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ABSTRACT

Spatial structure of a focused beam diffracted from crystals of different thickness was studied experimentally at the
ESRF optical beamline BM5. The beam was focused by a planar parabolic refractive lens. Si (111) thick crystal and
8 um and 50 pm thick perfect Si(111) crystals positioned between the lens and the focus were used as model samples.
The structure of the beam was analyzed at the focus of the lens by using a knife edge scan and a high-resolution CCD
camera. The broadening of the focused beam due to the extinction effect was experimentally measured and compared
with theoretical predictions. For a sufficiently thin crystal a second peak was experimentally observed which is due to
the reflection from the back surface. We found also that the spatial structure depends on whether the crystal diffracts
strongly (dynamically) or weakly (kinematically). In the later case, both surfaces of the crystal effectively reflect as
mirrors with the reduced reflectivity and the relative intensity of the two peaks is determined by absorption. Theoretical
simulations show excellent agreement with experiment.
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1. INTRODUCTION

Diffraction of a focused X-ray beam can be viewed as a part of a more general problem of diffraction of an arbitrary
incident wave by crystals. Theoretical development of this general problem was the subject of the extensive theoretical
work in 1960s and 70s (see textbooks [1] and references there). The problem in the Bragg case of diffraction has been
successfully solved independently by Afanas’ev and Kohn [2] and Uragami [3]. In particular, in [2] an analytical
solution for the Bragg diffraction of an X-ray wave formed by an infinitely narrow slit in front of the crystal surface was
derived and interesting physical effects have been predicted and analyzed theoretically. One of them is the broadening of
the initially infinitely narrow beam by crystal which is a consequence of the extinction effect. For a sufficiently thin
crystal the second peak appears which corresponds to the scattering from the back surface of the crystal (Fig.4 in [2]).
These effects have not been observed for a long time because of the obvious experimental difficulties of placing both a
narrow slit and a detector (film) very close to the crystal surface. The same problem was also the main obstacle on the
way of the development of X-ray section topography (in a strict sense) in the Bragg geometry: instead, the Berg-Barrett
technique with a narrow slit of typically few tens of microns was developed and utilized.

Recently, the diffraction of a focused beam was studied theoretically [4,5]. It was shown that for the focused beam the
diffraction physics is fully analogous to the case of an infinitely narrow slit on a crystal surface and the structure of the
beam in the focus shows all the features predicted theoretically. Moreover, using the focused beam solves the main
experimental problem mentioned above as the crystal can now be placed anywhere between the focusing optics and the
focus. New diffraction imaging technique has been proposed [5] based on the prediction that any interface or a defect
will break up the destructive interference inside the crystal and can be visualized, thus presenting a realistic approach for
a “truly” section topography in the Bragg case.

First experiments have been performed in [6,7] by using a phase zone plate (ZP) as a focusing optics producing 200 nm
beam. These experiments fully confirmed the theoretical predictions: the broadening of the focused beam by the
extinction effect was observed for the first time; the peaks from the back surface of 4.5 to 25 um thick Si layers were
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also observed; and the structural sensitivity was demonstrated as the SOI layers used in these experiments were not
perfect. Still, the detailed comparison with theoretical calculations required perfect crystals. Also, calculation of the
diffraction patterns produced by the ZP involves modeling propagation of the wave through several additional paths due
to the presence of such additional elements as the beam stop and the order sorting aperture before the wave reaches the
crystal. Though these computational difficulties were successfully solved in [6,7], they present additional complication.
On the other hand, for the refractive lens the propagator through the refractive lenses can be expressed analytically and in
a thin lens approximation which is sufficient in most cases is approximated by a simple exponential function [8] thus
significantly simplifying the theoretical analysis. The purpose of this work was to use planar parabolic refractive lenses
and perfect Si crystals of different thickness to perform the detailed comparison with theory.

The article is organized as follows. In the next section, the experimental setup is presented and discussed. In Section 3,
the experimental results from the thick perfect Si crystal and thin perfect Si crystals of the thickness of 8 and 50 um are
presented. In Section 4, we will discuss these results followed by conclusions and the outlook for a future work.

