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Dynamical Contrast of the Topographic Image of a Crystal with Continuous X-ray Radiation. 1.
An Experimental Observation of Polychromatic Interference Fringes and their Application for
the Investigation of the Anomalous Scattering of X-rays by Perfect Crystals*
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Contrast is investigated of topographic images obtained on perfect plane-parallel and wedge-shaped
crystals with continuous X-ray radiation. Quasiperiodic variation of intensity was observed on the topo-
graphs of plane-parallel wafers in the direction of the change of wavelength. It is experimentally shown
that these oscillations of intensity are interference fringes. An analysis is given of the formation of poly-
chromatic interference fringes from wedge-shaped wafers. A method is suggested on the basis of this
analysis for determining the atomic scattering factor over a wide range of wavelengths. The method was
used for the determination of atomic scattering factors of Si and Ge. The phenomenon of anomalous
scattering at the K absorption edge of Ge was experimentally observed.

I. Introduction

Interest in the development of new methods and in the
investigation of schemes involving diffraction of con-
tinuous X-ray radiation by a crystal arises because
these methods are simple, fast and do not require
special instrumentation. Recently, we have investigated
the contrast of topographic images obtained from a
block crystal with continuous radiation, and demon-
strated that such topographs enable one to measure
with high accuracy the angles between blocks (Aristov
& Shulakov, 1975). By studying the contrast on topo-
graphs obtained with continuous radiation for a trans-
mission arrangement (Laue diffraction) from plane-
parallel wafers, cut from perfect Si crystals, we found
a quasiperiodic variation of intensity in the direction
of the change of wavelength (Aristov, Shmytko & Shu-
lakov, 1976a).

This paper presents the results of the experimental
and theoretical investigation of the contrast of topo-
graphic images of plane-parallel and wedge-shaped Si
and Ge crystals with continuous radiation. It is shown
that the observed oscillations of intensity are inter-
ference fringes.t The principle of finding the depend-
ence of the atomic scattering factor f;, on the wave-
length of X-ray radiation is described.} This principle
is based on measuring the fringe spacing on the topo-
graphs recorded with continuous radiation from the

* Copyright reserved by All-Union Agency on Authors’ Rights.

T Pendellésung fringes for the diffraction of continuous radiation
from wedge portions of Si single crystals were reported by Hashi-
moto, Kozaki & Ohkawa (1965) and Kozai, Ohkawa & Hashimoto
(1968).

1 We denote the atomic scattering factor for the value of (sin 8)/4,
corresponding to a reflexion hkl, by f,.

plane-parallel and wedge-shaped crystals.§. The results
are given of measuring the atomic scattering factor f;,
with the plane-parallel wafers for the 111 reflexion of
Si over the short-wavelength range and with the
wedge-shaped wafers for both the 220 reflexion of Si
and the 111 reflexion of Ge over the wavelength range
from 0-3t0 0-9 A and from 09 to 1-4 A respectively. The
experimental results are compared with the theoretical
dependences fy(4).

2. Experimental procedure

Fig. 1 presents the geometrical arrangement for ob-
taining the topographs. A point source of continuous
X-ray radiation S is placed at the distance D, from the
entrance surface of the investigated crystal. A slit 1
limits the beam divergence to 20° and serves to protect
the film from exposure to the primary beam. The ra-
diation diffracted by the crystal is focused on a line at
the distance D, from the exit crystal surface.* The film
is placed in parallel with the crystal surface at the
distance D,+ D; from it. In order to decrease the
background produced by radiation scattered by var-
ious elements of the set-up, a slit 2, I —3 mm wide, is
placed at the distance D, from the crystal in the loca-
tion of the focal spot of the diffracted rays.

§ The method of determination of f, from the measurements of
Pendellosung fringe spacings with monochromatic radiation has
advanced considerably in recent years (Kato, 1969; Pinsker, 1974).
However, such measurements were possible only for the wavelengths
A of the characteristic emission of the several elements used as anodes
in X-ray tubes. Recently, Fukamachi & Hosoya (1975) have described
a method of determining f,(4) near the absorption edge for polar
crystals, based on measuring the intensity of diffracted continuous
radiation.

