+oi .

In Fig. 5 we have plotted the optimum scanning ratio
g given by equation (22) as a function of the ratio of
the mosaic spread 7, to the net collimation parameter
oy (for the case r=1-0). The ratio a,/a, gives the frac-
tion of the net collimation which is due to the finite
size of the crystal. It is noted that the only case when a

(23)

X-RAY DIFFRACTION

0-20 scan is optimum is for a perfect crystal (77,=0)
and a point source (¢,/oto = 1-0). The translational effect
of the X-ray center of the crystal on g is important
when the size of the crystal is comparable to the
projected size of the focus. It generally requires that
the detector should be moved more rapidly with
respect to the crystal than would be the case if this
translational effect were absent.

For a wide range of scattering angles and experimen-
tal parameters, the expression for the optimum scan-
ning ratio g given in equation (22) will be adequate.
Although the general expression for g given in Appen-
dix B is rather complicated, for a given experiment
with a definite set of parameters, it is simply a single
curve as a function of Bragg angle similar to those
drawn in Fig. 3.

An obvious effect which is not given by the analysis
outlined here is illustrated in Fig. 6. Suppose the
source is monoenergetic and small in comparison to
the sample. Then, as the sample is rotated from
negative angles to positive angles, the diffracting region
of the crystal shifts from one edge of the crystal [Fig.
6(a)] through the middle [Fig. 6(b)] to the other edge
[Fig. 6(c)]. Thus, the diffracted beam is first spatially
narrow, goes through a maximum in width at ¢=0
and then narrows again as the crystal is rotated. Since
we have approximated the crystal shape by a thin disk
(Approximation 2), this effect due to the finite thick-
ness of the crystal is not included, and the result
obtained for the width of the diffracted beam ¢ is
independent of ¢. As we have pointed out, this approxi-
mation is not serious in the calculation of the optimum
scanning ratio. However, in calculating the width of
the receiving aperture, it should be taken into account
if the sample is large. It is apparent that a derivation of
the change in the width of the diffracted beam as a
function of ¢ due to this effect could be made. Since

Source

(@)

(b) A

4

(e)
AT B

Fig.6. Diagram illustrating the effect of the finite thickness of
the sample on the width of the diffracted beam. For a perfect
crystal (7s=0) and a point source which is monoenergetic,
the diffracted beam originates on one side of the crystal
on the plane between A4 and B for negative crystal settings
¢ and is spatially narrow (a). As the crystal is rotated through
the peak of the Bragg reflection the beam broadens (b) and
then narrows again (c).
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Fig.7. Schematic diagram of an X-ray diffraction experiment
in which a planar monochromator is used in symmetric
Bragg reflection.

it is not likely that one will want to change the detector
slit width progressively during a scan, a calculation
of this kind would not be very useful. Simply adding
a width due to this effect will give an acceptable
prescription for calculating the necessary detector
aperture for an optimum scan. The maximum projected
width X [see Fig. 6(b)] should be used.

IV. Monochromated source

There are numerous geometries which should be con-
sidered in deriving an expression for the optimum
scanning ratio g when a monochromating crystal is
used. We treat only the simplest case here; that is,
a planar monochromator used in symmetric Bragg
reflection and a point sample as shown in Fig. 7.
Generalizing this calculation to bent crystal mono-
chromators, asymmetrically cut monochromators, and
samples of finite size is not a difficult task.

We are again interested in obtaining an expression
for the diffracted intensity as a function of the crystal

3 (1

g= %o
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R,, and R, are the reflectivities of the monochromator
and sample. 4, and 4, are the mosaic orientation
angles. In order to perform the integration in equation
(24) it is necessary to express ¥,, 4,, and 4, in terms of
y, p and dk/k,. This can easily be done from the geom-
etry of Fig. 7. The results are

4k
Vo= Y[Ry —Ro]+ & [2Ry(M +28)—2R,S] (26a)

A,,,=y—(M+2S)f1k£ (26b)
0
and
A=y—p—52E. (26¢)
ko
Where
M=¢,tan6,,, (27a)
and
S=¢g tan 0. (27b)

&n and g give the sense of scattering at the monochro-
mator and the sample respectively, and are + 1 depend-
ing upon whether the scattering is to the left or to the
right.

