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The XTAL system and the concepts on which it is 
based have recently been used under the sponsorship of 
NRCC to develop a portable multiple isomorphous 
replacement program. A discussion of this project and 
its wider implication can be found in Robinson (1980). 
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Abstract 

The results of an investigation of the polarization 
coefficient of X-ray radiation diffracted in real crystals 
are given. The form of the angular dependence of the 
polarization coefficient in the range of the Bragg 
reflection is found to be qualitatively different in the 
cases of primary and secondary extinction. It allows 
the unambiguous identification of the type of extinction 
in the crystal. On the basis of the experimental data 
analysis of the polarization coefficients for silicon and 
germanium crystals with different dislocation densities, 
it is shown that the mosaic model of a crystal is suitable 
for describing X-ray scattering in real crystals if the 
dislocation density is higher than 104 mm -2 and in 
practice only primary extinction is present in mosaic 
crystals. An expression is given for the primary 
extinction factor for the mosaic crystal, obtained on 
the basis of the solution of the Takagi-Taupin 
equations for finite crystals. This expression was used 
for the analysis of the LiF and NaF structure factors 
measured by different authors. The effective size which 
was obtained for the domains appeared to be physi- 
cally reasonable and to be directly connected with the 
value of the dislocation density in the crystal. 

1. Introduction 

Extinction in X-ray crystallography is described in 
most cases in terms of the Darwin (1914) mosaic block 
model. Zachariasen (1967) developed the formalism of 
the extinction theory on the basis of the Darwin 
energy transfer equations and applied it in the analysis 
of X-ray data for a number of substances 
(Zachariasen, 1968a,b). The Zachariasen theory 
greatly renewed interest in extinction. Coppens & 
Hamilton (1970) generalized the Zachariasen approach 
in the case of extinction anisotropy. It was established 
by many authors that the Zachariasen formalism 
significantly improved the agreement between the 
calculated and corrected-for-extinction experimental 
structure factors. This formalism was refined by 
Cooper & Rouse (1970) and more strictly recon- 
sidered by Becker & Coppens (1974a, 1975). At the 
same time, different authors pointed out the short- 
comings of the indicated formalism. Its main limitation 
is the kinematical approach (Werner, 1969), for it is 
based on the transfer differential equations, which take 
no account of coherence, since they involve only the 
intensities of the beams. This method does not appear 
to be suitable for correcting for severe primary 
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extinction (Lawrence, 1972). The formalism of 
extinction which was considered was discussed 
(Lawrence, 1977; Becker, 1977) both from the point of 
view of the applicability of the models and the physical 
sense of its parameters. 

Comparison of block sizes, obtained in the 
refinement of the extinction parameters, with dislo- 
cation densities (Michell, Smith & Sabine, 1969; 
Killean, Lawrence & Sharma, 1972; Sharma, 1974) 
showed that the Zachariasen theory gave physically 
unrealistic results. The block size obtained in the 
refinement of the theoretical parameters is an order or 
two less than the distance between dislocations in the 
crystal under study. The problem of the physical sense 
of the block sizes is closely connected with that of the 
relation between primary and secondary extinction 
(Lawrence, 1974; Becker & Coppens, 1974a,b). 
Following Zachariasen, primary extinction is assumed 
to be absent in most cases. However, experiments on 
the variation of extinction with beam path length in a 
crystal (Denne, 1972; Lawrence, 1972, 1973) showed 
this assumption to be unjustified and the primary 
extinction effect to be essential. 

Finally, there arise the questions of the applicability 
limits of the mosaic model itself and of the assessment 
of the dislocation density range in a crystal where this 
model could make sense physically. There are cases 
when the extinction formalism, based on the mosaic 
block model, is applied for the analysis of the 
experimental data obtained for weakly distorted 
crystals, and satisfactory agreement is achieved 
between the corrected and calculated structure factors. 
This suggests that a formally achieved agreement of 
structure factors without an estimation of the physical 
significance of the extinction parameters cannot give 
evidence on the validity of physical model of X-ray 
scattering in real crystals which has been used. 

