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A tabletop setup composed of a collimating polycapillary optics and a highly oriented pyrolytic graphite
monochromator (HOPG) was characterized and used for recording two-dimensional maps of X-ray
absorption anisotropy (XAA). XAA originates from interference of X-rays directly inside the sample.
Depending on experimental conditions, fine structures in XAA can be interpreted in terms of X-ray holo-
grams or X-ray standing waves and can be used for an element selective atomic-resolved structural anal-
ysis. The implementation of polycapillary optics resulted in a two-order of magnitude gain in the radiant
intensity (photons/s/solid angle) as compared to a system without optics and enabled efficient recording
of XAA with a resolution of 0.15� for Mo Ka radiation. Element sensitivity was demonstrated by acquisi-
tion of distinct XAA signals for Ga and As atoms in a GaAs (111) wafer by using X-ray fluorescence as a
secondary signal. These results indicate the possibility of performing laboratory-based XAA experiments
for heavily doped single crystals or thin films. So far, because of the weak holographic modulation of XAA,
such experiments could be only performed using synchrotron radiation.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Interference of incident X-rays with radiation scattered inside a
sample modifies the total X-ray field at the atomic sites and makes
the sample absorption anisotropic. Most drastic changes in the
absorption can be observed in the Borrmann effect [1] or during
a formation of X-ray standing waves (XSW) [2]. For recent applica-
tions of XSW in structural analysis and further references see Refs.
[3,4].

Two dimensional maps of X-ray absorption anisotropy (XAA)
can be also interpreted as holograms of the local atomic structure
[5]. This interpretation uses a so-called internal detector principle
[6], which treats the direct X-ray beam as a holographic reference
wave, whereas the scattered waves as object waves. Unlike
standard X-ray diffraction, holographic modulation of absorption
contains information about relative phases of the scattered waves,
which allows one to overcome the crystallographic phase problem.
In addition, absorption can be monitored using characteristic radi-
ation providing an element specific information. Three-dimen-
sional images of the local structure are obtained using a
numerical holographic reconstruction [7].

Holographic fine structure in XAA is very weak, approx. 0.1% of
the total signal. Therefore, synchrotron sources are usually used in
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experiments, which are performed for perfect and imperfect crys-
tals and thin films. For a recent examples see Refs. [8,9]. Only few
laboratory based attempts were reported [5,10,11].

Holographic analysis of XAA assumes a weak scattering or a
kinematical approximation. However, if the crystal is set to a Bragg
condition, the scattered waves can be of the same order of magni-
tude as the incident wave, and a dynamical theory [1,12], which
takes into account multiple scattering and extinction effects, may
be required for the description of XAA. While such effects are ob-
served only near Bragg conditions, they can be strong enough to
influence the holographic transform [13,14]. Though, multiple-en-
ergy algorithms may suppress these effects, for some experimental
geometries they can dominate the holographic fine-structure [15].
Importantly, for non-centrosymmetrical samples, an essential part
of information about atomic structure is localized just around
Bragg conditions [16].

Because of multiple-scattering and extinction effects, alterna-
tive procedures for analysis of holographic fine structures in XAA
were proposed, e.g. kinematical-XSW [17], holographic analysis
of structure factors [14] or linear regression algorithms [18]. In
contrast to the holographic reconstruction, which is an integral
transform, these approaches may ignore the data near Bragg condi-
tions. This is, however, accompanied by the loss of the sensitivity
to the asymmetrical part of the structure. Alternative data analysis
procedures require that the data are recorded on a wide angular
range and/or with an angular resolution sufficient to resolve XAA
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fine structure around Bragg angles. These two competing condi-
tions are hardly possible to realize with standard laboratory setups
utilizing X-ray tubes.