2. EXPERIMENTAL SETUP

The experiment was performed at the bending magnet ESRF optical beamline BM5. Experimental results presented and
discussed below were obtained at the energy of 23.0keV selected by an upstream double-crystal Si(111)
monochromator. Planar compound refractive lenses (CRL) was used to focus the X-ray beam [9]. The CRL composed of
different numbers of individual lenses on a single chip were produced on a Si wafer by using a modern microfabrication
technology which involves photolithography and reactive ion etching. The lenses depth was 50 pm with the web
thickness of 2 pm (see [9] for details). For this particular energy the array consisting of 28 individual lenses was used
with the total thickness of 1.45 mm. The distance from the source to the lens Lg was 55 m. The effective lens aperture 4,
was calculated as 47 pm which was comparable to the size of the real aperture. The focal length F=RA2N6), where R is
the radius of the individual lens, N = 28, and &is the decrement of the refractive index, was calculated as 24.42 cm and
the focus distance as Ly = FA1 — F/Lg) = 24.56 cm with the experimentally measured focus distance of 24.2 cm.

The experimental setup (Fig.1) was assembled on a micro-optics test bench equipped with precise stages for accurate
alignment of all optical components [10]. The CRL chip was mounted on an optical stage with 5 degrees of freedom
(two translational and three rotational) for the alignment of the lens in the beam. Crystals were mounted on a
diagnostic/sample stage with the added Huber rotational segment allowing for a crystal rotation within the 20 deg.
angular range. On a detector stage, either a knife edge (200 pm diameter Pt wire), or a high-resolution CCD detector was
mounted. SensicamQE 12 bit camera with 1376 x 1040 pixels and 6.45 um x 6.45 um pixel size with the Olympus
UPLAPO x10, NA = 0.4, objective was used for a high-resolution imaging. As a scintillator, the 9.9 um thick LAG:
Eu film on 170 um YAG substrate was used providing a spatial resolution better than 1.3 pm (estimated value).
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Fig. 1. The experiment setup at the ESRF optical beamline BM35. The incident beam of the energy of 23.0 keV was selected by a
Huber slit and focused by the CRL lens. The crystals were mounted on a rotation stage positioned between the CRL chip and the lens
focus. The spatial distribution of the diffracted intensity was measured at the lens focus by a high-resolution CCD camera or a knife
edge (not shown).

The detector was positioned exactly at the focus, and the crystal between the lens and the focus. The long focal distance
provided by refractive lenses allowed for plenty of space for a comfortable mounting of crystals of the size of a few cm
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(for comparison, in our ZP setup at the APS 2-ID-D beamline [6,7] crystals were mounted on a sample holder of a
6-circle diffractometer within the 13 mm distance between the order sorting aperture and the zone plate focus). The
Huber slit mounted on a separate movable stage defined the size of the beam incident on the CRL, typically of 40 um
vertically by 30 to 100 pm horizontally.

As an example, the experimental high-resolution image of the beam diffracted from the 50 um thick Si crystal, (111)
reflection, and recorded in the lens focus is shown in Fig. 2. This image is formed by two parts of the beam. The left part
is produced by the beam intercepted and focused by the CRL chip. The right part is produced by the incident beam that
was not intercepted by the lens and was unfocused; its vertical size was defined by the Huber slit. The cross sections
through the part of the image produced by the focused beam, section A, and by the unfocused beam, section B, are
shown on the right panel of the Fig.2. This particular crystal was thick enough to observe the beam reflected from the
back surface even for the beam of 30 um wide defined by the slit, similar to the experiment reported in [11] by using
50 pm wide slit. Therefore, both sections show two beams, the one reflected from the front surface of the crystal, and the
second one reflected from the back surface with the distance between them defined by the crystal thickness and the
Bragg angle. Obviously, the focused beam reflected from the front surface shown in the section A is very narrow. Still,
as we will see in the next section, the measurements performed by the knife edge technique revealed the broadening of
the focused beam relative to the beam without the crystal due to the extinction effect, and this is one of the main results
of our work. For comparison, the peak reflected from the back surface is shown also on a scale multiplied by a factor of
10. The detailed comparison of the experimental profiles with theory is performed in the next sections.
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Fig. 2. Left panel: the experimental high-resolution CCD image of the beam diffracted from a 50 um thick Si crystal recorded at the
focus of the CRL lens. The left part of the image is produced by the beam focused by the CRL. The right part of the image is produced
by the unfocused beam propagating parallel to the CRL chip surface and also diffracted from the same crystal. Right panel: cross
sections through the left part of the image (focused beam, lower graph A) and the right part of the image (unfocused beam, upper plot
B).