A study of the polarization ratio of the Bragg 
reflections for crystals with different dislocation 
densities showed (Olekhnovich, Rubcov & Schmidt, 
1975; Olekhnovich & Schmidt, 1977; Olekhnovich, 
Kaspei & Markovich, 1978) the limited range of 
applicability of the Darwin transfer equations and of 
the mosaic model itself for describing X-ray diffraction 
in real crystals. Some progress in the solution of the 
extinction problem can probably be made by studying 
the angular dependence of the polarization coefficient 
of the Bragg reflections (Olekhnovich & Markovich, 
1978). 

The aim of the present paper is: to carry out an 
analysis of the angular dependence of the polarization 
coefficient of the Bragg reflection for a mosaic crystal 
block model in the case of primary and secondary 
extinctions; estimation of the lower limit of dislocation 
density in a crystal, above which the mosaic crystal 
model can be applied; investigation of the nature of 
extinction and finding an approach for its description in 

the case of mosaic crystals; and an illustration of the 
possibilities of the approach found for the analysis of 
the experimental structure factors of NaF and LiF for 
which the extinction effect has been studied carefully by 
many investigators. 

2. Polarization coefficient and extinction type 
identification 

Let Ro(e) and R~(e) be the reflected powers for a 
crystal at the given diffraction angle e = 0 - 0 s for the 
a and 7r polarization components of the unpolarized 
incident beam. Then the polarization coefficient of the 
diffracted radiation can be defined as" 

R(~) 
P ~  - - -  ( 1 )  

Ro(~) 
This is a differential characteristic of the scattered 
radiation determining the polarization ratio at each 
point of the Bragg reflection curve. As in the case of the 
ideal mosaic crystal the scattering curve profiles for the 
n and a polarizations are identical; the polarization 
coefficient for such a crystal has a constant value of 
cos 2 20 B (0 A is the Bragg angle) over the whole Bragg 
reflection curve. 

We now consider the character of the angular 
dependence of the polarization cofficient for real 
mosaic crystals. 

The case o f  primary extinction 

If the crystal is composed of independent mosaic 
blocks the polarization coefficient can be expressed as: 

c~C) 

.( w(et)R~ (e + , , ) da  
- - O O  

PR = (2) 
oO 

.( w(.)R~,(~ + . ) d .  
- - 0 ( 3  

Here R~ and R~ are diffracted powers for the mean 
mosaic block at the e + ~ angle for 7r and g 
polarizations, respectively, and wOO is the angular 
distribution function of the crystal blocks. As was 
shown by a calculation (Olekhnovich, 1978) based on 
the solution of the Takagi-Taupin (Takagi, 1969) 
equations for different shapes of finite crystals in the 
range of the principal maximum, the scattering curve 
profiles had practically the same shape for both 
polarizations. If these data are taken into account, it 
follows from (2) that the angular dependence of PR for 
the crystals with the type of mosaic considered is a 
function close to the//-shaped one, i.e. it is in the larger 
part of the Bragg reflection curve (Fig. l a), it has a 
constant value exceeding cos 2 20 s, and on passing into 
the range of the reflection tails the value of the 
polarization cofficient sharply decreases up to the 



kinematical limit (Fig. lb, curve 1). Angular 
dependence of the polarization coefficient does not 
depend on the character of the angular distribution of 
the block. The PR value in the plateau range depends 
directly on the block size. If its size is much less than 
the extinction length then the value of the polarization 
coefficient is cos 2 20~. 