* We shall discuss only the symmetric Laue case, therefore
D,=D,.
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The experimental set-up was mounted on a micro-
focus X-ray generator Microflex. Ag and Au anodes
were used for the production of intensive brems-
strahlung radiation. Focus dimensions did not exceed
20um. The investigated perfect Si crystals were
cut in the shape of plane-parallel wafers 0-3—1-5 mm
thick and wedge-shaped wafers with angles from 1 to
4°. Ge crystals were cut in the shape of wedge-shaped
wafers with an angle from 1 to 2°. All samples were
prepared in such a manner that reflexions could be
obtained from the planes normal to the specimen sur-
face. The 111 and 220 reflexions were used.

Let us call the radial direction OX and the azimuthal
direction OY (Fig. 1). As follows from the experimental
geometry, the image of the crystal on the topograph is
magnified m,=D3/D, times in the radial and m,=
2+(Ds/D,) times in the azimuthal direction. For
D, >0 the image on the topograph is inverted. The
exact value of the magnification factor is readily deter-
mined by comparing the crystal dimensions with those
of its image.

In the experimental geometry discussed, images of
different portions of a crystal are formed by different
wavelengths. For the specimens with dimensions small
in comparison with D, and at not too large diffraction
angles we can assume with sufficient accuracy that the
A=constant curves are straight lines, parallel to the
azimuthal direction, and that the wavelength of the
diffracted wave varies only in the radial direction OX.
We assume the point of intersection of the perpendic-
ular to the crystal surface, drawn from the source S,
with the film surface to be the origin of the coordinate
system on the film. Then the wavelength A, correspond-
ing exactly to the Bragg equation 2dj,sin §=4, and
the point on the film with coordinate x, on which this
radiation is incident, are related by the formula:

x=D; tan 0=D3A(2d, cos ). (1)

Normally the value of D, and particularly the position
of the coordinate origin (of the point O) are known only
approximately, so that in order to find the relation
between the coordinate x and wavelength 4 according
to (1) we have to measure the positions of two charac-
teristic lines on the film. The jumps of photoemulsion
sensitivity at the Ag and Br K absorption edges,
clearly seen on topographs, can be used for the same
purpose.

3. Dynamical contrast of the topographic image of the
plane-parallel wafer

It is known that the dynamical contrast of topographic
images of monocrystals is defined by their degree of
perfection and their thickness. For example, in ob-
taining the topographic images with a monochromatic
plane wave from the wedge-shaped wafers, the changes
of intensity are observed which are called Pendellosung
fringes (Kato & Lang, 1959; Kato, 1961). In order to
exclude the effect of a change in the crystal thickness

413

on the contrast of topographic images, we first in-
vestigated the diffraction of continuous radiation by
the plane-parallel Si crystals.

Fig. 2(a) illustrates a fragment of the topograph, ob-
tained from a plane-parallel Si wafer 0-74 mm thick.
The reflecting planes were (111), and the distances
were D, =D,=5 cm, D3;=25 cm. Gold-anode radia-
tion was used. The figure reveals seven fringes, almost
parallel to the azimuthal direction. In order to show
that these fringes are connected only with the diffrac-
tion by a perfect crystal and are not caused by struc-
tural defects, we set the crystal in the same position as
that in the case of Fig. 2(a), and scanned it during the
exposure along OX in a plane parallel to the crystal
surface. The interval of crystal scanning Ax., was 8 mm,
for the fringe spacing on the topograph 14 mm. The
film remained fixed. In this method of obtaining X-ray
topographs each point of the film receives the rays
diffracted from all points of the corresponding segment
Ax,, of the crystal, so that the topographic images of
defects are blurred out (Aristov, Shmytko & Shulakov,
1976b). Fig. 2(b) gives a fragment of the scanning topo-
graph, which shows the same fringes as in Fig. 2(a).
The two topographs differ only in fringe contrast,
which is due to the presence in the crystal of defects
and to the surface roughnesses being imaged in a dif-
ferent manner in these two methods of recording topo-
graphs. Thus, we come to a conclusion that quasi-
periodic variations of contrast are caused not by the
crystal defect structure, but only by the change of
wavelength along the radial direction.