In recent years efficient two-dimensional collimation of X-rays
became possible with polycapillary optics [19–22]. Polycapillary
elements are made from hundreds of thousands of bent hollow
glass capillary tubes, which guide X-rays by means of multiple to-
tal external reflections. By an appropriate bending of capillaries
one is able to collect a divergent radiation emitted from a small
source and to transform it to a quasi-parallel beam with a diver-
gence being of the order of 2hc, where hc is the critical angle for
the total external reflection. For glass

hc ½deg� � 1:72
E ½keV� ; ð1Þ

where E is the photon energy. Collimating polycapillary optical ele-
ments are often referred to as semi-lenses.

In this work we demonstrate that polycapillary optics can extre-
mely improve the efficiency of recoding XAA patterns in a labora-
tory. In particular, it is possible to obtain a sufficiently high photon
flux to record 2D maps of XAA using a 50 W X-ray tube. Simulta-
neously, the divergence of the beam delivered by collimating poly-
capilary optics is sufficient to resolve angular profiles of XAA near
Bragg conditions. We show, that for a particular scattering geome-
try (a so called Laue scattering geometry) a phase-sensitive and
element specific information can be obtained for a non-centrosym-
metric sample.

The paper is organized as follows. In Sections 2 and 3 we de-
scribe the experimental setup and characterize its most important
components. The first part of Section 4 describes preliminary XAA
experiments performed for a Si photodiode as a sample. The sec-
ond part of Section 4 is devoted to the demonstration of element
sensitivity. It describes measurements performed for a GaAs
(111) wafer. The last section concludes the paper.
2. Experimental setup

The scheme of the experimental setup for a laboratory acquisi-
tion of XAA patterns is presented in Fig. 1. Two 50 W X-ray tubes
Fig. 1. Most important components of the experimental setup for laboratory
measurements of X-ray absorption anisotropy (not to scale). Radiation from an X-
ray source was collimated using a polycapillary semi-lens. The monochromatiza-
tion was performed either using filter foils or using a mosaic HOPG crystal. The
beam intensity was monitored using a Si photodiode. During the measurement the
sample was rotated around two axes [either (x,h) or (x,/)] relative to the direction
of the incident beam. An energy-resolving detector was used for the detection of X-
ray fluorescence, which directly probed the absorption. It was rotated together with
the sample x rotation. For measurements without HOPG, goniometers were
translated along x axis and the monitor was removed from the beam path.
from Oxford Instruments (XFT5011, 50 keV and 1 mA) with W or
Mo anodes and spot sizes <75 lm were used interchangeably dur-
ing the experiments. A glass polycapillary semi-lens (IfG - Institute
for Scientific Instruments) was placed on a XYZ stage in front of a
tube. The lens had a focal length of 42 mm, input diameter of
4.2 mm, exit diameter of 7.3 mm and a length of 56.6 mm. For
the W tube, a 25 lm thick Cu foil was used to enhance the intensity
of La radiation (E = 8.4 keV) relative to other characteristic lines
and to the bremsstrahlung radiation. For the Mo tube, Ka radiation
(E = 17.5 keV) was obtained using a (002) reflection from an HOPG
monochromator [Optigraph AGraphZ, mosaic spread 0.4�] having
dimensions of 20 � 10 � 2 mm3. The distance between the exit
surface of the lens and the HOPG crystal was approx. 300 mm.

A Si photodiode (XUV-50C OSI Optoelectronics, thickness
300 lm, diameter 8 mm) was placed behind the monochromator
and was used as a beam monitor. In addition, the housing of the
diode served as a beam-stop for the direct radiation. The photocur-
rent of the diode was amplified using a Femto DLPCA-200 current
amplifier. The elements could be translated in the x direction for
measurement with or without HOPG.