The case o f  secondary extinction 

The calculation of the polarization coefficient of the 
diffracted radiation for a mosaic crystal, consisting of 
incoherently connected blocks (there is no primary 
extinction), can be carried out on the basis of the 
solution of the energy transfer equations (Zachariasen, 
1967). For instance, the solution of these equations for 
Bragg diffraction in a thick crystal gives, in the 
symmetrical case, the following expression for the 
integrated intensity (Olekhnovich & Schmidt, 1977): 

1 ~ t~(e) de - f  
P = 2 p [ 1 + 6(¢)/p11/2 [ 1 + 26(e)/p] 1/4" (3) 

- - 0 0  

The polarization coefficient will therefore be: 

l l + (~o(¢)/p] '/2 l l + 2 tT : (e ) /p ]  TM 

PR = c°s2 20s [1 + a,~(e)/pl 1/2 [1 + 2~r,,(e)//al '/4" (4) 

Here o(e) is the effective value of the reflected power 
per unit volume of the crystal (Becker & Coppens, 
1974a), p is the absorption coefficient, and 

b~ = °o c°s2 20s" 

R 

(b) 

~ . . . . .  
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Fig. 1. (a) Rocking curve of the Bragg reflection for the mosaic 
crystal, and (b) the angular dependence of the polarization 
coefficient. Curve (1) is the case of primary extinction, curve 
(2) of secondary extinction. 

The calculations performed for the case of secondary 
extinction show the angular-dependence curve of the 
polarization coefficient to be similar to the rocking 
curve of the Bragg reflection (Fig. l b, curve 2). The 
character of the angular dependence PR in the case 
considered does not depend on the approximations 
used in the calculations, i.e. on the angular distribution 
function of blocks and their shape. It should be noted 
that the calculation of the polarization coefficient on 
the basis of the dynamical-theory approach developed 
by Kato (1976) is impossible, since the theory does not 
determine the angular dependence of the introduced 
correlation parameter. With primary and secondary 
extinction appearing in the crystal, the polarization 
coefficient will be described by the curve, which is some 
superposition of curves (1) and (2) in Fig. 1 (b). 

Thus the analyses performed show that the type of 
extinction in a crystal can be accurately identified by 
the observed angular dependence of the polarization 
coefficient. 

3. Exper iment  

Investigations of the polarization coefficient were 
carried out on single crystals of silicon (Olekhnovich & 
Markovich, 1978) and germanium with different 
dislocation densities. The character of the angular 
dependence PR is found to change with increasing 
dislocation density. With a dislocation density higher 
than 105 mm -2, one can observe a plateau on the curve 
of the angular dependence of the polarization 
coefficient. The plateau covers practically the whole 
angular range of the Bragg reflection (Fig. 2). Only on 
the tails of the rocking curves, where the intensity is 
about 20 times weaker than at the maximum, does the 
jump of the polarization coefficient occur. The value of 
the polarization coefficient on the plateau decreases 
with increasing dislocation density. The decrease of 
dislocation density from 105 to 104 mm -2 results in a 
gradual degeneration of the plateau in the angular 
dependence of the polarization coefficient. When the 
dislocation density is lower than 104 mm -2, the curve of 
the angular dependence of PR (Fig. 3) gradually 
approaches the curve corresponding to the perfect 
crystal. 

Mathieson, Calvert & Killean (1974), while studying 
the polarization ratio of the graphite-crystal mono- 
chromator, observed a plateau in the angular 
dependence of the polarization coefficient for the Bragg 
reflection 0002. The crystal investigated by them seems 
to be highly defective as its rocking curve is rather 
wide. 

Thus a comparison of the experimental and 
theoretical data on the angular dependence of the 
polarization coefficient for radiation diffracted by a real 
crystal leads to the following conclusion. In describing 
X-ray diffraction in real crystals the mosaic crystal 
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model appears to make physical sense when the 
dislocation density (Na) is higher than 104 mm -2. With 
N a > 105 mm -2 the structure mosaic is such that the 
separate domains of the crystal scatter X-rays indepen- 
dently, i.e. secondary extinction is practically absent 
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Fig. 2. The angular dependence of the polarization coefficient PR 

and the rocking curve R for the reflection 111 of Ge with 
dislocation density 3 x 105 mm -z. 
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Fig. 3. Angular dependence of  the polarization coefficient PR and 
the rocking curve R for the reflection l 11 of  Ge with dislocation 
density 1.2 x 10 3 mm -z. 

and the scattering mechanism is described by the 
primary extinction effect in individual blocks. When the 
dislocation density is less than 105 mm -2 some coherent 
relation appears between the individual domains of the 
crystals in the process of X-ray scattering. If N a 
decreases below 104 mm -2 this coherent relation 
becomes so essential that some crystal domains lose 
their individuality in X-ray scattering. 

