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X-ray rocking curves in the Bragg-Laue case diffracting from the side surface of
a plane-parallel crystal have been measured using a high-resolution optical
system. The full width at half-maximum of the rocking curves is approximately
three times narrower than that measured from the top surface. The
characteristics of the transmitted beam from the side surface are almost the
same as those through a thin crystal in the Bragg case. The rocking curves and
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1. Introduction

X-rays diffracted from the side surface of a thin plane-parallel
crystal have been observed when the effective linear absorp-
tion coefficient u becomes a minimum owing to the Borrmann
effect (Fukamachi et al., 2004, 2005). Enhancement of these
diffracted beam intensities has been observed by increasing
the width of the incident X-rays (Fukamachi et al, 2004).
Fukamachi et al. (2006) have explained that this enhancement
is caused by the confined beam which propagates in a thin
crystal in addition to the diffracted beam from the top surface
and the transmitted beams through the bottom surface. The
diffraction scheme propagating in a thin crystal may be called
the Bragg—(Bragg)™ case (BB™ case, for short); the first Bragg
represents the initial diffraction in the Bragg case and the
second (Bragg)™ represents a sequence of ‘m’ times diffrac-
tions in the Bragg case at the top and bottom surfaces. If the
crystal size is finite, the confined beam may exit from a side
surface. This diffraction scheme is called the Bragg—(Bragg)™"-
Laue case (BB™L case, for short) as the last diffraction from
the side surface is in the Laue case. In the BB”'L case, inter-
ference fringes have been observed in the diffracted beam
from the side surface (Fukamachi et al., 2004, 2005). When m =
0 in the BB™'L case, the diffraction scheme is represented by
the Bragg-Laue case (BL case, for short).

Borrmann et al. (1955) first carried out an experiment in the
BL case. They measured diffraction from the side surface of a
crystal when g became a minimum owing to anomalous
transmission (Borrmann effect). Authier (1962, 2001) also
carried out an experiment in the BL case and pointed out
theoretically by using Wagner’s approach (Wagner, 1956) that
the diffracted curve from the crystal surface corresponded to
that from an infinitely thick crystal as the bottom surface did
not influence the diffraction.

the direction of X-ray energy flow in the crystal observed in the experiment can
be reproduced using Wagner’s approach [Wagner (1956), Z. Phys. 146, 127-168].

In this paper we report measurements of rocking curves in
the BL case using X-rays from synchrotron radiation with a
very high resolution optical system. We compare the measured
curves with those calculated using Wagner’s approach which is
based on Laue’s dynamical theory of diffraction.

2. Experiment

The experiment was carried out at beamline 15C, Photon
Factory (PF), KEK, Japan. A schematic diagram of the
measuring system is shown in Fig. 1. X-rays from synchrotron
radiation were monochromated by an Si 111 double-crystal
monochromator, a Ge 220 monochromator and a Ge 220
asymmetric monochromator [the asymmetry factor (Negishi et
al., 2008) was 22]. The X-rays were o-polarized and their
energy was 11100 £ 0.5 eV, which was 3 eV below the Ge
K-absorption edge (11103 eV). The vertical and horizontal
widths of the incident beam after slit 2 were adjusted to be
20 pm and 500 pm, respectively. The thickness of the sample
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Figure 1
Schematic diagram of the measuring system. SR = synchrotron radiation,
SC = scintillation counter.
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Figure 2

Schematic diagram of the beam arrangement in the present experiment.

crystal was 43 pm. Rocking curves of the Ge 220 reflection in
the BL case were measured. Fig. 1 shows the directions of the
incident beam P, the diffracted beam P,, and the diffracted
and transmitted beams from the side surface P; and P/,
respectively. An outline of the diffraction geometry in the
measurement is shown in Fig. 2. The distance between the
peaks of P, and P, was measured by moving slit 3 and was
determined to be 56 &= 5 um as shown in Fig. 3. Fig. 4 shows the
measured rocking curves of P,, P, and P,. These intensities
are normalized so as to show the same peak height. The
abscissa is the angle deviation from the exact Bragg condition.
The center of the rocking curve is taken at the exact Bragg
angle for P,. The peak positions of P; and P,/ are located
4 arcsec to the lower side of the peak of P,. The full width at
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Measurement of distance between P, and P;,.
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Figure 4
Measured rocking curves of P,, P, and P, in the Bragg-Laue case as a
function of the angle deviation A6 from the Bragg condition.

half-maximum (FWHM) of P, is 6.5 arcsec, and the curve of
P/ has a higher background on the low-angle side of the peak.
The FWHM of P, is 2.5 arcsec and is the narrowest among
these three curves.

Incident-beam X-rays without a sample (P,) were measured
by scintillation counter SC1, then the transmitted X-rays
scattered out from the side surface (P,) were measured by
moving slit 4 when the Ge 220 Bragg condition was satisfied.
The distance between the beam positions P, and P, was 24 +
5 pm, as shown in Fig. 2. The refractive angle ¢, (Fig. 2) of the
effective refracted beam in the crystal when the intensity of P;,
was a maximum was 6.6 = 2°. Then the distance of the incident
point of the X-rays from the side edge of the sample was
estimated to be L = 143 £ 18 um, which agreed with the actual
length in the measurement.