At the stage of the setup characterization, another XUV-50C Si
photodiode was used as a sample. Silicon photodiodes have a high
crystal quality and, simultaneously, the internal photocurrent can
be used to probe the absorption at the sites of Si atoms [23–25].
The diode current was amplified using a Keithley 428 picoamme-
ter. The diode could be rotated relative to the direction of the inci-
dent beam around two axes (x,h) using two Huber 410
goniometers. In the second stage of the experiment, a 300 lm thick
GaAs (111) wafer (size of 20 mm � 20 mm) was used as a sample.
In this case, the orientation of the sample was changed using dif-
ferent rotations (x,/). The absorption of Ga and As atoms was
monitored by measuring X-ray fluorescence using an Amptek
XR100CR Si-PIN energy resolving detector (area of 25 mm2, thick-
ness of 500 lm). The monochromator-to-sample distance was
210 mm along z axis, whereas the detector was placed at a distance
of 25 mm from the sample.
3. Characterization of X-ray optics

3.1. Polycapillary optics

The most important parameter of a polycapillary semi-lens is
gain G. It describes its capability to collimate radiation from an iso-
tropic source into a quasi-parallel beam. It is defined as [19]:

GðEÞ ¼ TðEÞ hcap

hdivðEÞ

� �n

; ð2Þ

where E is the X-ray beam energy, T(E) is transmission, hdiv(E) is the
divergence of the beam exiting the lens, hcap is the capture angle of
the lens. For two 2D focusing required for XAA, n = 2.

Transmission of the lens was measured in a scattering geome-
try. The radiation from the X-ray tube (with W anode) was scat-
tered either on a Kapton foil (thickness of 25 lm) or a glass plate
(thickness of 1 mm) placed at a distance 470 mm from the X-ray
source. The energy spectra of the scattered radiation were mea-
sured using an energy-resolving detector located at a distance of
80 mm from the scatterer at an angle of 90� relative to the beam
direction. Transmission of the lens is defined as T(E) = Nout(E)/
Nin(E), where Nin is the number of photons incident on the entrance
surface of the lens (having area Ain) and Nout is the number of pho-
tons exiting from the lens. Nout was obtained directly, based on a
measurement performed with a polycapillary semi-lens [see
Fig. 2(a)]. Nin was calculated from a measurement performed with-
out a lens using geometrical scaling factors. For this, a circular lead



(a)

(b)

Fig. 2. Determination of transmission of the polycapillary optics. (a) Experimental
geometries used for the determination of the transmission. f and Ain are the focal
length and area of the entrance surface of the lens, respectively. A0 is the area of an
aperture placed at a distance L0 from the source. (b) Transmission T of the
polycapillary semi-lens shown as the function of the photon energy E. Circles
correspond to values determined by scattering on a Kapton foil and squares by
scattering on a glass plate. The solid line is a fit performed using a rational function
(guide to the eye).

Table 1
Determined parameters of the polycapillary semi-lens used in XAA experiments

Source W La1 Mo Ka

Energy [keV] 8.4 17.5
Transmission [%] 21.5(5) 8.6(4)
Divergence [deg] 0.31(2) 0.148(4)
Gain 81(9) 143(17)
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aperture (area A0 = 52 mm2) was placed in the beam path at a dis-
tance of L0 = 350 mm from the source.

Transmission of the semi-lens was calculated as:

TðEÞ � NðEÞ � BðEÞ
N0ðEÞ � B0ðEÞ

� �
A0

Ain

f 2

L2
0

; ð3Þ

where N and N0 denote the measured number of photons for system
with and without the semi-lens, respectively. B and B0 represent
analogous quantities measured without the scattering object in or-
der to eliminate the effect of air scattering. After the removal of
parts of the spectra corrupted with characteristic lines of Pb and
Cu (fluorescence background from shielding and other setup com-
ponents), the spectra were binned from 1024 to 128 channels.
The energy scale was corrected for the Compton shift of the scat-
tered radiation.

The energetic dependence of the lens transmission is shown in
Fig. 2(b). The vertical errorbars result from counting statistics and
the horizontal errorbars reflect the fact, that apart from Compton
scattering there is also a small contribution from elastic scattering.
The errors resulting from slightly different geometries used for
measurements with or without optics [c.f. Fig. 2(a)] were esti-
mated to be smaller than statistical errors. The curves obtained
for Kapton foil and glass plate have almost the same shape within
the error bars. Both curves have maxima bellow 10 keV, where a
maximum transmission of approx. T = 0.22 can be observed.