Primary extinction for such crystals obviously 
depends on path lengths (until now extinction 
dependence on path length was considered to be due to 
secondary extinction). 

Let us consider the extinction correction for mosaic 
crystals with a small coherent relation between the 
individual domains in them. Extinction for imperfect 
crystals, the diffraction in which could not be described 
in terms of the mosaic model, will be considered 
elsewhere. 

4. The extinction factor for mosaic crystals 

As follows from the analysis of the above-mentioned 
experimental data on the angular dependence of the 
polarization coefficient, X-ray scattering in mosaic 
crystals is practically concerned with the primary 
extinction effect in individual blocks. The primary 
extinction for a perfect crystallite can be calculated on 
the basis of the solution of the Takagi-Taupin 
equations. The solution of these equations for finite 
crystals in the forms of a cylinder and a parallelepiped 
(Oleknovich & Oleknovich, 1978, 1980) showed that 
the primary extinction factor for a crystal block is 
determined by its average size (r) in the diffraction 
plane expressed in extinction length units: 

rr o ;tlFIC 
r = (5) 

V 

Here r is the geometrical size of the block, V/ro21FIC 
the extinction length, V the unit-cell volume, r o the 
classical electron radius, 2 the wavelength, F the 
structure factor, and C = 1 or cos 20. 

If the above is taken into account, then for the 
applicability limits of the mosaic model it is sufficient to 
consider the case when r does not exceed 1.5. Within 
this range of r change, the primary extinction factor of 
the crystal blocks does not depend on the Bragg angle 
and can be accurately estimated by the following 
expression: 

exp ( - g / 4 )  + C 2 exp ( - g  C2/4) 
y = (6) 

l + C  z 

When the monochromator is used the extinction factor 
is given as: 

exp (--rg/4) + kM C2 exp (--r2o C2/4) 
y = , (7) 

1 +kM C2 
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where k M is the polarization ratio for the crystal 
monochromator used, r o = rr o ~.lFI/IF. 

This approach to extinction estimation appears to be 
valid for an analysis of the measured structure factors 
in many cases of X-ray crystallography, since here 
small crystal samples with a rather high dislocation 
density are used (high dislocation density is generated 
in the process of cutting or polishing). The value of the 
block size found in correcting for the extinction of 
experimental X-ray data will characterize the mean 
distance between dislocations. However, if the 
dislocation density is within the range of values in 
which the domains of the crystal are not completely 
independent as regards scattering (N  a < 105 mm-2), 
then one can find an effective block size which varies 
slightly with X-ray wavelength. This variation is 
because the increasing wavelength comes to have an 
increasing coherent relation between the domains in a 
crystal. 

The possibilities of the approach described above 
and its physical validity were tested on a number of LiF 
and NaF experimental data sets which will be briefly 
analysed below. 

5. Sodium fluoride 

Howard & Jones (1977) carried out a precise measure- 
ment of the structure factors (Fo 2) for NaF on a single 
crystal 0.096 x 0.074 × 0.076 mm using Ag Ka, Mo 
Ka, Cu Ka and Co Ka radiations. Their comparison of 
the Fo 2 values with the calculated structure factors (F~) 
showed that integrated intensities of strong reflections 
are affected by extinction, depending on the 
wavelength. The data obtained at four wavelengths by 
Howard & Jones (1977) were reanalysed by Cooper 
(1979) using both the Cooper-Rouse and the Becker- 
Coppens extinction formalisms in order to study the 
wavelength dependence of extinction in NaF. Cooper 
concluded that the wavelength dependence of the 
integrated intensity can be accounted for on the basis of 
the secondary extinction effects, taking the crystal to be 
intermediate between type I and type II according to 
the Zachariasen classification. 

