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The wavelength dependence of extinction effects in X-ray and neutron diffraction predicted by recent
theories is considered and compared with the results obtained for recent accurate diffraction measure-
ments. It is shown that it is not usually possible to determine reliable values of the domain radius and
mosaic spread parameters separately from data measured at only one or two conventional wavelengths.
The most significant experimental test of the wavelength dependence is at present that for secondary
extinction in a spherical crystal arising from neutron diffraction measurements for SrF, at three dif-
ferent wavelengths. These have been analysed on both the Cooper-Rouse and the Becker—Coppens
formalisms, both of which predict a simple form for the wavelength dependence. Although both these
formalisms give excellent agreement with the data when those for different wavelengths are analysed
separately the results indicate, in both cases, that the wavelength dependence is not accounted for

adequately by the theory.

Introduction

In the past the majority of X-ray and neutron dif-
fraction studies of single crystals have been carried
out using one, or possibly two, fairly short wave-
lengths (~1 A) for a particular material. Although a
number of authors have considered the derivation of
reliable extinction corrections for such measurements,
very little attention has been paid to the dependence
of such corrections on the wavelength. However, con-
sideration of the wavelength dependence would seem
to be important at the present time, particularly in
view of the increasing number of studies being carried
out with longer wavelength neutrons (2— 10 A) for
which extinction effects will be greater and also of the
increasing use of extended-wavelength neutron sources
such as the Harwell LINAC. In the latter case it is
obviously vital to be able to account for the wave-
length dependence of extinction effects over the whole
range of wavelengths involved in the measurements.

It is the purpose of the present paper, therefore, to
consider in particular the wavelength dependence pre-
dicted by recent extinction theories and the results of
a number of recent X-ray and neutron diffraction
experiments which can be used to test the theoretical
predictions. It should be noted, however, that neutron
diffraction measurements have a number of advan-
tages over X-ray diffraction measurements in this
respect. Neutron scattering lengths are essentially inde-
pendent of angle so that significant extinction effects
are not restricted to small Bragg angles. The absorp-
tion of neutrons in the sample is usually small and
extinction is usually predominantly secondary in nature
which simplifies the form of the necessary corrections.
Furthermore the Maxwellian spectrum of the reactor
enables a number of wavelengths over an extended
range to be selected conveniently using a crystal mono-
chromator. Consequently we have placed particular

emphasis on the results of a series of accurate neutron
diffraction measurements carried out recently at Har-
well in order to study anharmonic thermal vibrations
in a number of materials with simple structures. In
order to provide confidence in the corrections applied
to the experimental data these measurements were
made at a number of wavelengths for each crystal and
the results can therefore be used to study the wave-
length dependence of the observed extinction effects.
We shall therefore consider, in particular, the form of
the extinction theories appropriate to these measure-
ments, i.e. for spherical crystals in which the effects of
primary extinction are small.

Zachariasen and Cooper—Rouse theories

Recent attempts to make accurate corrections for
extinction effects in X-ray and neutron diffraction
measurements originate from the theory given by
Zachariasen (1967). The Zachariasen theory for a real
crystal consisting of small spherical domains in which
primary extinction can be ignored can be summarized
by the following equations:

Fi=Fy. (1)
y=(+2x)"2, )
x=r*Qi='T, 3)
r*=rl[1+(r/Ag)}"?, 4)

where F, is the calculated extinguished structure factor,
F, is the theoretical kinematical structure factor, y is
the extinction factor, r is the domain radius, g is the
mosaic spread parameter, Q is the conventional crys-
tallographic quantity proportional to FZ213cosec 20
and T is the mean path length through the crystal.