The divergence of the semi-lens was obtained directly during
the measurement of the XAA data. While the detailed description
of this procedure is given in the next section, the determined val-
ues are given already at this place in order to compute the gain of
the lens. The divergence of the lens was measured for two discrete
values of the energy E = 8.4 keV (W La1) and E = 17.5 keV (Mo Ka).
For these energies the beam divergence is (0.31 ± 0.02)� and
(0.148 ± 0.004)�, respectively. For both cases, the beam divergence
is of the order of 2hc and decreases with the energy accordingly to
Eq. (1). Basing on the measured values of the lens transmission and
divergence one is able to compute the gain of the lens. The results
are summarized in Table 1. A two-order of magnitude gain can be
obtained in the energy range 8–20 keV.

3.2. HOPG monochromator

A second crucial element of the setup is the HOPG monochro-
mator. The high value of the mosaic spread makes HOPG perfectly
suited for application utilizing polycapillary optics [26].

For the characterization of the HOPG crystal, a set of images of
the X-ray beam was measured at different places of the experi-
mental setup. The images were acquired using a Remote RadEye
X-ray camera (Rad-icon Imaging). The radiation was generated
using a Mo X-ray tube and the beam was additionally filtered using
a 100 lm Zr foil, which almost totally suppressed the Mo Kb radi-
ation. In such a way, it was possible to qualitatively determine the
reflectivity properties of the HOPG crystal, which was tilted to a
Bragg angle of hB = 6.08� for Mo Ka radiation.

Fig. 3(a and b) shows the images of the direct beam produced by
the polycapillary lens captured just behind the lens and in front of
the HOPG crystal at a distance of 250 mm from the lens, respec-
tively. Only a small increase in the beam size and a blurring of
sharp features can be observed, which indicates a quasi-parallel
beam. Fig. 3(c) shows the image of the beam behind the HOPG
monochromator. The intensities of all images are normalized to
the maximum of the image in panel (a), however in all images a full
color scale is used for a better presentation. For an accurate inspec-
tion of the relative intensities, Fig. 3(d) shows the ratio of images
recorded behind and in the front of the HOPG monochromator.
In this figure, the noise resulting from division by near zero values
helps to precisely visualize the beam size. As seen in Fig. 3(d), the
HOPG crystal has a reflectivity approaching 40%. The width of
the monochromatized beam along x axis results from the size of
the HOPG crystal and is effectively reduced by a tilt of the crystal
for a Bragg condition. At the lower angles, the footprint of the beam
shows an intensity tail resulting from a finite penetration depth of
X-rays in HOPG [26].

The monochromatic beam from Fig. 3(c) has a width of 2.2 mm
in the horizontal direction and FWHM of 2.6 mm in the vertical
direction. The total number of photons in the beam was approx.
108 per second.

4. Recording of X-ray absorption anisotropy

4.1. X-ray absorption anisotropy recorded for a silicon photodiode

A photodiode is made of a high quality silicon wafer and, simul-
taneously, its internal photocurrent can be used to probe the
absorption at the sites of Si atoms. Though, XAA recorded with a
monochromatic X-ray beam for such a device is expected to be
dominated by dynamical multiple-scattering [27,28], the measure-
ments were performed in order to visualize the most important
properties of the X-ray beam. In addition, the high signal allowed
one for an easy adjustment of all elements during the construction
of the setup.



Fig. 3. Images of the X-ray beam produced by the Mo tube (filtered with 100 lm Zr foil) obtained at various places of the experimental setup shown in Fig. 1. (a) Image of the
X-ray beam acquired directly behind the polycapillary semi-lens. (b) Image of the beam in front of the HOPG monochromator at a distance of c.a. 250 mm from the lens. (c)
Image of the monochromatized beam behind the HOPG crystal. This image was mirrored around the x axis for a direct comparison with the images of the direct beam. (d)
Reflectivity of the crystal i.e. the ratio of images from panels (c) and (b). The solid lines show one-dimensional profiles through the center of images.