We carried out an analysis of the experimental data 
of Howard & Jones on the basis of our primary 

extinction approach to mosaic crystals described 
above. The only fit parameter to be refined was the 
effective size of the crystal domain r related to the 
extinction factor by (6). The value of the extinction 
parameter r was determined by the least-squares 
method by minimizing the value used by Cooper: 

S = ~ w i ( l o i -  Icl) z. (8) 
i 

Here Cooper's notation is used" 

I o = F 2 cosec 2On, (9) 

I c = sylFcl 2 cosec 20 n, (10) 

where s is the scale factor, and y the extinction factor, 
which has the form given by (6). 

The calculation of the structure factors I Fcl 2 was 
carried out using the atomic scattering factors of the 
AM2 model (Aikala & Mansikka, 1972) and the value 
of the temperature factor determined by Cooper (B = 
B r = BNa = 0 .915  A2). 

The level of agreement between the measured and 
calculated intensities was estimated by the value of the 
weighted discrepancy index according to Cooper 

w i l l o i -  Icll 
1 

R w =  (11) 

Y Wllol 
t 

The analysis of the experimental data for each 
wavelength was made independently and the size of the 
effective domain was found. 

Table 1 gives the results of the analysis performed 
with our primary extinction approach and the results 
obtained by Cooper (1979) using the Cooper-Rouse 
(C--R) and Becker-Coppens (B-C)  secondary 
extinction formalisms. 

As can be seen from Table 1, our primary extinction 
approach and the C-R,  B-C formalisms give close 
values for the weighted discrepancy index. The effec- 
tive domain sizes obtained using the primary extinction 
approach and the C-R,  B-C formalisms have a 
different order of values. 

The effective domain size found from the primary 
extinction approach decreases slightly with the increase 

Table 1. Results o f  the analysis o f  the NaF experimental data obtained by Howard  & Jones 

Ag Ka Mo Ka Cu K a  Co K a  Extinction 

2 (A) 0.56 0.71 1.54 1.79 Formalism 
r x 103 (mm) 5.5 + 0.3 5.6 _+ 0-3 5.0 +_ 0.2 5.1 + 0.3 
R w (%) 1.14 1.28 0-83 0.94 Present work 
r200 0.49 0.65 1.16 1.34 
r x 104 (mm) 1.00 1.00 1.00 1.00 Cooper (C-R) 
R w (%) 1.18 1.30 1.06 0.93 
r x 104 (mm) 2.3 2.3 2.3 2.3 
Rw (%) 1.18 1.29 1.55 0.59 Cooper (B-C) 
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of the wavelength. This is because the dislocation 
density (N a = 3-2 × 104 mm -2) estimated in terms of 
the effective domain size lies in the range of values at 
which there is some coherent relation between the 
individual crystal ranges, increasing with the 
wavelength. However, the coherent relation effect 
between domains for the dislocation density obtained is 
rather small as rcu is close to rMo. The values of the 
effective domain size obtained are smaller than 1.5 of 
the extinction length of the strongest 200 reflection for 
all wavelengths used (r200, Table 1), and thus are in the 
applicability range of the relations (6, 7). The relation 
between r200 and r follows from (5): r200 = rroAlF2oo[/ 
V. 

The extinction effect in NaF was investigated by 
Sharma (1974). As a result of the analysis of the 
structure factors measured from a spherical crystal of 
approximate radius 0.10 mm with Mo K~t radiation 
and the Zachariasen formalism Sharma came to the 
conclusion that 'the Zachariasen theory of extinction is 
physically meaningless' since the value of the block size 
(5.6 + 0.4) × 10 -5 mm obtained by him does not agree 
with the dislocation density (104 mm-2). We reanalysed 
the structure factors measured by Sharma on the basis 
of the primary extinction approach. The structure 
factors F c were calculated using atomic scattering 
factors of the AM2 model (Aikala & Mansikka, 1972) 
and taking into account dispersion corrections (Cromer 
& Liberman, 1970). The parameters to be refined were 
the temperature factors BNa and B v and the domain 
radius r. To determine temperature and scale factors 
the 200, 220, 400, 420, 440, 442 and 600 reflections 
were excluded from the least-squares refinement. The 
size of the effective domain r was determined by 
minimizing the value used by Sharma: 

( F 2 i -  YLFcil2) 2. (12) 
i 

The level of agreement between the calculated and 
experimental data was determined by the value of the 
discrepancy index 

~lF2oi--YlFci 12] 
i 

R 2 = (13) 

Fo2i 
i 

The y value in (12) and (13) was related to r by (6). The 
results of the analysis are given in Table 2. 