Normally, the topographs recorded with continuous
radiation showed characteristic radiation lines. Each
line possesses a fine structure depending on whether
the line is in the maximum or minimum of intensity of
the fringes observed. Fig. 3 gives the distribution of in-
tensity in the radial direction for the doublet of charac-

Slit1 Spectmen  Siit2 film ty

Fig. 1. Experimental arrangement. The crystal investigated is a
plane-parallel wafer or wedge-shaped.

(a) (b) (0

Fig. 3. Intensity distribution in the doublet of characteristic lines
Ag Koy and Ag Ka,.
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teristic lines Ag Ko, and Ag Ko,. The distribution (a)
corresponds to the case when both lines lie in the max-
imum of fringe intensity, (b) shows one of the inter-
mediate positions and (¢) corresponds to both lines
located in the minimum of fringe intensity. The fine
structure of the diffraction lines obtained from a point
source is the result of interference of wave fields inside
the crystal and is described by the dynamical theory
of X-ray diffraction (Authier & Simon, 1968 ; Indenbom
& Chukhovskii, 1972). The differences between the
distributions of Fig. 3(a) and (c¢) demonstrate that the
contrast on topographs is also of interference nature.
Indeed, the intensity distributions, similar to those in
Fig. 3, are repeated for each monochromatic wave. On
the film these intensity distributions superpose with
displacements relative to each other. In our experi-
ments the distances between fringes are much greater
than the width of the reflexion of a characteristic line,
so that it can be assumed that the successive distinct
portions of one and the same intensity distribution
A=constant, characteristic for a given point x, are
summed at each point of the topograph. For instance,
the distributions which superpose near the fringe max-
ima are of the type given in Fig. 3(a), and those which
superpose near minima are of the type shown in Fig.
3(c). Therefore, it can be expected that the integral in-
tensity on a topograph, obtained by superposition of
almost identical intensity distributions for different
wavelengths, is similar to the angular integral intensity,
obtained in the case of the diffraction of a plane mono-
chromatic wave by a perfect crystal (Waller, 1926).

According to the dynamical theory of X-ray diffrac-
tion, for ut <1 (u is the linear absorption coefficient),
the expression for integral intensity under symmetric
Laue diffraction is given by the equation (Zachariasen,
1945):

24
I~ f olode @D

A=KClylt/2 cos 0. (2.2)

Here K=2m/4; x, is the hth Fourier coefficient of
polarizability of the crystal for X-rays, determined by
the reciprocal-lattice vector for a given reflexion; C is
the polarization factor, equal to 1 for the ¢ polarization
and to |cos 26| for the = polarization.* The maxima of
the integral intensity are defined by the condition
2A=95;+1, where [=0,1,2... and g,;,, are zeros of
Bessel’s function of zero order. For />4 it can be as-
sumed that ;41 — 02— ~2m, hence the period of in-
tensity oscillations is due to the change of the param-

* (2.2) determines the parameter A when the diffraction plane of
X-rays is normal to the crystal surface. In the case under discussion,
the diffraction plane rotates by an angle ¢ around the normal to the
reflexion planes when the X-rays incident on the crystal deviate in
the direction OY. The effect of azimuthal divergence has been ana-
lyzed by us in the following paper (Aristov, Shmytko & Shulakov,
1977) and it has been shown that a more exact value of the parameter
A is A=KC|yylt/2 cos B cos ¢, where tan ¢ =)/(2D, + D3). In our
experiments the ¢ value was less than 5, so we shall assume below
that cos p ~ 1.
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eter Aby n. Normally, Pendellésung fringes are obtained
with monochromatic radiation from wedge-shaped
wafers. In the case under discussion the crystal thick-
ness is constant, but the wavelength varies in the radial
direction. When / varies, the value of 4 changes in the
same way as in the case of variation of the thickness t.
From (1) and the formula for A4, it follows that if the
fringes in Fig. 2 are of interference origin, their spacing
A, in the first approximation must be equal to