Fig. 4. X-ray absorption anisotropy recorded for a photodiode [Si (111) single crystal]. (a) and (b) show XAA recorded for W La radiation without and with the polycapillary
semi-lens, respectively. (c) shows XAA recorded for Mo Ka radiation using polycapillary lens and an HOPG crystal. All patterns are presented as spherical projections. The
most strong Bragg lines are marked.
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The XAA data recorded for the Si photodiode are presented in
Fig. 4. Photocurrent of the diode, which probed the absorption
was measured during rotation of the diode relative to the direction
of the incident beam. The fast h rotation was performed continu-
ously with an integration step of 0.25� and 0.1� for W and Mo X-
ray tubes, respectively. The slow scan was performed point-by-
point with a step of 0.33�. The acquisition time of a single pattern
was approx. 3 h.

The absorption anisotropy v(k) was obtained from the angular
dependence of the photoelectron yield Y(k) accordingly to:

vðkÞ ¼ YðkÞ � Y0ðkÞ
Y0ðkÞ

; ð4Þ
where Y0(k) is a slowly varying component of the signal. The back-
ground subtraction was performed using smoothing splines, for
each h scan separately. Note, that this operation removes signal var-
iation along the slow scan direction. No further data processing i.e.
symmetrization or low-pass filtering was applied.

While XAA data recorded without the lens is almost completely
masked by noise, the XAA data recorded using polycapillary optics
shows very good quality. The direct comparison of Fig. 4(a and b)
unequivocally demonstrates the benefit of using polycapillary op-
tics to record XAA data.

The most apparent features in Fig. 4(b and c) are sharp lines
visible at angles, for which the sample is set to a Bragg angle for



(a)

(b)

Fig. 5. Determination of beam divergence from XAA data recorded for the Si
photodiode. (a) Data recorded for W La radiation. (b) Data recorded for Mo Ka
radiation. The panels at right show profiles through the (444) and (440) lines
(depicted with arrows). The width of the curves (0.31� and 0.15�) correspond to the
divergence of the beam produced by the polycapillary semi-lens.

Fig. 6. X-ray fluorescence spectra recorded for a GaAs (111) wafer. Squares show a
spectrum recorded for a high count rate (1.2 � 105 ph/s) observed during recording
of XAA data. For a comparison, a spectrum recorded for a lower count-rate (2 � 103

ph/s) is shown with circles. Solid lines represent fit to the data. The vertical dash-
dotted lines depict the regions of the spectra (denoted as c1 and c2) with a dominant
contribution from either Ga or As fluorescence.
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a particular set of lattice planes. These lines, by virtue of the reci-
procity theorem, are sometimes referred to as Kossel lines
[16,14]. For a centrosymmetric sample, according to the kinemati-
cal theory, such lines should reveal a symmetrical black–white
contrast [14,16]. However, most lines show either a strong excess
or deficit in the intensity and multiple scattering theory is needed
for an exact description of their shape [2,27]. The most intense
lines for the pattern (a), for example the (444) line, correspond
to a so called Bragg scattering geometry – the scattered beam
leaves through the entrance surface of the crystal. They show a dis-
tinct deficit of the intensity, caused by extinction phenomena. In
the pattern from Fig. 4(c), which is recorded for a higher energy
of the incident beam, most of lines show an excess of intensity.
These reflection correspond to a Laue geometry - the scattered
beam leaves through the exit surface of the crystal. For reflections
corresponding to a strongly asymmetric Laue geometry the scat-
tered beam has a long effective path in the crystal and, therefore,
the XAA signal is enhanced. This results in an amplification of
the XAA amplitude. Note, that the amplitude of XAA data recorded
using an X-ray tube with a W anode is of the order of 2.5 � 10�3,
whereas for data recorded with a Mo tube the amplitude of XAA
approaches 2.0 � 10�2.