Table 2. Results o f  the analysis o f  the NaF structure 
factor measured by Sharma 

Present work Sharma 

BNa (A 2) 0-853 0 .860 
Bv(A  2) 0 .866 0 .880  
R 2 (%) 2.2 - 
r ( m m )  ( 7 . 9 + 0 . 3 ) ×  10 -3 (5 .6+_0 .4 )  x 10 -5 
r200 0" 8 9 - 

Our temperature factors and those of Sharma are 
close to each other, but they are less than the value 
obtained by Cooper (1979). This is because the 
structure factors measured by Sharma were not 
corrected for thermal diffuse scattering. Application of 
the primary extinction approach developed above for 
the analysis of the experimental data is found to give 
better agreement between the observed and calculated 
structure factors than that of the Zachariasen 
formalism. The dislocation density estimated using the 
value obtained for the effective domain size is 1.6 × 10 4 

mm -2 and agrees with the measured value given by 
Sharma. The effective domain size in the crystal 
investigated does not exceed the extinction length for 
the 200 reflection (r2o 0 = 0.89). 

6. Lithium fluoride 

The extinction effects in lithium fluoride have been 
studied by many investigators. Zachariasen (1967) 
measured the structure factors for LiF from a sphere of 
radius 0.299 mm, using Mo K¢~ and Cu KCt radiations, 
and carried out the extinction analysis on the basis of 
the theory developed by him. Killean, Lawrence & 
Sharma (1972) (KLS hereafter) repeated measure- 
ments of F o for LiF to test the results obtained by 
Zachariasen. They showed that the mean radius of the 
mosaic domains is physically unreal. The Zachariasen 
experimental data were reanalysed by Cooper & Rouse 
(1976) on the basis of the C - R  and B-C formalisms, 
and the KLS data were analysed by Becker & Coppens 
(I 974a,b) in terms of primary extinction. 

We carried out an analysis of the experimental 
structure factors measured by Zachariasen, as well as 
those by KLS, using only the above-mentioned 
primary-extinction approach. The structure factors 
were calculated both for NaF and LiF using the AM2 
model (Aikala & Mansikka, 1972), taking into account 
dispersion corrections (Cromer & Liberman, 1970). 
The temperature factors were determined by least- 
squares refinement using the F o factors set for Mo Ka 
radiation, excluding the 200, 220, 222, 400, 420, 422, 
440, 111, 311 reflections. Then, minimizing 

~. wt(F2oi -- sylFctl2) 2, (14) 
i 

the scale factor and the effective domain size of the 
mosaic blocks were found for both wavelengths. The 
level of agreement between the calculated and experi- 
mental structure factors was determined by the value of 
the weighted discrepancy index, 

E w,lF2o,- Y IFc,121 
1 

R2w = (15) 

Y wi Fo~l 
i 



N. M. OLEKHNOVICH, V. L. MARKOVICH AND A. I. OLEKHNOVICH 995 

Table 3. Results of the analysis of the LiF data measured by KLS 

B,i  (A ~) 
B r (A 2) 
R2w (%) 
r × 103 (ram) 

"/'200 

Becker & 
Present work KLS, Coppens 

Mo Kct Cu KCt formalism Z formalism B-C 

1.01 1.01 0.96 0.912 
0.69 0.69 0.66 0-538 
1.6 1.6 - 2.7 

(7.1 + 0.3) (3.8 _+ 0.2) 0.015 1.9 
0.80 0.88 - - 

Table 4. Results of the analysis of the LiF data measured by Zachariasen 

Cooper-Rouse 

Present work Formalism C-R  Formalism B-C 

Mo Ktt Cu K¢~ Mo Ktl Cu Kct Mo Kct Cu KCt 

BLi (A 2) 1.06 1.06 1.07 1.07 1.08 1.08 
B v (A 2) 0.69 0-69 0.72 0.72 0.73 0.73 
R2, ,. (%) 1.4 2.3 1-37 1.75 1.36 3.24 
r x 103 (mm) (10.0 + 1.8) (6.0 + 0.9) 0.044 0.037 0.14 0.058 
r20 o 1.13 1.38 . . . .  