The Zachariasen theory has two major shortcom-
ings; it ignores the angle dependence of the effective
path length through the crystal and it over-estimates
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the value of y for large x, since equation (2) is an ap-
proximation which is only valid for small x (<1).
The present authors (Cooper & Rouse, 1970) there-
fore extended the Zachariasen theory to avoid these
shortcomings by replacing equation (2) by analytical
functions of the form:

y=f[x, sin 6] . (5)

Functions were chosen for spherical and cylindrical
crystals to give an approximation to the theoretical
dependence on sin 6 and to give an approximation to
the dependence on x which is valid to a much larger
value of x (~12) on the basis of accurate neutron
diffraction measurements from crystals of CaF, and
SrF, obtained at three different wavelengths in each
case.

The wavelength dependence of y is determined by
equations (3) and (4) and measurements with at least
two wavelengths are necessary to determine the indi-
vidual extinction parameters r and g. The exact form
of the wavelength dependence will depend on the
relative magnitude of r and Ag and Zachariasen classi-
fied the extreme cases as follows:

Type I crystals r> Ag, so that

r*=J2g and x=gQT . (6)
Type II crystals r< Ag, so that _
r¥*=rand x=rQA™'T. @)

If primary extinction is not negligible then equation
(3) must be replaced by: .

x=3Q27[r*+GT—r)r*]. ®)

It should be noted, however, that the term in r?,
which corresponds to the primary extinction, has the
same form as that for type II secondary extinction
with 3r? replacing rT and furthermore if r<Ag then
r¥*=r and x has the value given by equation (7), as
before. Thus equation (7) is still valid in this case, even
when primary extinction is not negligible. We should
note, however, that if r is much less than T secondary
extinction will be more important than primary.

For a type I crystal #> Ag, r*=Ag and if r< T equa-
tion (8) becomes:

x=3017r*+3Tg) ©

and the primary extinction term may then be signif-
icant. However, a plot of r* determined from equa-
tion (3) against wavelength would then have a slope
of value g and an intercept at A=0 of 3r%/(2T), the
latter thus indicating the relative importance of the
primary extinction.

X-ray diffraction measurements

Zachariasen carried out a series of experiments with
Mo and Cu X-radiation in order to test the predic-
tions of his theory. The crystals studied were spheres
of quartz, hambergite, LiF, CaF, and phenakite
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(Zachariasen, 1969) and the values obtained for the
extinction parameters are given in Table 1.

Table 1. Extinction parameters derived from
Zachariasen’s analyses

g
r*x 10*cm r x 10-4
Mo Cu x 10*cm rad-! Type
LiF 0-022 0-045 0-11 0-03 1
Quartz 0-47 0-46 0-46 >0-7 II
Phenakite 0-69 1-00 1-2 12 -
Hambergite 0-98 1-54 2:0 16 -
CaF, 25 30 32 57 -

Unfortunately Zachariasen gives no indication of
the accuracy with which individual values of  and g
can be determined from these measurements and the
results are therefore somewhat misleading. In order
to demonstrate this we have considered in particular
the experimental results obtained for LiF (Zachariasen,
1968) and have re-analysed these using a least-squares
fitting procedure, assuming an accuracy of 1% in
individual measured intensities, as indicated by Za-
chariasen. The best fit obtained for the Mo K« data,
which consist of 23 reflexions, gave a weighted R for
the structure factors of 0-74%, a value of r*=0-44 (6)
x 1075 cm and temperature factors of B, ;=1-07 (3)
and Bx=0-72 (2) A2. These compare with Zachariasen’s
values of Rg=0-8%, r*=0-22x10"% c¢cm, B, ;=0-90 (4)
and Br=0-63 (1) A2 Although the overall agreement
is not significantly better the temperature factors are
in much better agreement with recent accurate ex-
perimental values (Merisalo & Inkinen, 1968; How-
ard & Khadake, 1974) and with the theoretical values
of Merisalo & Inkinen (1966).