3. EXPERIMENTAL RESULTS

3.1 The size of the focused beam and the effective source size
The result of the knife edge scan through the focused beam at the focus of the lens is shown in the upper panel of Fig.3

by black circles. The derivative of this curve (open circles) gives the shape of the beam with the size (FWHM) of
0.92 um. This size was much bigger than expected based on the characteristics of the lens tested earlier at other
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beamlines. It was found that in this particular case the focusing was limited by the effective source size. Thin solid line is
the theoretical curve calculated for the particular lens and experimental geometry using the source size as the only fitting
parameter. The fit reveals the source size of 200 um which was confirmed by the independent source size measurements
by using the boron fiber interference technique [12]. The source size specified by the machine parameters is 80 pm [13].
It was determined that the reason for the significant broadening of the source size is the mechanical vibrations in the
monochromator. Note here that mechanical vibrations and instabilities present the major problem for the third generation
facilities in reaching their target performance parameters.

3.2 Thick crystal

To study the shape of the focused beam diffracted from the perfect thick crystal we used float zone Si(111) bulk crystal
of 0.5 mm thickness and the knife edge technique. The lower panel in Fig.3 shows the experimental curve (solid circles)
and its derivative (open circles). The broadening of the beam is clearly observed. Solid line is the theoretical curve
calculated by using theoretical approach developed in [4,5]. The characteristics of the particular lens, our experimental
geometry and experimentally determined effective source size were fixed and the only fitting parameter was the vertical
scaling factor. As one can see, the agreement between the experiment and the theory is excellent.
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3.3 Thin crystals

In our next experiment we studied the spatial structure of the beam diffracted from thin crystals: thin, 8 and 50 pm thick
Si (111) oriented membranes produced by the chemical etching. For this experiment the high-resolution CCD camera
was used as a detector. The CCD images (see Fig. 2) were taken at each angular point while scanning the sample through
the (111) Bragg reflection. The cross sections of type A in Fig.2 for each angular position were composed in a 3D data
set shown in Fig.4a. Here, two argument axes represent the spatial coordinate in units of the CCD pixels and the second
axis is the angle. To obtain diffraction rocking curves the integration over the CCD pixels was performed for each
angular position. Integration over pixels of the left and the right parts of the image corresponding to the focused and
unfocused beams (see Fig.2 and explanations there) gives the diffraction curve from the sample measured with the
focused beam through the lens angular aperture and with the collimated beam from the monochromator,
correspondingly. These curves (background subtracted) are shown in Fig.4b and Fig.5b. The curve measured with the
unfocused beam (solid line) is very narrow with the FWHM of less than 20 prad with the calculated width for this energy
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of 11.5 prad indicating a high crystal quality. The curve measured with the focused beam is much broader with the
FWHM of about 120 prad which corresponds to the angular aperture of the lens.
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Fig.4. Experimental results for the perfect thin S(111) membrane of the thickness of 8 pm. (a) Sections through the diffraction images
recorded by the high-resolution CCD camera at the focus of the lens (section A in Fig.2) composed for the angular points as the crystal
was scanned through the Bragg (111) reflection. (b) Diffraction curves measured with the focused beam (solid circles) and unfocused
beam (solid line). (c) Sections through the diffraction pattern recorded for different angular position from the center of the curve, from
top to bottom: 35 prad, 77 urad, 140 prad, and 175 prad.

There are some artifacts related to our experimental setup. One of them is an additional intensity peak superimposed on
the broad diffraction curve measured in the focused beam with its angular position lined up exactly with the maximum
intensity for the unfocused beam. We attribute this rise in intensity to the contribution from the 3 harmonic from the
monochromator (333) reflection due to the fact that our setup does not have mirror. High energy harmonic penetrating
silicon lenses almost without focusing will diffract from the sample at the same angle as the main harmonic for the (111)
reflection. The high energy 3™ harmonic may explain also two small peaks on the sides of the diffraction curve in the
focused beam marked by ‘ar’ on the plot. We found that they correspond to the small intensity regions in Fig.4a, also
marked by ‘ar’. We believe that they are produced by the small portions of the beam refracted by the tips of the slit
blades. We verified this assumption by changing the position of the slit relative to the lens: the positions of the ‘ar’ peaks
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also changes with distance and they were adjusted to minimize their interfercnce with the main region of interest. The
fact that these artifacts are clearly observed on diffraction curves confirms that perfect crystal can be used as an efficient
analyzer revealing hidden details and setup misalignments, consistent with what we previously found working with the
ZPs [6,7].
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Fig. 5. The same as Fig.4, for perfect thin S(111) membrane of the thickness of 50 um. (a) Sections through the diffraction images
recorded by the high-resolution CCD camera at the focus of the lens (section A in Fig.2) composed for the angular points as the crystal
was scanned through the Bragg (111) reflection. (b) Diffraction curve measured with the focused beam (solid circles) and unfocused
beam (solid line). (c) Sections through the diffraction pattern recorded for different angular position from the center of the curve, from
top to bottom: 35 prad, 77 prad, 140 prad, and 175 prad.