Ax=D3(2dyCt|yul/22) !
—Dj tan 0(lxl/2%) ™ A(lxnl/2%) . (3)

The range of wavelengths used for recording topo-
graphs was 0-25 to 1-5 A. The K absorption edge for Si
is 6:74 A, so that we can assume with sufficient accuracy
that |y,|/4% =constant over the whole topograph. This
means that 4(|y,|/4?)=0 and the fringe spacing must
also be constant. The value of A, enables one to find
the amplitude of the structure factor F,, which is
related to [xn| by the equation:

|Ful=nQ(mc? /e?) (|1ml/4) (4.1)

where Q is the unit-cell volume, m is the electron mass,
c is the light velocity, and e is the electron charge. For
a crystal containing one kind of atom, from F,, one can
determine the atomic scattering factor by the expres-
sion:

Fo=fu > exp [2mi(hu;+ kv;+ Iw;)] 4.2)

J

were u;,v;,w; are the fractional coordinates of the
centres of the atoms in the unit cell.

From the above it follows that in order to verify the
assumption that the fringes observed are those of inte-
gral intensity appearing because of the change of 4, one
should investigate the dependence of a number of
fringes N and spacings A, on different parameters and
correlate these dependencies with those following
from (3). Having recorded topographs of crystals of
different thickness with varied experimental geometry,
we have established that: (a) the number of fringes for
constant geometrical arrangement is proportional to
the crystal thickness t (N ~t, 4, ~t™'); (b) for constant
crystal thickness the number of fringes on the topo-
graph changes only with changes in the distance D,,
and the number of fringes per fixed range of wave-
lengths remains constant; (¢) The fringe spacing is
nearly constant over the whole topograph, i.e. A, is
proportional to 4x and hence to the change of 44/cos 0;
(d) fringes are observed only for small absorption, and
vanish at pt > 3.

Thus, the experimental data obtained support the
hypothesis concerning the character of contrast on
topographs obtained with continuous radiation. Inter-
ference fringes observed are due to the oscillations of
integral intensity in the direction of wavelength varia-
tion. This intensity is formed by superposition at each
point of monochromatic intensity distributions, shifted
with respect to one another; each such distribution has
its own corresponding wavelength. Such a mechanism
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of forming the integral intensity differs from those con-
sidered earlier for monochromatic plane and spherical
waves. For this reason we shall call the integral inten-
sity, obtained with the X-ray continuous radiation, the
polychromatic integral intensity.

4. Measurement of the atomic scattering factor on
plane-parallel perfect crystal wafers

We now show that the use of continuous radiation
makes it possible to determine the atomic scattering
factor from the oscillation of integral intensity with
varying wavelength. Let us analyse the factors affecting
the accuracy of measuring f,. Fig. 4 represents the
distribution of photodensity on the topograph whose
fragment is shown in Fig. 2(a). The general shape of the
curve is caused by the distribution of intensity over the
wavelength, a(/), of the radiation incident on the crys-
tal, and by the dependence of photoemulsion sensitivity
on wavelength. Thus, the short-wavelength segment of
the curve corresponds to an increase of o(A) as the
wavelength rises from A, =12:4/V ~025 A (V is the
voltage applied to the X-ray tube, V=50 kV) to
A=31, =04 A; the intensity jump at A=048 A corre-
sponds to the K absorption edge of the silver incor-
porated into the photoemulsion composition. It is ap-
parent that despite large variations of o(1) and of
photoemulsion sensitivity, the fringe contrast remains
satisfactory up to A~0-65 A. Over the range from
2=065 to A=08 A the contrast vanishes, and after
the fading region, changes to the opposite contrast.
This means that contrast changes are caused by the
presence in the X-ray radiation of two states of polar-
ization.* Calculations by means of the dynamical
theory of X-ray diffraction (Aristov et al., 1977) de-
monstrate that the first vanishing of contrast in the case
under discussion should take place for 1,~0-73 A. This
value is in good agreement with the wavelength for
which contrast fades away in Fig. 4. The presence of
two states of polarization in the X-ray radiation
changes the fringe spacing observed. Because of this,
(3) gives a correct value of the fringe spacing which is
observed in the experiment if the coefficient C is as-

* The change of contrast, and of the Pendellosung fringe spacing
observed with monochromatic rays, due to the presence in the
X-ray radiation of two states of polarization has been investigated
on wedge-shaped crystals by Hattori, Kuriyama & Kato (1965),
Hart & Lang (1965) and others.