Whilst the value of r* for the Mo Ko data is reason-
ably well determined (o~15%) it should be noted
that the extinction is not at all severe, only seven re-
flexions being reduced in intensity by more than 1%.
Furthermore, in order to be able to determine reliable
values for r and g individually it is necessary to be
able to determine a fairly precise value of r* for the
Cu Ka data. This is clearly impossible in the present
case since only four reflexions were measured at this
wavelength and a minimum of two parameters, r*
and the scale factor, must be determined. Consequently
the value of r* for Cu Ko will necessarily have a very
large uncertainty and any values derived therefrom for
r and g will be ill-determined.

In fact, using the temperature factors obtained from
the analysis of the Mo K« data the best fit to the Cu K
data gave a value of r*=0-37x10"° ¢m and of Rg
0-76%. The latter is significantly better than the Rg
value of 1-33% obtained by Zachariasen and the result
for r¢, contrasts strongly with that obtained by Za-
chariasen in being smaller rather than larger than the
value of ry,. Our analysis therefore leads us to the
conclusion that the crystal is of type II rather than
type 1. This again is in contrast to Zachariasen’s
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conclusion that the crystal tended towards type I, but
we may note that Killean, Lawrence & Sharma (1972)
have obtained a similar result from recent measure-
ments on a LiF sphere.

In this case absorption in the crystal is small and
so Tis equal to 3R where R is the radius of the crystal
(0-03 cm). Hence r< T and it can be seen from equa-
tion (8) that the extinction is therefore predominantly
secondary in nature.

Neutron diffraction measurements

The X-ray diffraction measurements referred to in the
previous section involved the use of two wavelengths
only. Recently we have carried out a series of accurate
neutron diffraction measurements on spherical crys-
tals of SrF, (Cooper & Rouse, 1971), ZnS and ZnTe
(Cooper, Rouse & Fuess, 1973) and a cubic crystal of
KCI (Cooper & Rouse, 1973). Extinction in the SrF,
crystal was significantly anisotropic at long wave-
lengths (>2 A). However, this anisotropy was less at
shorter wavelengths and all measurements were carried
out in such a way that the resultant intensities could
be analysed using an isotropic model for the extinc-
tion. No significant anisotropy was observed in the
other crystals. Although the KCI crystal was not a
sphere the absorption and extinction were both small
enough for a spherical approximation to be used.
Except in the case of ZnTe, these measurements in-
volved the use of three different wavelengths and so
provide a more sensitive test of the wavelength de-
pendence of the extinction parameters, even though
the range of wavelengths covered is somewhat less. In
each case data for the different wavelengths were ana-
lysed separately to give the best values of the effective
domain radius r* and the results of these analyses are
summarized in Table 2.

Table 2. The results of analyses of neutron
diffraction measurements

A Ymin r* (1073cm) R, (%)

SrF, 0-746 0-26 9-26 (40) 1-76
(sphere) 0-865 0-21 11-98 (46) 2-14
1-077 0-14 16-49 (105) 4-58

ZnS 0-873 0-88 1-19 (4) 1-30
(sphere) 0-945 0-85 1-34 (7) 0-74
1-146 0-82 1-67 (18) 094

ZnTe 0-945 0-89 1-18 (14) 1-96
(sphere) 1-143 092 1-40 (68) 324
KCl 0-948 090 0-62 (10) 0-87
(cube) 1-142 0-87 0-80 (10) 1:34
1-346 0-84 0-81 (9) 0-80

The values of r* obtained for the different wave-
lengths were then used to derive values of r and g
from equation (4) with the results given in Table 3.

WAVELENGTH DEPENDENCE OF SECONDARY EXTINCTION EFFECTS

These results indicate that the SrF, and ZnS crystals
are both type I and that the ZnTe and KCI crystals
also tend towards type I. However, the large uncer-
tainties associated with r and g values determined from
so few r values mean that except for the crystals which
are definitely type I the type is not well determined.
This is particularly true for ZnTe for which measure-
ments were made at two wavelengths only because of
limitations arising from the near equality of the scatter-
ing lengths of zinc and tellurium.