Selected cross sections through the diffraction pattern are shown in Fig.4c for different angular positions relative to the
center of the lens angular aperture. On all plots two peaks are present, the first one positioned at zero is from the front
surface and the second peak which corresponds to the reflection from the back surface. The position of the second peak
is determined by the thickness of the crystal as x = 2fcos(8) [5]. The remarkable feature in Fig.4c is the change in the
spatial structure with angle as the crystal is scanned away from the exact Bragg position. At the angle of 35 prad from
the center of the lens aperture (top plot) the first peak is about 10 times more intense than the peak from the back surface.
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This plot corresponds to the angle at which the angular region of the total reflection is within the lens aperture. As the
crystal is scanned away from the center the ratio of the two peaks changes and at the angle of 140 prad (third plot from
the top) their intensity becomes almost equal. At this angle the region of the total reflection is outside of the lens angular
aperture. The observed transformation of the diffraction structure is due to the transition from the strong (dynamical)
scattering to the weak (kinematical) scattering. Another feature is the change in the peaks width: as the total reflection
region moves away from the aperture the peaks are getting sharper. This behavior is also consistent with the
transformation from the dynamical to kinematical diffraction. The strong (dynamical) scattering takes place within the
extinction distance from the surface. As the scattering becomes kinematical the scattering depth becomes narrower and
this depth is inverse proportional to the angular deviations from the Bragg angle.

Solid lines in the profiles for 35 and 140 urad are the theoretical curves calculated by using computational approach
developed in [4,5]. The calculations were performed for perfect crystal, for given parameters of the lens, experimental
geometry, and the experimentally determined effective source size. The only fitting parameters besides the scaling factor
were the thickness of the crystal and the spatial resolution of the detector. The fit yielded the crystal thickness of 8.67 um
and the camera resolution of 1 um.

The results for the 50 um thick Si(111) crystal are shown in Fig.5. All features observed on the previous sample can be
seen here, too. In the central angular region the peak from the back surface is now about 50 times weaker. Again,
remarkable changes happen as we turn the crystal out of the lens angular aperture. At the angle of 140 prad the second
peak is only two times weaker than the peak from the front surface. The solid lines at the angles of 35 and 140 prad are
the theoretical fit with the same fitting parameters as for the thinner sample. The fit yielded the thickness of 50.54 pm
and the camera resolution of 1 pum.

Since crystals have very narrow angular acceptance window, they select only small part of intensity from the focused
beam making experiments described here intensity limited. Thus, typical exposure time to collect acceptable quality
CCD images varied between 100 and 300 sec. The knife edge scans through the beam diffracted from thin crystals and
epitaxial films were practically impossible. Undulator beamlines with about three orders of magnitude higher flux
density and a much smaller effective source size are required for future experiments.

DISCUSSION

The shape of the focused beam diffracted from thick perfect crystal (Fig.3) has two interesting features. First, the left
side of the peak is sharp. For the lens of infinite aperture the sharpness is also infinite. It was first shown theoretically for
the point source placed at the surface of the crystal [2,3]. For any real focused beam the rise of the intensity follows the
shape of the focused beam [5]. This can be clearly seen from our results shown in Fig.3.

