Focusing properties of mosaic crystals
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ABSTRACT

X-ray instruments with mosaic crystals are proposed and used in many applications in synchrotron radiation, medical
physics and astrophysics. These crystals present a parafocusing of the x-ray beam in the diffraction plane, which is
thoroughly analyzed in this paper. We studied the evolution of the cross section of the diffracted beam, using several
samples of Highly Oriented Pyrolythic Graphite crystals coming from different suppliers. The experiment has been
performed at the European Synchrotron Radiation Facility (beamline BM5). The results clearly show a parafocusing
effect in the 1:1 magnification ratio along the diffraction plane and a defocusing effect along the perpendicular plane.
The secondary extinction coeflicient is also measured.
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1. INTRODUCTION

Mosaic crystals provide an interesting choice for medical physics!'? (quasi-monochromatic x-rays for mammography),

astrophysics applications®* (polarimeters and hard x-ray concentrators), neutron monochromators, analyzers and
filters; and x-ray monochromators for synchrotron radiation.>® Mosaic crystals are considered to be formed by a
large number of small perfect crystallites of microscopical or submicroscopical size which are oriented almost but
not exactly, parallel to one another. They show a much wider but lower diffraction profile as compared to perfect
crystals. These diffraction profiles can be calculated using the theory in Ref. 7 or in Ref. 8 which are equivalent. They
assume that the crystallites are oriented almost parallel to the crystal surface (for Bragg case) following a Gaussian
distribution which full-width-at-half-maximum (FWHM) r is considered the mosaic spread or mosaicity. It has
been found experimentally that the reflectivity profiles of real Highly Oriented Pyrolytic Graphite (HOPG) do agree
only roughly with the theory predictions. Moreover, the diffraction profiles recorded using highly collimated narrow
beams (of micrometrical size) are very irregular, suggesting that the structure of the real mosaic crystals is much more
complex than the assumptions in the theoretical models. It was suggested® that the HOPG could be considered as a
”supermosaic” structure, consisting of crystallites grouped to form blocks or layers which are independent from one to
another. Detailed measurements of rocking curves as a function of the crystal depth!® showed that the HOPG can be
described by two types of mosaic structures. The first type consists of macrostructures formed by relatively large tiles
(about 40 pm-thick parallel to the c-axis and about 400 pum in perpendicular) which are misoriented between them by
an average mosaic spread of 0.3°. The second mosaic structure on a smaller scale has a mosaic spread T around 0.1°.
High resolution x-ray topographic investigations!! produced direct images of these macrostructures and showed the
alignment between them. It is worth to note that the structure, dimensions and distribution of the crystallites and
macrostructures depend on the different samples, perhaps on the particular zone of the same sample, and specially
on the fabrication process. HOPG samples are produced by different companies, namely Advanced Ceramics (USA),
Optigraph (Russia) and Panasonic (Japan). The studies already mentioned were done using samples from Advanced
Ceramics. Different results could be expected from samples from other manufacturers, which use different fabrication
methods. Thus, systematic topographic and diffraction studies on a wide collection of samples from different origins
are desirable to gain information on the mosaic crystals and to understand the microstructure of HOPG.
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In this work we will study imaging properties of these crystals that depend on the mosaic microstructure. It is well
known that the crystallites inside a flat mosaic crystal produce an interesting parafocusing effect (see, for instance,
Ref. 12) of the x-ray beam in the diffraction plane in a 1:1 magnification configuration. That means that a flat mosaic
crystal focuses monochromatic light in the diffraction plane when the distances source-to-crystal and crystal-to-image
are equal (see Fig. 1). On the other hand, a defocusing effect is produced in the plane perpendicular to the diffraction
plane. As a consequence, the image of a point source after diffraction by a mosaic crystal is a segment in direction
perpendicular to the diffraction plane. In addition, the position of the focal spot in the diffraction plane depends
on the Bragg angle (thus on the photon energy) producing spots in different spatial positions for different photon
energies. This produces a smearing effect of the image spot when a polychromatic x-ray source is used. This focusing
effect depends on the photon energy is often called parafocusing or pseudofocusing or even chromatic aberration in
the focalization. The focal spot is also broaded if one considers that the diffraction takes place in the crystal bulk
and not only on the surface. All these effects can be considered in a ray-tracing program!® to simulate focal spots
produced by ideal mosaic crystals.
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Figure 1. Top: Defocusing effect of mosaic crystals in the plane perpendicular to the diffraction plane. The beam
divergence is increased in 27 sinfp due to crystal mosaicity.