Table 3. Extinction parameters derived from
neutron diffraction data

rx10°cm gx103rad-! Type
SrF, o 134 (3-5) I
ZnS o« 1-39 (0-36) I
ZnTe 41 (597) 1-3 (1:6) -1
KCl 1-3 (0-9) 077 (027) —1

For both SrF, and ZnS equation (4) gave negative
values of 1/r2, ie. —0:34x 10" c¢cm~? for SrF, and
—096 x 10 ¢cm=2 for ZnS. These are clearly not
meaningful and the values of g have therefore been
determined for these crystals by setting 1/r2=0. How-
ever this result clearly indicates a significant deviation
from the predictions of equation (4), particularly in
the case of SrF, for which the extinction is fairly
severe and so provides a more exacting test of the wave-
length dependence.

This analysis has so far ignored the possible effect
of primary extinction. However, although a plot of
r* against A gave a good fit to a straight line this also
resulted in a significant negative intercept at A=0,
which from equation (9) indicates that the primary
extinction is negligible and confirms that the wave-
length dependence of the secondary extinction is not
adequately accounted for.

If we re-write equation (4) in the form:

1r¥2=1[r2+1/(Ag)? (10)

we see that a plot of 1/r*2 against 1/A? should be linear
with an intercept at 1/4>=0 of 1/r%. The experimental
values of 1/r*? are therefore plotted in Fig. 1 which
clearly demonstrates the negative value of 1/r? which
is obtained by assuming equation (10) to be valid. It
also shows clearly that the experimental points lie
on a curve rather than a straight line. In both cases
the best curve would appear to be one with a very
small positive intercept at 1/A2=0, as shown by the
solid curve for the SrF, results. Such a curve is con-
sistent with the need for a positive value of 1/r2. A
similar plot for the KCI values show that these would
also be fitted better by a similar curve, although in
this case it would result in a significantly large positive
value of 1/r2.

The neutron diffraction measurements on these ma-
terials therefore indicate that the wavelength depen-
dence given by equation (10) is not correct and that a
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higher order term in 1/ is necessary. An expression
which fits the experimental results is given by:

1/r*2=1/r2+a/(ig)*+b/(X2g)?
with b~2a (A?).

(11)

'Becker—Coppens theory

More recently Becker & Coppens (19744) have derived
a more rigorous theory of extinction for spherical
crystals. This theory again predicts a secondary ex-
tinction correction to the Bragg intensities which is
given by equations (1) and (5) but removes an approxi-
mation retained in both the Zachariasen and Cooper—
Rouse formalismst by replacing the domain radius
by rsin 26. However, these authors retained an am-
biguity in the possible form of the domain mosaic
orientation function, presenting results for both Gaus-
sian and Lorentzian distributions. The Becker—-Coppens
extinction correction for spherical crystals can thus
be written as:

F2=Fy,, (12)
ys=f[X, sin 0], (13)
X=r*sin 200.7'T, (14)

where r* for a Gaussian distribution is given by:
re=r{[1+%(r sin 26/1g)*"/? (15)

and r* for a Lorentzian distribution is given by:
ri=r/(1+rsin 26/Ag) . (16)

The function f[X, sin 0] is tabulated for values of X
and sin @ for these two cases and analytical approxi-
mations to equation (13) are also given.

t It should be emphasized that the Cooper-Rouse theory
correctly replaced ¢, by ¢, in Zachariasen’s (1967) equation (14)
and Becker & Coppens (1974a) are therefore in error in stating
that the former only partially corrects the wrong variation
with @ by the introduction of an angle dependent term.