The second effect is the extinction effect, one of the most fundamental phenomena in X-ray diffraction. We remind here
that at the center of the angular region of the total reflection the plane wave is attenuated in e times at the depth from the
surface of L., = 2sin(@)A(K]|y4)), where G is the Bragg angle, K =27/4, y, is the Fourier component of the crystal
susceptibility. This depth L., is called the extinction length. The X-ray intensity reflected from this depth will be shifted
by the distance x., = 2L..cos(6p) from the surface. In our case, x., = 3.06 um, exactly as observed in the experiment.
Extinction effect manifests itself in diffraction experiments in different ways [1]. Here, we have a unique opportunity to
visualize this effect, i.e. to record X-ray intensity scattered from different depth from perfect crystal. In our recent
experiments at the APS undulator beamline 2-ID-D we successfully visualized extinction effect for higher order and
quasi-forbidden reflections [14].

Another interesting effect is the transformation of the diffraction pattern as the crystal moves away from the center of the
lens angular aperture. This effect has not been observed experimentally or predicted theoretically before. As we already
discussed in the experimental section two phenomena can be observed. First, the relative intensities of the peaks from the
front surface and the back surface, dramatically different when the crystal is within the lens aperture, are becoming
comparable when the crystal moves outside of the lens aperture. When the intensity of the diffracted beam is weak
(kinematical diffraction) the relative intensity of these peaks is determined entirely by the absorption on the way of the
beam from the front surface to the back surface and then back to the detector.

The second phenomenon accompanying kinematical diffraction manifests in two ways: both peaks are becoming sharper
and their widths becoming equal. The later is not surprising as the broadening of the beam, as we just discussed, is due to
the extinction effect and this is the feature of the strong dynamical scattering and the extinction vanishes on the tails of
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the diffraction curve. To understand the effect of the peaks narrowing in a morc formal way let us look at the analytical
expression for the amplitude of the plane wave diffracted from the crystal of thickness . For g, >> O, where

0=K 1‘/—2_(,417/ F) is defined by the lens aperture 4,, K =27/, g, is due to the angular shift of the crystal from the

center of the lens angular aperture in the momentum space, we have

KZ!?
2q,sin(26,)
where o is the absorption cocfficient. This equation was derived from a more general expression for the propagator of
the perfect crystal derived in [15] which is valid over all angular range including the region of the total reflection. Note
also, that this equation describes the reflection of the plane wave from a thin crystal which is a subject of discussions in
several textbooks on dynamical theory (e.g., section 4.9.3 in the book by Authier [1], see discussion and equations there).
The subtraction of two exponential functions leads to the well known intensity oscillations in the angular space observed
myriad times on the diffraction curves recorded from thin crystals and crystalline thin films by using sufficiently well
collimated X-ray beam. To obtain the intensity distribution in the real space at the focus of the lens we have to apply the
Fourier transformation to this equation. It can be easily shown that the Fourier transformation generates two delta-
functions with the distance of 2dcos(6s) between them. These two peaks were experimentally observed in [6,7] and in
this work. In a real experiment, the width of these two peaks is determined by the angular aperture of the lens and the
source image. In our particular experiment the size of the focused beam was limited by the effective source size. When
using 2D detector instead of a sharp knife edge, additional convolution with the detector point spread function is
required. The sharpness of the peaks outside of the lens aperture makes this setup extremely sensitive instrument for
precise measurements of the thickness of thin crystals and films.

F(q—q4)=— [l —exp(—i(g — q,)2d cos B — pi,t / cos 6’3)],

As we just demonstrated, the peaks from the front and the back surfaces at the angles corresponding to the tails of the
diffraction curve for extremely small beam is becoming more and more narrow with angle ideally approaching the delta-
function (for a moment, we forget about the detector resolution). This phenomenon reflects the physical effect which is
known and used for structural analysis: the depth of the surface layer from which X-rays scatter decreases with the
angular deviation from the Bragg angle as o 1/g. Therefore, rocking curves become sensitive to a thinner and thinner
layer as the crystal rotates away from the Bragg angle. In other words, information about thin layers contains on the tails
of the rocking curves. This effect was established independently by Afanasev, et al [16] and Robinson [17] and was
called asymptotic diffraction or crystal truncation rod, correspondingly. By using technique described here we have a
unique opportunity to visualize very thin layers provided that the focused beam is very small and the detector resolution
is sufficiently high.

As we can see, analysis of the fine structure of the focused beam using the experimental approach discussed in this work
is a new and exciting area of research which is based on the achievements of modern focusing optics and holds many
interesting effects related to the fundamental phenomena of X-ray scattering as well as interesting potential applications.
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