The results of the analysis of the structure factors 
measured by KLS and Zachariasen are given in Tables 
3 and 4 respectively. 

The parameters of the analyses obtained by the 
above-mentioned authors are also given in the tables 
for comparison. 

As can be seen from the tables, the Rzw values 
obtained on the basis of the primary extinction ap- 
proach are close to the values derived from the C-R 
formalism, but are slightly less than those given by the 
B-C formalism. It should be noted that the standard 
deviation for the effective domain size r, calculated 
using the Zachariasen data, is 15-18% of the value 
determined, and in the case of the KLS data it is about 
5%. This difference in the accuracy of the r deter- 
mination is because the Zachariasen structure factors 
were measured with larger standard deviations. 

Unlike other formalisms, the primary extinction 
approach gives physically real values of the effective 
domain size, correlating with dislocation density. 
However, it should be noted that the effective domain 
size obtained in the case of the LiF crystal for Cu Ktt 
radiation is considerably smaller than that for Mo K~ 
radiation, though r2o0 < 1.5. This difference indicated 
that in the crystal under study there is an appreciable 
coherent relation between domains in the scattering 
process. In fact, the dislocation density in the given 
crystals is about 104 mm -2 (Sharma, 1974), below 
which the mosaic crystal model is inappropriate. The 
primary extinction refinement of Zachariasen's 
measurements on LiF made by Cooper & Rouse 

(1976) gave domain sizes, which are of the same order 
as that from our refinement. 

C o n c l u s i o n  

Analysis of a number of NaF and LiF experimental 
data sets shows that the new primary extinction 
approach given in § 4 allows the integrated intensity, 
measured on crystals with a dislocation density (higher 
than 10 4 mm -2) for which the applicability condition of 
the mosaic crystal model is satisfied, to be accounted 
for. The effective domain size determined by this 
approach for a mosaic crystal has a real physical sense 
and, consequently, the dislocation density can be 
estimated using the extinction factor. The analyses of 
the NaF and LiF data were performed in terms of an 
isotropic extinction factor, i.e. the anisotropy of 
extinction in the crystal investigated, as pointed out by 
the authors, was negligible. However, in the general 
case the extinction effect is anisotropic, i.e. it depends 
on two sizes of domain in the scattering plane. The 
anisotropic factor of the primary extinction can be 
calculated by the solution of the Takagi-Taupin 
equations for finite crystals of the given form. If the 
dislocation density is less than 10 5 mm -2 the partial 
coherent relation between the domains in the scattering 
is revealed in some change with wavelength of the 
effective domain size. It will probably result in a 
primary extinction change of path lengths of the whole 
crystal. 
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The primary extinction approach considered can be 
used for the analysis of the diffraction data, measured 
on polycrystals, if the dislocation density in a crystal 
grain satisfies the applicability condition of the mosaic 
model. 

We would like to thank the referees for their helpful 
suggestions for improvements to the paper. 
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Abstract 

Small-angle scattering experiments of horse-spleen 
ferritin solutions have been performed at various 
wavelengths near the K absorption edge of iron, using 
synchrotron radiation from the storage ring DORIS. 
The anomalous dispersion of the atomic form factor f 
as described by f '  and tf" has been monitored by the 
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dependence of the radius of gyration R and the 
absorption coefficient p respectively. There is a 4% 
increase of R at the absorption edge. The relative full 
half width of this peak of 0.0016 corresponding to 1 1 
eV of the energy scale reflects the drastic variation o f f '  
by 7 electrons. The predictable relation between R and 

has been verified by the Kramers-Kronig relation. As 
small-angle scattering is primarily influenced b y f ' ,  best 
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