/

1/r* (x10%cm™?)
s
T

o
o
T

x=SrF,
% 0=ZnS$ (+100)

" L
[ 8] 20

1A (A-)
Fig. 1. Plot of 1/r*? against 1/A? for SrF, and ZnS.
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For the two extreme cases we have, provided that
sin 26 is not too small:

Type I crystals r> Ag, so that

re==2Mg/sin 20 and X;=8gQT (17)
rr=2Agfsin 20 and X, =gQT . (18)

Type II crystals r< Ag, so that
re=ri=rand X¢=X_=rsin20Q0A7'T. (19)

The additional factor of sin 26 does not therefore
occur in the formalism for type I crystals and will
have a negligible effect for crystals which tend to-
wards type I. For example the smallest values of sin 26
which occur for the SrF, data referred to earlier are
0-22, 0-26 and 0-32 at the three wavelengths, so that
the type I relations given by equations (17) and (18)
for r> Ag are still valid. Thus for spherical crystals of
type I the Becker-Coppens and Cooper-Rouse for-
malisms for secondary extinction are identical except
for the exact form of the function f[X, sin ] and the
ambiguity in the relation between r* and g in the
Becker-Coppens formalism.

Primary extinction is included by replacing equation
(12) by:

Fe¢=FLysye (20)
where yp has a similar form to ys [equation (13)] but
with X given by:

Xp=3Qr?sin 20/1 . @2n

Consequently the primary extinction will be ap-
preciably less than the secondary extinction if r2<
2r*T.

It should be noted, however, that neither this for-
malism, nor the more realistic one subsequently sug-
gested by Becker & Coppens (1975), in which Xj is
replaced by yp(Xp) . X5, is entirely correct since it does
not give the right behaviour for r comparable in mag-
nitude with 7, when primary extinction will predom-
inate.

Tests of the Becker—Coppens theory

Becker & Coppens (1974b) have applied their for-
malism to the neutron diffraction measurements for
SrF, referred to in the previous section and conclude
that these support the validity of their formalism. It
is therefore instructive to consider the results which
they obtained in some detail. Their results for separate
analyses of the data for the different wavelengths are
summarized in Table 4. These results were obtained
using a Lorentzian mosaic spread distribution, the fit
being poorer for a Gaussian distribution. The original
study of SrF, (Cooper & Rouse, 1971) did in fact in-
clude simultaneous least-squares refinements on the
scale, temperature and extinction parameters for the
different wavelengths which may therefore be compared
with the Becker—-Coppens results. These were not
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Table 4. Results of Becker—Coppens analyses of StF, Data

Type I Mixed type

24 (0:746 A) 22 (0865 A) 23 (11077 A) A3 (1-077 A)
Us: (A 0-00803 (28) 0-00742 (16) 0:00763 (28) 0-00689 (13)
Ur (A?) 0-01075 (30) 0-01069 (19) 0-01122 (31) 0-01017 (15)
rx10° cm - - - 96 (7)
gx 1074 1-64 (11) 175 (09) 2-35 (18) 1-50 (16)
R 0-014 0016 0-013 0-006
R, 0-022 0-026 0-023 0013

published in the earlier paper since they were used at
that time only to provide values of the temperature
factors for subsequent analyses. However, the results
of these refinements are summarized in Table 5 in a
form suitable for direct comparison with the Becker—
Coppens results. These results do not differ signifi-
cantly from those obtained by Becker & Coppens
using our formalism. However, we have used a com-
puter program (TAILS) which minimizes an agree-
ment factor based on the intensities rather than F or
F? (see Cooper & Rouse, 1971) and uses the search
algorithm of Powell (1965) rather than a conventional
least-squares algorithm. These factors presumably ac-
count for small differences in the final values of the
refined parameters. We may note in particular, how-
ever, that the values of g are in agreement within their
standard deviations and that the ratios are essentially
identical.