0g AM)

Fig. 4. Density distribution on a topograph in the direction of increas-
ing wavelength. Photometering was carried out on the topograph
of which a fraction is shown in Fig. 2(a).

03 04 05 06 o1
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signed to the value 0-5(1 + |cos 26|) (Pinsker, 1974). On
a topograph, shown in Fig. 2(a), the change of the
fringe spacing due to the decrease of the coefficient C
with increasing @ is less than 0-5%,.

The value of A4, was measured from a topograph,
shown in Fig. 2(a), from five fringes over the wave-
length range from 0-3 to 0-6 A. The atomic scattering
factor was calculated as f111=(4|/2)’1F1,1 by sub-
stituting the value of A, into (3). It was found to be
10-69 4+ 0-15, which is in agreement with the results of
measurements of other authors; e.g. Tanemura &
Kato (1972) report the value of f;;; =10-66+0-01.

It should be mentioned that the accuracy of deter-
mination of the atomic scattering factor from topo-
graphs recorded with a continuous spectrum, can be
improved, since about 20-30 fringes can be obtained
from thick crystals. Precise measurements of f;, can be
performed on plane-parallel wafers only over the
ranges of / values, far from absorption edges, where
fu is practically independent of the wavelength.

5. Dynamical contrast of topographs from
wedge-shaped crystals

We now turn to the investigation of a more compli-
cated contrast of topographs obtained from wedge-
shaped crystal wafers, the thickness ¢ of which varies
evenly in the azimuthal direction QY (the wavelength
in this direction remains constant). In this case one can
expect that the intensity oscillations are observed both
in the direction of the variation of wavelength and in
that of the crystal thickness. The latter are similar to the
integral intensity oscillations of transverse patterns
with monochromatic radiation (Kato & Lang, 1959;
Kato, 1961).

So, let t=t,—m; 'y tan «; here t, is the crystal thick-
ness at the base of the wedge and « is the angle of the
wedge. In this case the parameter 4 varies both in the
radial (A varies) and in the azimuthal direction (¢ var-
ies). The period of oscillations of polychromatic inte-
gral intensity in the radial direction is determined as
before by (3). In the azimuthal direction, the fringe
spacing 4, is easily found from (2.1) by substituting in
the expression for t:

)

Far from the element absorption edge |ynl/A% is con-
stant, so the constant intensity lines are hyperbolic
curves At/cos 8 =constant.

Fig. 5 shows a photograph of the topograph, ob-
tained with continuous radiation, of a wedge-shaped
Si wafer in the arrangement of Fig. 1 (reflexion 220,
wedge angle «=3°12"). On the topograph are seen the
lines Ag Ko and Ag K f8 of the characteristic radiation.
The topograph was recorded with a voltage on the tube
of 45 kV, therefore for 2>0-6 A the 440 reflexion over-
laps 220. A weak characteristic line is noticeable in the
right-hand side of the topograph. This is the Ag Kf,
line of the 440 reflexion. The variation of integral inten-

Ay=mycos 0@z +1—021-1)/KClynl tana.
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Fig. 5. A topograph of a wedged silicon wafer in continuous
radiation. Ax(Br) and Ax(Ag) correspond to film sensitivity
Jumps at the K absorption edges of Br and Ag, and are
equal to 0.92 and 0.48 A respectively. The symbols I and 1
denote the areas where contrast starts to vanish.