While holographic interpretation of the XAA patterns recorded
for the Si diode is hardly possible, the XAA data can be directly
used to measure the divergence of the beam generated by the poly-
capillary semi-lens. For a majority of lines, the XAA signal has a
shape, which is mainly determined by the shape of the crystal
reflectivity [23,24]. Hence, the beam divergence can be determined
in a similar way as in rocking-curve measurement [29]. For a per-
fect crystal, the reflectivity curve has a width being of the order of
Darwin width (seconds of arc). Consequently, the visible broaden-
ing of XAA lines is caused by the convolution with the angular
divergence of the incident beam. By measuring the widths of the
XAA lines one is able to precisely determine the beam divergence.

For the beam divergence measurement, the XAA data were
measured using an higher resolution (see Fig. 5). In this case, h
scans were performed point-by-point in 0.05� and 0.025� intervals
for W and Mo X-ray tubes, respectively. For the determination of
the divergence, (444) line for the W X-ray tube, and the (440) line
for the Mo tube were chosen. These lines have almost symmetrical
shapes and are perpendicular to the fast scan direction. Also note,
that for the (444) reflection, the angular resolution is sufficient to
resolve the W La1 and Wa2 lines (two concentric circles). From the
plots shown in Fig. 5 the beam divergence was determined and is
presented in Table 1.

4.2. Fluorescence detection of X-ray absorption anisotropy for GaAs
(111)

In order to demonstrate the possibility of using X-ray fluores-
cence to monitor the absorption and to show element selectivity,
XAA pattern were recorded for a compound semiconductor GaAs.
GaAs has a simple zinc blende structure. However, the atomic
numbers of Ga and As differ only by two. In addition, GaAs has
no center of inversion. Importantly, for crystals having the zinc
blende structure, the major differences in XAA patterns character-
istic of both elements can be found near exact Bragg conditions
[30], where the kinematical approximation may be inadequate.
Hence, GaAs is well suited for testing the element selectivity.

Fig. 6 shows X-ray fluorescence spectra recorded for a GaAs
(111) wafer. Data shown with circles correspond to the spectrum
recorded during acquisition of XAA data i.e. for count rates exceed-
ing 105 fluorescent photons per second. Such a high count rate,
achieved by using polycapillary optics, was close to the saturation
limit of the detector. This resulted in a poor energy resolution and a
difficult dead-time correction procedure. This problem can be
solved by using faster detectors (e.g. single or multiple element sil-
icon drift detectors [31]). For a comparison, an energy spectrum re-
corded for lower-counting rates is also shown in Fig. 6. The peaking
times of the digital pulse processor were set to 0.8 and 32 ls which
resulted in dead-times of approx. 12% and 20% for the high and low
count-rate spectra, respectively.

In the experiment, the number of counts in the energy windows
with a dominant contribution of Ga and As fluorescence (labeled as
c1 and c2 in Fig. 6) as well as the total number of counts were mea-
sured as a function of the orientation of the sample relative to the
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incident beam direction. For an acquisition of two-dimensional
XAA maps, the x angle was changed step-by-step in Dx = 0.5�
intervals. During the continuous / rotation, data were acquired
over D/ = 0.33� intervals for one second. Note, that this interval
is larger than the resolution of the setup, which resulted in a slight
blurring and a decrease of the overall amplitude of XAA. The acqui-
sition of the total pattern (1081 � 105 points) was performed twice
resulting in a total acquisition of about 72 h.

The data were dead-time corrected and normalized by the mon-
itor signal. The biggest problem in data processing was the pres-
ence of Bragg peaks of the elastically scattered radiation. By
influencing the total number of counts, elastically scattered radia-
tion indirectly influenced the number of counts in c1 and c2