Table 5. Results of Cooper—Rouse analyses
of SrF, data

21 (0746 &) 1, (0-865 A) A3 (1:077 A)
Us, (A% 0-00769 (18)  0-00715 (14) 0-00739 (42)
Ur (A% 0-01072 (36) 0-01061 (16) 0-01129 (44)
rx10° cm - - -
gx 1074 1-28 (9) 1-36 (6) 1:65 (18)
R 0-014 0-013 0-021
R, 0-022 0-020 0-042

We have now repeated the analysis of our data
using the Becker—Coppens formalism in the TAILS
computer program. The results obtained for type I and
mixed-type extinction are summarized in Table 6. The
analyses for a type I crystal again reproduce the re-
sults of Becker & Coppens fairly closely but with small
differences resulting from the different method of
analysis. Introduction of the particle size in the re-
finement for A; gives a slight improvement, with R,,
the reliability index based on intensities, reduced from

2-7 to 2:1%. It is only when primary extinction is
allowed for as well that our results for a mixed-type
crystal compare with those given by Becker & Coppens,
but even then R, is only reduced to 2:0%. These anal-
yses confirmed the very high correlation between r
and g (0-92 for A;), as would be expected from the
theory, but give more realistic values for the standard
deviations of the parameters, i.e. about twice those
obtained by Becker & Coppens, which were unreason-
ably small. This would appear to support a preference
for the type of algorithm used in the TAILS program.

A detailed comparison of our analyses for a type I
crystal show that the agreement obtained is better for
the two shorter wavelengths with the Cooper—Rouse
formalism and is better with the Becker-Coppens
formalism for the longest wavelength only. Moreover,
although the Becker-Coppens mixed-type formalism
appears to give an improved fit for the angle depen-
dence of the 1; data for intermediate # values it results
in very large differences for some of the smaller angle
reflexions for which the sin 26 term becomes impor-
tant. As reported previously by Becker & Coppens
the results obtained with their type I formalism show
a significant increase in g} with 4, although it should
be emphasized that this increase is inconsistent with
the theory. However, statistical tests indicate that this
increase is significant at a confidence level of 99-9%.

The different angle-dependent functionin the Becker—
Coppens formalism results in different absolute values
of g, but these are consistently about 25% higher than
those given by the Cooper-Rouse formalism at each
wavelength. Hence the same wavelength dependence
considerations apply in both cases, and in fact the
increase with wavelength is slightly larger for the
Becker—Coppens formalism. Moreover, examination
of the theories shows that these considerations are

+ We shall use g; to denote an effective value of g derived
from a Type I analysis.

Table 6. Results of re-analysis of StF, data using the Becker—-Coppens formalism

Type I

21 (0:746 A) 22 (0-865 A)
Us. (A?) 0-00790 (29) 0-00734 (16)
Ur (A% 0:01073 (43) 0-01053 (19)
rx 10° cm - -
gx10™* 1-56 (14) 1-68 (10)
R(F) 0-015 0-016
RD) 0-026 0-026

Mixed type
Secondary only Primary + Secondary
0-00738 (27) 0-00637 (29)
0-01102 (30) 0-00977 (28)

A3 (1:077 A)
0-00753 (31)
0-01111 (37)

- 336 (9:3) 9:3 (1-3)
2:22 (20) 2:66 (25) 1-57 (30)
0-014 0-011 0-009
0-027 0-021 0-020
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not altered by the introduction of a primary extinction
contribution which can only lead to a decrease of g
with increase in wavelength.

We have also repeated simultaneous refinements on
all data sets and these again essentially confirm the
results given by Becker & Coppens. However, the over-
all agreement obtained from such analyses depends
critically on how the various data sets are weighted
relative to one another and the results can therefore
be misleading. In particular they conceal the fact that
the apparent improvement in overall agreement given
by the Becker—Coppens formalism results solely from
the improvement obtained for the A; data and that
the agreement for the A, and /1, data sets is signifi-
cantly worse. Moreover, although a single model for
the extinction can be fitted for both theories, in both
cases this forces a particular wavelength dependence
of r* and a significantly better fit would be obtained
for all wavelengths if a model were used which allowed
for the wavelength dependence of g; indicated by the
separate analyses.