Fig. 2. Topographic image of a plane parallel Si single-crystal
wafer 0.74 mm thick with continuous radiation: (a) crystal
fixed during exposure, (b) crystal scanned during exposure
(film in a fixed position). Photographic contrast of the photo-
graph is opposite to that of the topograph.
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Fig. 7. A topograph of a wedged Ge wafer. Lx(Ge) corresponds to the K absorption edge of Ge, Ax(Ge) = 1.116 A.

[To face p. 415
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sity, corresponding to 440, is observed along this line.
The superposition of 440 over 220 leaves the contrast
of the 220 fringes on the topograph practically un-
altered, since the intensity of the 440 reflexion is ap-
proximately six times weaker than that of 220.

As could be expected, the interference fringes are
hyperbolically curved. The fringe spacing diminishes
with increasing wavelength, because of the decrease
of extinction length as 4 increases. Two bands of low
contrast, running at an angle to the constant intensity
lines, are clearly seen on the topograph. It can again be
assumed that the fading of contrast can be explained
by the fact that the X-ray radiation comprises two
states of polarization which lead to two periods of
oscillation. Indeed, calculations show that lines of
contrast fading due to the superposition of two systems
of interference fringes must be of the form t4*/cos 6=
(N +1)xconstant (here N=0,1,2...), which corre-
sponds to the curves observed on the topographs.
When the band of low contrast is passed, the fringe
contrast becomes opposite, and the lines of constant
intensity on a topograph on the opposite sides of the
band of fading contrast form specific ‘forks’.

All this confirms the hypothesis that the fading of
contrast on topographs is caused by the superposition
of two quasiperiodic functions I(x, y) for two states of
polarization. As stated above, the superposition of
two oscillations with closely spaced periods leads not
only to lowering the contrast of interference patterns
when oscillations superpose in opposite phases, but
also to modification of the period observed. This must
be taken into account when f, is measured. Namely,
(5) yields a correct value of 4, in the areas not directly
adjacent to that of contrast fading, if the quantity
0-5(1 +|cos 28)) is taken to be the polarization factor.

Thus, the interference picture in the case discussed
varies in the directions of change of both wavelength
and crystal thickness. This makes it possible to offer a
method of determining the dependence of the atomic
scattering function on wavelength.

6. Measurement of the dependence of the atomic
scattering function on wavelength

(a) Silicon, reflexion 220

We have measured A, on a topograph, shown in
Fig. 5, at an interval of AA=0-05 A. The measured val-
ues of A, were substituted into (5) and f;, was then cal-
culated. In Fig. 6 are represented the experimental val-
ues fy(A). At the points A=0-468 and 1=0-886 A errors
are indicated in finding f, for short- and long-wave-
length portions of the graph fi(A). Errors in deter-
mining the wavelength at any point of the topograph
are not greater than 5x 10™* A. Crosses on the plot
mark the values of f;, taken from the paper by Hart &
Milne (1969) for A=0-559 A (Ag Ka,) and 1=0-709 A
(Mo Ka,). The solid line in Fig. 6 plots the theoretical
dependence fi(4), corrected for thermal motion. The
values of f, and the Debye—Waller factor exp (— M) at
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20°C were taken from International Tables for X-ray
Crystallography (1962), dispersion corrections were
calculated according to Honl’s theory (James, 1948).*
We see that, within measurement errors, the experi-
mental points fit the theoretical curve fi(4).

In our experiments, the accuracy of determining f;,
is restricted by that of the wedge preparation and by
that of measuring the distance A,. It should be noted
that some authors have succeeded in the measurement
of f, for Si with monochromatic radiation to an ac-
curacy of up to 0-1 % (see, for example, Hart & Milne,
1969; Tanemura & Kato, 1972). Such high accuracy
appears to be feasible also for measuring f;, from inter-
ference fringes, obtained in polychromatic radiation.
However, the present investigation was aimed at de-
monstrating the principal possibility of measuring
the dependence f,(4), so we have restricted ourselves to
the accuracy mentioned above.