regions. Since the detector was close to the saturation, the dead-
time procedure had to be performed very precisely and was still
imperfect. The strong non-linear dead-time correction significantly
increased the statistical errors. Thus, the quality of the data re-
corded with a faster detector could be much better. The back-
ground subtraction was performed using smoothing splines along
the / direction. The data were symmetrized accordingly to the
symmetry elements of the F43 space group. Anisotropy vc1 and
vc2 were calculated accordingly to Eq. (4).
Fig. 7. X-ray absorption anisotropy recorded for a GaAs (111) wafer using X-ray
fluorescence as a secondary signal probing the absorption. (a) XAA data recorded for
c1 (left) and c2 (right) energy regions dominated by contribution from either Ga or
As fluorescence. (b) Difference signal. For comparison, parts of the experimental
data were replaced by calculated data. In (b), the intensity of the calculated data
was scaled by a constant factor of 0.3.
Fig. 7 presents XAA patterns recorded for the GaAs (111) wafer.
Fig. 7(a) shows signal collected for c1 and c2 regions i.e. vc1 (left
part) and vc2 (right part). Fig. 7(b) shows the difference of these
signals: Dv = vc2 � vc1. For a comparison, part of the experimental
data was replaced by XAA calculated using the kinematical theory
[14,32]. The agreement between the experimental and calculated
data from Fig. 7(a) is very good. Note, that in XAA maps recorded
at the same energy for the Si photodiode strong deviations from
the kinematical theory could be observed. While for both experi-
ments, the most intense lines corresponds to a Laue geometry, in
each case the secondary yield comes from different depths. For a
Si photodiode, the photocurrent originates from almost whole
depth of the crystal. For GaAs, the secondary signal comes from a
depth determined by the absorption length of the fluorescence
radiation. The kinematical theory becomes more adequate when
this depth becomes smaller as compared to the absorption length
of the incident radiation.

The analysis of the difference patterns Dv reveals some differ-
ences between the measured and calculated data. First, because
of poor energetic resolution, there is a substantial contribution
from Ga fluorescence in c2 energy window. Second, Ga fluorescence
can be excited in a secondary processes by As fluorescence [26]. In
addition, the averaging during the continuous scan decreases the
signal amplitude making the XAA pattern noisy. The calculation
shows, that the difference signal is visible only in narrow regions
in the vicinity of Bragg conditions. Hence, the angular averaging
in a bigger manner influenced the difference data then the individ-
ual patterns. These effects caused an almost 70% decrease of the
difference signal. However, already in this presentation, one can
observe the most important features of the data. In particulary,
while the signal near {111} or {131} lines is visible in Dv, the sig-
nal corresponding to strong {202} reflections is almost totally sup-
pressed in Dv pattern.

The subtle differences between vc1 and vc2 are very difficult to
inspect in 2D data. Therefore, for a more precise inspection of the
signal, XAA was measured in narrow angular ranges depicted as
p1, p2 and p3 in Fig. 7. In this case XAA, was recorded as one-dimen-
sional / profiles. The acquisition was performed point-by-point
with a step D / = 0.05�. The measurement time of a single / profile
(3� range) was about 2.5 h.

The recorded profiles of XAA are presented in Fig. 8. Fig. 8 con-
firms the effects visible in Fig. 7. The differences in XAA signal for c1

and c2 energy regions (dominated by signals of Ga and As), are sig-
nificant for ð�11�1Þ and ð1�11Þ lines and are small for the (220) line.
For (220) line, differences between both curves are mainly caused
by overlap with other reflections. All these observations indicate
that distinct XAA signals characteristics of different elements were
successfully recorded. While this observation demonstrates the
element sensitivity of the laboratory XAA setup, the agreement be-
tween the experiment and calculations is not perfect. For example,
kinematical theory predicts almost equal absolute values for XAA at
ð�11 �1Þ and ð1 �11Þ lines and a slightly different shape of the signal. A
more exact theoretical description of XAA, explaining and correct-
ing the visible deviations from kinematical theory, could be done
basing on XSW formalism applied to a Laue geometry [33,34]. It
is however beyond the scope of this work.