We have also repeated our analysis of the Zacharia-
sen LiF X-ray data using the Becker—Coppens extinc-
tion formalism in the TAILS computer program. In
view of the limited Cu Ko data we have again fixed
the thermal parameters from analysis of the Mo K«
data and refined only the extinction parameters for
the Cu K« data. The results of our analyses for various
extinction models are summarized in Table 7, which
for completeness includes the results obtained using
the Cooper-Rouse formalism discussed earlier. Be-
cause of the limited Cu Ko data no standard devia-
tions are given for the extinction parameters at this
wavelength. However, further analyses were carried
out for these data with all thermal and extinction par-
ameters fixed at the values obtained from the Mo K«
data and the resultant reliability index value, wR;,
is also given.

It is clear from a study of these results that all
models give a reasonably good fit to the Mo Ko data
(wR, values in the range 1-35 to 1:40%) but that the
only single model which gives good agreement for
both sets of data simultaneously is the Cooper-Rouse
type II model (WR;=2-15%). As indicated previously
this model could equally well allow for primary ex-
tinction, but since r< T this will be much less than
the secondary extinction in this case. In contrast, none
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of the Becker—Coppens models give good agreement
for both sets of data simultaneously, although the best
fit to the Cu Kua data is given by the type II model,
including primary extinction. These results conflict
with the earlier results obtained by Becker & Coppens
(1974b) for their analysis of a different set of LiF
X-ray data from which they concluded that the extinc-
tion is primary in nature. However, this conclusion is
not physically acceptable in this case, since r< T.

Further details of our analyses of these SrF, and
LiF data will be given elsewhere.

Conclusions

The increasing use of long-wavelength and extended-
wavelength neutron sources for diffraction studies
demands an adequate formalism for the wavelength
dependence of extinction effects. However, recent theo-
ries of extinction and experimental tests of these have
been concentrated almost entirely at providing for-
malisms which are acceptable for data measured at a
single wavelength only and the wavelength depen-
dence has received little attention. In particular Becker
& Coppens (1974b, 1975) have presented results of
analyses of data for six different materials (SrF,, LiF,
LiTbF,, «DOX, TCNE and LiOH.H,0) using their
recent extinction formalism but only two of these
(SrF, and LiF) involve data collected at more than
one wavelength. Their analyses of the data for SrF,
and LiF are, however, misleading although they were
presented as evidence for the validity of the new for-
malism.

Recent theories of extinction in spherical crystals
predict a simple wavelength dependence of the effec-
tive domain radius or the effective mosaic spread par-
ameter on the wavelength. However, this dependence
is such that it is not usually possible to determine
reliable values of the domain radius and mosaic spread
parameters separately from data measured at one or
two conventional wavelengths only. Even for data
measured recently at three wavelengths the theories
are only tested to any significant extent by those for a
spherical crystal of SrF, which we have therefore re-
analysed using both the Cooper-Rouse and the Bec-
ker-Coppens formalisms. In addition we have re-
analysed, again using both formalisms, X-ray data
obtained by Zachariasen (1968) for a spherical crystal

Table 7. Results of analyses of LiF data

Cooper-Rouse

(r*=r) General
By; (A% 1:07 (3) 1-08 (3)
Br (A% 072 (2) 072 (2)
rao X 10° cm 0-44 (6) 3:3 (5°5)
Feu X 10° cm 0-37 14-3
o X 1074 - 9 (10)
Zeux 1074 - 47
WR,(Mo) (%) 137 137
wR,(Cu) (%) 1-75 1-89
wR(Cu) (%) 215 8-86

Becker—Coppens (Lorentz)

Primary Type I Type 11

1-08 (3) 1-08 (3) 1-08 (3)

073 (2) 072 (2) 073 (2)
62 (5) - 1-4 (4)
38 - 0-58

- 15 (2) -~

- 32 _

1-35 1-40 1-36

291 2:24 324

9:72 8-84 8-62
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of LiF. Our conclusions from these analyses together
with a detailed consideration of the theories are as
follows:

(1) Extinction in the SrF, crystal is essentially type
I secondary whereas that in the LiF crystal is essen-
tially type 1I secondary.