Using these results, the integration over wave number
gives a gaussian function for the diffracted beam
intensity, namely

I(y,p)=1, exp [—(y—gp)*/26* - ¢*[20"] .  (28)

Expressions for the width parameters o and J are given
in Appendix C. In order to keep the centroid of the
diffracted beam aligned with the centerline of the
detector we must move the detector by the angle gop
when the crystal is rotated through the angle p. We
find that g is given by the expression

E (2M+3S _i)]
051) 22} 291

L[(L_L)+L+L]+L[M+2S
¢l\et o) mm ozl omn L oo

angle ¢ and the outgoing ray angle y. The nominal
wave vector k, will be chosen to coincide with one of
the spectral components say Ka,. In this case, this
selection is not arbitrary since the orientation of the
monochromator determines the nominal wavelength.
Thus, the diffracted beam intensity due to Ka, is

Ak Ak
10.0)={ o (- 7o) RadmR(4) () -

ko ko
The spectral (dk/k,) and spatial (y,) distribution of the

source of X-rays is approximated by gaussian function
as was done in §§ II and III. That is we take
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Jo(dk[ko,yo)=Jo exp [—(4k)*[2k3E* — y§/200F) . (25)

_ 2 M 2 M2 .
_|_1 2S]+l[ﬂ_i] _ (S+M)y

2 2,2
oy Ns G 291 Nsm

(29)

7, and 7, are the mosaic spread parameters of the
monochromator and sample respectively. oo =wy/Ry),
and a;(=wp/R,) are the collimation parameters.

The wide variation of this expression for the opti-
mum scanning ratio g is shown in Fig. 8. These dia-
grams are drawn for a particular selection of param-
eters: 6,=30°, a;=0-1°, o;=0-2°, £=0:0147°. When
the monochromator mosaic spread is small, the opti-
mum scanning ratio exhibits a gentle maximum near
the parallel position (g0,=-—30°). As the sample
mosaic spread increases, the optimum scan approaches
an w-scan. For a large mosaic monochromator, g is
consistently less than 1 and again approaches O as the
sample mosaic spread is increased.
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V. Conclusions

The central theme of this paper is that the crystal and
detector motions should be coupled in a manner
which keeps the centroid of the diffracted beam aligned
with the centerline of the detector. This obviously
allows one to use the minimum possible detector
aperture, thus keeping the background due to thermal
diffuse and incoherent scattering as low as possible.
Performing experiments in this manner should prove
to be particularly important for high index reflections
where the Bragg peaks are weak due to the small form
factor and the large Debye-Waller factor (2/#), and
the TDS background is large.

Although some of the expressions we have derived
for the optimum scanning ratio g may appear to be
rather complicated, for a given experiment g is a single
valued function of the Bragg angle §,. Implementing
the use of the optimum scanning ratio for tape con-
trolled and computer controlled diffractometers is
straightforward and adds essentially no complication
to the accumulation of data. In certain cases the expres-
sion fot g reduces to a very simple formula, for example
equation (11). Whether or not the approximations
which we have used need further refinement will
await experimental confirmation.

APPENDIX 4
Expression for o; and §; for the case of a point sample

The width of the rocking curve ¢; associated with
each spectral component is given by
=73 +tan? 05} +af . (41)

The angular width of the diffracted beam J, is found
to be

aZn? + 4 tan? Ogn2 2 +tan® Opodl?