It is worthy to compare results of the present work with a pre-
vious experiment, in which holographic fine structure was mea-
sured in laboratory conditions. Takahashi et al. [10] reported
laboratory measurements of XAA holograms for a single crystal
of Au. They used a 21 kW Mo rotating anode X-ray source com-
bined with a curved graphite monochromator. The acquisition time
of single holograms was about 2 days with 109 photons/s in the
incident beam and count rates at the level of 1.4 � 105 photons/s
for the Au L lines. The angular resolution was limited by the diver-
gence of the X-ray beam focused by the curved monochromator to



Fig. 8. Azimuthal profiles of X-ray absorption anisotropy recorded at angular positions depicted with labels p1, p2 and p3 in Fig. 7. Upper plots show XAA data recorded for c1

(red/thin lines) and c2 (black/thick lines) energy regions. Bottom plots show the corresponding difference signals. The angular scales were modified accordingly to D/0 = D/
cos a, where a is the angle, at which the azimuthal scan crosses a given line. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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1.2� � 2.2� in horizontal and vertical direction, respectively. Note
that combination of polycapillary optics and an HOPG monochro-
mator used in the present work resulted in an order of magnitude
higher radiant intensity (photons/s/sr).

The current work is focused on experimental aspects. However,
at least a short comment on possible ways of data analysis is re-
quired. Most frequently, XAA patterns have been analyzed using a
holographic transform [7]. However, the application of this kind
of reconstruction to both experimental and calculated data from
Fig. 7 (not shown) yielded low quality real-space images with a
large number of artefacts. This is due to a holographic twin-image
problem, limited range of XAA data, contribution from more distant
atoms [35] as well as due to the observed deviations from kinemat-
ical approximation. At synchrotron sources collection of X-ray holo-
grams at multiple-energies was demonstrated to improve the
quality of the holographic reconstruction. However, laboratory
experiments are usually limited to a single or very few energies of
incident X-rays. Therefore, other procedures of data analysis are
more promising [14,17,18]. Importantly, contrary to holographic
reconstruction, they can be corrected to include physical effects,
which are not taken into account in a kinematical theory: multiple
scattering and extinction at angles near exact Bragg condition or
secondary excitation of fluorescence far from Bragg condition [26].
5. Conclusions

Efficient recording of holographic fine structures in XAA was
possible by means of a laboratory setup based on polycapillary op-
tics. The flux and divergence of an X-ray beam generated using the
constructed instrument enabled a collection of two-dimensional
maps of XAA in a wide angular range and, simultaneously, for a
measurement of XAA in the vicinity of Bragg condition. Element
sensitivity was demonstrated by acquisition of distinct XAA maps
for different elements in a compound sample (GaAs). Such a de-
tailed comparison of XAA maps recorded for different absorbing
elements was presented for the first time.

A description of numerical procedures for XAA analysis, taking
account specific conditions of an laboratory experiment, will be gi-
ven elsewhere. However, already the present work demonstrated
that the laboratory XAA data have sufficient quality and informa-
tion content to make this kind of imaging feasible.

In this work, the acquisition times were of the order of days for
2D angular maps or hours for angular profiles. However, they could
be shortened by about one order of magnitude using an optimized
experimental system. First, microfocus X-ray sources better suited
for operation with polycapillary optics will enable to use polycapl-
illary lenses with a shorter focus distance and a larger acceptance
angle. Second, the X-ray flux could be increased by using polycap-
illary optics optimized for the energy of X-ray emission line of the
tube. The present optics was optimized for an energy bellow
10 keV. Furthermore, the use of faster and/or large area detectors
will allow to achieve higher counting rates. This means that thin
films or samples having several percent of doped atoms (e.g. di-
luted magnetic semiconductors) could be examined in laboratory
conditions. Since XAA is a photon-in photon-out technique it could
be, in particulary, applied for imaging atomic displacement in-
duced by electric field.

The constructed setup is very compact and uses a parallel beam
geometry. Therefore it can be, without any modifications, trans-
ferred to a synchrotron beamline for recording of monochromatic
or white-beam XAA [36,37].

Recently it was demonstrated that pollycapilary optics can be
used to construct a Mössbauer microscope [38]. Therefore, poly-
capillary optics could be used to shorten the acquisition times in
c-ray holography. While XAA analyzes anisotropy of photoelectric
absorption, c-ray holography is based on an analysis of anisotropy
in nuclear absorption [39]. Therefore, the same experimental setup
could be used for recording of XAA and for angular resolved site-
selective Mössbauer experiments [40].
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