(2) For spherical crystals of type I the Becker—
Coppens and Cooper—Rouse formalisms for secondary
extinction are identical except for the exact form of
the angle-dependent function f[X, sin 8] for y and an
additional factor of & multiplying the value of g in
the Becker—Coppens formalism if the mosaic spread
function is Gaussian rather than Lorentzian.

(3) Type I analyses of individual SrF, data sets give
values of g; which are about 25% larger for the Becker—
Coppens formalism as a result of the different angle
dependent function, but the wavelength dependence
of g, is essentially the same in both cases.

(4) In both cases the increase of g, with wavelength
is significant, although the theories predict that g
should be independent of wavelength for type I ex-
tinction and decrease with wavelength for other types
of extinction.

(5) The different angular-dependent functions result
in better agreement being obtained for the Becker—
Coppens formalism for the long wavelength data but
better agreement for Cooper—Rouse formalism for the
data at the two shorter wavelengths.

(6) The Becker & Coppens (1974b) analysis is mis-
leading since it conceals the wavelength dependence of
g1 by analysing all data sets simultaneously with a
single model for the extinction. However, it is clear
that a significant improvement in the overall agree-
ment could be obtained if a model were used which
allowed for the wavelength dependence indicated by
the separate analyses.

(7) The Cooper-Rouse formalism gives excellent
agreement for the LiF data at both wavelengths. In
contrast the Becker—Coppens formalism gives com-
parable agreement for data at one wavelength only.

(8) The Becker-Coppens formalism is not correct
unless r<T. Furthermore, primary extinction cannot
predominate if r2<r*T. Thus for a type II crystal
primary extinction cannot predominate if r< 7.

Our basic conclusions from the analyses presented
by Becker & Coppens (1974b, 1975) and our own anal-
yses are thus that, provided r<T, both extinction
formalisms give good agreement for data collected at
a single wavelength but that neither formalism ac-
ccunts correctly for the wavelength dependence of the
secondary extinction. The formalisms are very similar
for type I secondary extinction and in both cases the
vravelength dependence for this type can be allowed
for by introducing an additional wavelength dependent
term in g. Although good agreement could be obtained
for the Zachariasen LiF data at both wavelengths
using the Cooper—-Rouse formalism similar agreement
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could not be obtained using the Becker-Coppens for-
malism. This appears to indicate a further shortcoming
in the latter.

In view of the shortcomings which these analyses
demonstrate so conclusively it is interesting to note
that Niimura, Tomiyoshi, Takahashi & Harada (1975)
have recently carried out neutron time-of-flight meas-
urements on a crystal of CuCl over an extended wave-
length range and report ‘good’ agreement using the
Becker—Coppens type I formalism. However, the ex-
tinction is considerably smaller in this crystal than in
the SrF, crystal discussed previously and for wave-
lengths below about 1-5 A appears to be significant
only for the 111 and 222 reflexions. Furthermore, some
deviation from the theory appears to occur for these
reflexions at the shorter wavelengths. The good agree-
ment obtained at longer wavelengths is in fact per-
fectly consistent with our earlier conclusions since
Fig. 1 shows that the existing formalisms which give
a linear dependence of 1/r*? on 1/4% or of 1/r* on 1/A
could well be valid for wavelengths greater than 1-5 A.

Obviously further studies involving data collected
over an extensive range of wavelengths will be neces-
sary in order to establish the detailed wavelength de-
pendence of extinction effects with confidence. A series
of measurements is therefore being undertaken on the
same SrF, crystal in order to extend the range of
wavelengths to both longer and shorter values.
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