(b) Germanium, reflexion 111

The dependence f,(4), measured in Si, is a straight
line running at a small angle to the 2 axis, because the
range of wavelength for which the graph is plotted lies
far from the K absorption edge [ 1x(Si)=6-74 A]. Meas-
urements of f(2) in a narrow wavelength interval close
to the absorption edges of the element are of special
interest, since the theoretical methods of calculating
dispersion corrections do not allow one to calculate
the values of 4f’ and Af"” in this region with the
reliability and accuracy desired. At the same time, the
experimental measurements carried out up to the
present, close to the absorption edges of elements, have
run into a number of difficulties and are not sufficiently
accurate.

The method suggested makes it possible to study in
much detail the behaviour of the function f,(2) close to
the absorption edges of elements of which high-per-
fection single crystals can be grown. Fig. 7 gives an ex-
ample of a topograph recorded with continuous X-ray
radiation of a wedged Ge wafer by means of the set-up
given in Fig. 1: 111 reflexion; the wedge angle was ap-
proximately 1°20°. On the topograph are shown the
lines of characteristic radiation of the silver anode. In

* According to James, fy(d)=fo+A4f(D)+idf"(2), where fuo
corresponds to the scattering with wavelength much shorter than
the absorption edge and 4f’ and Af" are dispersion corrections.

g0 ] @
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Fig. 6. Atomic scattering factor f, as function of X-ray wavelength;
Si, 220 reflexion.
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the long-wavelength portion of the topograph the 111
reflexion is overlapped by 333. This reflexion is much
weaker than 111, and we can assume that the contrast
ofinterference fringes on the topograph is mainly deter-
mined by the 111 reflexion.* As in the topograph for
a Si crystal, we see a fringe of low contrast due to the
presence of two polarization states in the X-ray radia-
tion. Both the contrast and the number of interference
fringes observed depend on the absorption coefficient
u. For A> Ag, 1t is not large, and the topograph reveals
up to 15 polychromatic interference fringes in the
azimuthal direction. For 4 <A the linear absorption
coefficient reaches ~ 103 cm ™! at the extinction length
of about 10 um, so that in this region the number of
fringes decreases to 2-3. Not only the visibility of the
fringes but also their shape changes close to the absorp-
tion edge. Fringes are curved, and this bend is seen both
to the right and to the left of Ag. The direction of cur-
vature indicates that close to ¢ the extinction length
increases, i.e. f, diminishes.

The interference fringe spacings were measured on
the topograph shown in Fig. 7. Measurements were
performed close to Agx by two fringes at A <Ak and by
four fringes for > 1. The measurement accuracy was
6-8 9 and 3—4 9 respectively. Calculations were made
by means of (5). Rigorously speaking, (5) can be used
only for low-absorption crystals, since it gives some-
what overestimated values (see Kshevetskii, Mikhai-
lyuk & Ostapovich, 1975). In a high-absorption crystal
the fringe spacing is determined by a more complicated
function of t and A. However, Kato’s (1968) results in-
dicate that the change of spacings A, of visible inter-
ference fringes due to the absorption for ut<3 is
smaller than our experimental accuracy and thus we
can use (5) for the whole range of wavelengths.

In order to calculate the dependence f(4) and to
compare it with the theoretical results, it was necessary
to measure accurately the wedge angle. Wedges with
the required values of the angle « and acute edge thick-
ness less than 10 ym are usually nonuniform; the acute
edges of the wedges are apt to round-off because of
etching. Batterman & Patel (1968) ran into similar dif-
ficulties in preparing Ge wedges. We needed to know
the wedge angle « in a sufficiently narrow region of the
crystal where the radiation with A~ A is diffracted. In
this narrow region the angle of the wedge can be con-
sidered constant. We assumed that the experimental
and theoretical values of f;, coincide for A/ix=1-2.
(This assumption is based on the measurements of f;,
with monochromatic radiation, far from absorption
edges.) Having measured A, for 4/Ax=1-2, we calcu-
lated the value of o« by means of (5). This value of the
wedge angle was used for calculating f,(4) for all other
values of 4.

In Fig. 8 solid circles mark experimental points of

* No superposition of the two reflexions is produced in the range
A <Ay, since the topograph was reported at an X-ray tube voltage
of 34 kV.