2= ;
i 72 +tan® 0582 +of

(42)

APPENDIX B
Expression for o, 3, g for the case of a finite sample

For the range of scattering angles 20z, and the param-
eters 7,, «; and «, for which the spectral width cannot
be ignored, the optimum scanning ratio is

g=—Ny[2Ny, (B1)
and the width parameters ¢ and J are found from the
expressions

~N2%/4N; (B2)

1 p—
— =
and
0*=1/N; . (B3)
N,, N, and N; depend on the instrumental parameters
and the Bragg angle 65;

X-RAY DIFFRACTION

1 tan? Ogr?
Ny= [A & + o Aoidn? ]

2 tan® HB(r ) 2Ar+r?) 2 ]2
— =1 /a4,. (B4
- [t oid, o) [Me B9
—4 tan? Gyr
N p—1 —-———
2 ain?A,
42 [ tan? O5(r—r?) _ r+r?) _ 1_]
niodd, Eaidy o}
2 tan® f5(1 —r)
[  nPedd, ]/A’ : (83)
_ [ 4 tan? BB]
n: éz—"h adn? A1
2 —
[ 2 tan? Gg(1 r)] /A2 (B6)
niodA,
Where
1 4 tan? 0 tan® 0
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Fig. 8. (@) Optimum scanning ratio g as a function of the sample
Bragg angle s for a narrow mosaic monochromator. The
monochromator Bragg angle 8, was taken to be 30°, and the
collimation parameters og=0+1° and a3 =0-2°. The gaussian
approximated spectral width parameter € =0-0147°. (5) Same
parameters as in (a), but for a large mosaic monochromator.
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and
d= (L +r)n? + a2+ £% tan? O5(1 —r)?
2

T 23 +4 tan® 0,822 + tan? 058202

1
+ z" (BY)

APPENDIX C
Monochromated source, expressions for ¢ and &

The width parameter J of the diffracted beam is given
by

2
- @i, 1 L)
i _4A/[4A(wé MR
_(2ab _2AM+2S)

2 2
Wy Hm

) Lev

The rocking curve width parameter o is found from the
expression

1 4-8) &
T A T (€2

Acta Cryst. (1972). A28, 151
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Where
1 b (M+28S)* S?
A= “CT + —w—z ”; -E (C3)
a=R—R,, (C4)
and,
b=2(M+2S)R,—2SR; . (C5)
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Modified Ewald Construction for Neutrons Reflected by Moving Lattices

By B.BURAS

Department of Physics, H. C. Orsted Institute, University of Copenhagen, and the Danish Atomic
Erergy Commission Research Establishment, Riso, Denmark

AND T. GIEBULTOWICZ
Institute of Experimental Physics, University of Warsaw, Poland

(Received 4 October 1971)

A simple reciprocal lattice construction is presented which, in the case of neutrons reflected by moving
lattices, permits Ewald construction directly in the laboratory frame without transforming the neutron
velocity from the laboratory frame to the moving-crystal frame and back. Some special features and
cases of the reflexion process — as seen in the laboratory frame — are discussed.

In recent years, an increased interest in neutron scat-
tering by moving lattices has been shown (Lowde,
1957; Brockhouse, 1961; Shull & Gingrich, 1964;
Meister, 1967; Shull, Morash & Rogers, 1968; Buras,
Giebultowicz, Minor & Rajca, 1970). The experiments
performed so far have shown easily measured changes
in the reflexion process due to some kind of Doppler
effect. It also seems plausible that the neutron diffrac-
tion effects observed in vibrating piezoelectric crystals
by Galociova, Tichy, Zelenka, Michalec & Chalupa
(1970) are strongly influenced by the Doppler effect
(Buras, Giebultowicz, Minor & Rajca, to be pub-
lished).

As proposed by Lowde (1957), and followed by
Brockhouse (1961), Shull & Gingrich (1964), and

Shull ez al. (1968), the process of neutron diffraction by
moving lattices is usually depicted in the reciprocal
lattice space (Fig. 1) and consists of three steps: (1) the
incident neutron velocity, v;, is transformed from the
laboratory space to the moving-crystal space where it
is equal to w;, (2) the reflected neutron velocity, wu,, in
the moving-crystal frame is found by means of Ewald
construction, and (3) the reflected neutron velocity, u,,
is transformed from the crystal moving frame to the
laboratory frame, and the reflected neutron velocity,

-—
v,=DE, in the laboratory frame is finally obtained.
This paper presents a simple procedure which directly
permits reciprocal-lattice construction in the labor-
atory frame without laborious transformation from