3. Calculation of rocking curves
We define yx, as the Fourier transform of the X-ray polariz-
ability x(r) as given by

Xn = Xne T X = | Xl €Xplicyy,) + il 351 explioy;). (1)

Here y, and y, are Fourier transforms of the real and
imaginary parts of x(r), respectively. According to the book by
Authier (2001), the intensity ratios P,/P,, P,/P, and P//P,
are given by

P,/Py = |rVT, )
P/Py = (" I)IrV P exp(—puz/ sin ), 3)
P//Py = (I"/ly) exp(—pz/ sin s), )

where u is the effective linear absorption coefficient under
dynamical diffraction, and the angle & = tan™'(z/L) is shown in
Fig. 2. The beam-size correction "/l is given by
% 1— |r(1>|2
— =tanecotly =

_ 5
by, 1+ |r(1)|2 ©)

where 6 is the Bragg angle, and [, and " are the sizes of the
incident and diffracted beams from the side surface, respec-
tively, as shown in Fig. 2. In equation (5),

PO G i 1 SR BT
X-n

g = xo/ (1wl + 1) *= =k + )72, @)

B2 = [(W +ig)’ — exp(2i0)]"”, 8)

k= 1%l /1 Xne )

6 = tan"'(k cos §), (10)

8= o — oy, (11)

W is the deviation parameter (Fukamachi et al., 2002) given by
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Figure 5

Calculated rocking curves of P,/P,, P, /P, and P//P, in the Bragg-Laue
case as a function of deviation parameter W from the Bragg condition.
The values of the normal atomic scattering factor f° = 23.77, and the real

and imaginary parts of the anomalous scattering factor, f' = —9.08 and
f"” = —1.13, respectively (Yoshizawa et al., 2005), were used, and L =
143 pm.
Afsin* 0
W =220 B (12)

(1l + D)
where A6 is the deviation angle from the Bragg angle in the
crystal.

Fig. 5 shows the calculated curves of P,/P,, P,/P,, P//P,,
["lly and & under the experimental conditions; the thermal
correction is not included. The curve of P, /P, in the BL case is
the same as that in the Bragg case for a semi-infinite crystal.
The curve of P,/P, has high background on both sides of the
peak. The curve of P, /P, has a sharp peak. The curve of I"/],
becomes remarkably small in the region —1.2 < W < 1. The
change in ¢ is the same as for the curve of "'/, and varies from
0 to the Bragg angle 0g. The value of ¢, at the peak position of
P,/P,is 4.7°.

4. Discussion

In the present experiment the rocking curves of P,, P, and P,
in the BL case were measured. It is shown that the intensity of
P, is approximately five times smaller than that of P, and the
FWHM of the rocking curve of Pj, is three times smaller than
that of P,

Since the shape of the curve of P, is very sensitive to the
variation of the distance L in this experiment, it is better to
include the correction for the incident-beam width. The
averaged value P/ is defined by

P/ =[P/(L+ AL)+ P/(L) + P/(L — AL)]/3,

where AL =50 pum in the present experiment. Fig. 6 shows the
calculated rocking curves of P,, P; and P, in the BL case, by
taking thermal correction into account and by convoluting
with the angular resolution of the optical system. In order to
compare these with the measured results in Fig. 4, the inten-
sities of the three rocking curves are normalized so as to show
the same peak height. The calculated rocking curves in Fig. 6
show excellent agreement with the measured curves in Fig. 4.
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Figure 6

Calculated rocking curves of P,, P, and P, in the Bragg-Laue case as a
function of A@ after thermal correction and convolution with the angular
resolution in the experiment.

The measured angle ¢, (6.6 & 2°) corresponds to the calcu-
lated value of ¢ = tan~!(z/L) (4.7°) within experimental error.
It is noted that &, corresponds to the angle between the
incident surface and the Poynting vector in the crystal, which is
known to be normal to the dispersion surface. It is acceptable
that the effective refracted beam direction in the crystal is
given by the Poynting vector, because the energy flow of the
X-rays is given by the Poynting vector. These results clearly
show that Wagner’s approach is applicable to analysis of the
diffraction in the BL case.

There are several possible applications of using diffraction
in the BL case. One is, for example, to use P, as a high-
resolution monochromator, because the FWHM of the
rocking curve of P; is much smaller than that of P,. In this
monochromator the beam fluctuation of Pj, can be corrected
by monitoring P,, since the peak angles of P; and P, are very
close to each other.

Another is to use the transmitted beam P, from the side
surface as a phase-retarder, because the characteristics of P,
are almost the same as those of the transmitted beam P, in a
thin plane-parallel crystal in the Bragg case, which has been
used as a phase-retarder (Hirano et al., 1992). In the conven-
tional method, as the phase shift of the phase-retarder
depends on the X-ray wavelength and the crystal thickness,
which determines the X-ray path length, it is necessary to
prepare thin plane-parallel crystals of different thicknesses
according to the wavelength so as to obtain a suitable phase
shift. In the present case, however, it is possible to obtain the
optimum condition only by changing the distance L, which is
much easier. This is certainly an advantage of using diffraction
in the BL case.
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