AC 33A-5*
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the function 4 f;, =f, —fuo. Experimental errors are in-
dicated for A~1-30 and A=~1-03 A for points with
A>Ag and A< Ag, respectively. The solid line on the
graph plots the dependence 6 fi(A/Ax)=A4f +(Af")?/
2Afno+4f"), where Af" and Af" are calculated from
Honl’s theory (James, 1948), and f;,, was assumed to
equal 274,

Within the experimental errors, the experimental
points coincide with the theoretical curve. The experi-
mental dependence obtained confirms the known be-
haviour of the atomic scattering function close to the
Ge K absorption edge.

Note that the accuracy of measurement obtained in
our experiments is likely to be improved with the ap-
plication of more complicated experimental procedures
and by more precise allowance made for all parameters
affecting the value A,. This is demonstrated by the
experimental results obtained by Batterman & Patel
(1968) who have measured the atomic scattering factor
of Ge, with the radiation Ag Ka, to within 1%.

Conclusion

The quasiperiodic variation of intensity arises on topo-
graphs under the diffraction of continuous radiation
both on plane-parallel and wedge-shaped wafers of
perfect crystals. The intensity oscillations observed are
the polychromatic Pendelldsung fringes. In measuring
the fringe spacing, A, one can determine the value of
the atomic scattering factor of the perfect plane-parallel
crystals as well as those with small dimensions [(such
crystals should be scanned during exposure on a fixed
film as in the case of obtaining the topograph given in
Fig. 2(b)]. By applying the wedge-shaped crystals, one
can determine experimentally the dependence of the
atomic scattering factor on the wavelength. This pos-
sibility is of special interest for the wavelengths close
to the element absorption edges where the method
described makes it possible to trace the whole run of the
curve fy(4).

The present paper discusses one of the possible ap-
plications of polychromatic interference fringes. We
believe that diffraction of continuous radiation will
prove to be useful for the investigation of many-wave
diffraction in X-ray interferometry [the conditions

5

a
08 09 10 14 12 A,

Fig. 8. Anomalous dependence of 8 f, = fy, — fno On X-ray wavelength
close to the Ge K absorption edge.
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under which moiré fringes are observed in the X-ray
interferometer with continuous radiation are similar
to those obtained by Bonse & te-Kaat (1971) for moiré
fringes with monochromatic radiation from an ex-
tended source (Shulakov & Aristov, 1976)].

The next paper will be devoted to a detailed analysis
of the experimental arrangement on the basis of the
spherical-wave approximation of diffraction (Kato,
1961) and to the derivation of the dependence of the
observed variations of intensity on the experimental
geometry and on the dynamical characteristics of the
crystal.
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Dynamical Contrast of the Topographic Image of a Crystal with Continuous X-ray Radiation. II.
A Theoretical Study of the Polychromatic Interference Fringes*
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Solid State Physics Institute, Academy of Sciences of the USSR, Moskovskaya Oblast, Chernogolovska, 142432,
USSR
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A theoretical analysis is given of the contrast of the topographic image of a perfect crystal with continu-
ous radiation. Conditions for observation of polychromatic interference fringes in this diffraction scheme
are analysed on the basis of Kato’s dynamical theory of spherical-wave diffraction. The effect of polariza-
tion and azimuthal divergence of X-rays on the contrast of topographs is also discussed.

1. Introduction

In the preceding paper (Part I: Aristov, Shmytko &
Shulakov, 1977) we have reported the experimental
investigation of the contrast on topographical images
obtained for perfect single-crystal Si and Ge wafers in
a set-up with a point source of divergent continuous

* Copyright reserved by the All-Union Agency on Authors’
Rights.

X-ray radiation. It was demonstrated that topographs
display polychromatic interference fringes.

In the present paper we apply the dynamical theory
of spherical-wave diffraction by perfect crystals (Kato,
1961a, b) to the analysis of contrast on the topographs
of perfect crystals, produced by continuous X-ray ra-
diation. The analysis is restricted to the case of sym-
metric Laue diffraction by the crystal with zero ab-
sorption. This approximation enables one to derive
simple expressions for the intensity of diffracted radia-