Bottom: Parafocusing effect of a mosaic crystal in the diffraction plane: Several rays with the same energy coming
from the source point S are diffracted by different crystallites inside the mosaic crystal according to Bragg’s law.
This requires that the ray has to travel inside the crystal until it finds a crystallite with the correct orientation. The
diffracted rays converge to a point S’ (assuming that the penetration depth and footprint on the crystal are distances
much smaller than the source-crystal distance). The crystal-S’ distance is equal to the S-crystal distance thus the
parafocusing effect happens in a magnification ratio 1:1. When another ray (dotted) with the same energy encounters
a crystallite deeper in the crystal, it is reflected to a point close but different from S’, producing a broadening in
the focal spot due to the penetration of the beam inside the crystal bulk. The same concept could be applied to
rays of a different energy, but clearly they will be focused to another different point, due to the fact that the Bragg
angle is different. The parafocusing effect can also be understood as produced by crystallites that follow a curved
surface (dashed circle), like a spherical mirror. The crystallite orientation must follow the Rowland circle to assure
that the Bragg law will be fulfilled. Therefore, the 1:1 magnification geometry is just a consequence of the Rowland
condition.

It is obvious that in real life the results can be different from the theoretical simulations because of the lack of
perfectness and macrostructures of the mosaic crystals. The focusing properties of HOPG crystals are thoroughly
studied in this paper, confirming experimentally the parafocusing effect. The evolution of the beam size after
diffraction by HOPG crystals has been recorded and images of the beam cross section in both the diffraction plane



and the perpendicular plane are presented as a function of the distance to the crystal.

The parafocusing properties affect the image quality in mammographic applications'* and influence the imaging
properties of Bragg telescopes for off-axis photon beams together with polarimetric performances.'® Imaging inves-
tigations of the HOPG crystals can also give complementary information to other methods in order to determine the
macrostructures of the mosaic crystals. The parafocusing effect can also be exploited in spectroscopic experiments
to collect and concentrate photons produced from a target irradiated with x-rays.'?

2. EXPERIMENTAL

Experiments were carried out at the beamline BM5 at the ESRF. A schematic setup of the experiment is shown in
Fig. 2. The source was a bending magnet with a critical energy of 20 keV. The beamline was equipped with a double
crystal Si < 1,1,1 > monochromator, placed at 30 m from the source. The first crystal of the monochromator
was flat and the second crystal was either flat or sagittally bent, in order to focus in the horizontal plane. The
sample was mounted at 40 m from the source on a 3-axes diffractometer using the horizontal plane as diffracting
plane. Rocking curves were measured using a Si¢ diode detector. Beam cross sections were imaged using both
high resolution films and a position-sensitive digital detector. Aluminium filters of different thicknesses were used
to attenuate the beam to match the dynamic range of the detectors. The digital detector was based on a direct
deposition of a gadolinium oxysulphide powder onto a CCD surface. The CCD had a pixel pitch of 22.5 ym and
770x1152 pixels. All CCD operations were driven by means of an electronic unit which provided slow-scan readout
and inverted mode operation for dark current reduction. The analog signal was digitized by means of a 12-bits data
acquisition board. The evaluation of the phosphor-coated CCD showed high spatial resolution performance.!:17
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Figure 2. Schematic draw of the experimental setup in when using a secondary source.

Most of the experimental data have been recorded using a HOPG sample manufactured by Optigraph selected
from a collection of several samples. The selection criterion was the uniformity of the rocking curves measured at
different positions along the crystal surface (Fig. 3). Rocking curves of the HOPG reflection (0,0,2) were measured at
a photon energy of 18 keV. Their width were compared with diffraction profiles calculated using the XOP software!®
that codes the theory of Zachariasen. Other three samples manufactured by Advanced Ceramics (grade ZYA),
Panasonic and Optigraph were also used. The main parameters of all the used samples are in Table 1.

Beam cross sections were measured in two beamline configurations: using either a flat or a bent second crystal
of the monochromator. In the first case the mosaic crystal sees the source (the bending magnet) at 40 m upstream
from it. The monochromator selects the proper energy but not focusing is done. The bending magnet source will
be referred hereafter as primary source. The mosaic crystal would image the primary source and produce a focus at
the same distance downstream from it. However, this is not expected because in order to obtain parafocusing the
divergence of the beam impinging on the mosaic crystal should be of the same order or bigger than the mosaicity.
The beam divergence is defined by the ratio between the slit used before the mosaic (about 1 mm) and the distance
(40 m), thus about 25 yrad. This is comparable with the Darwin width of a single crystallite. In this configuration,
we measured the evolution of the beam at distances up to 3.5 m downstream from the mosaic crystal.

In order to be able to observe the 1:1 magnification focusing effect of the mosaic crystals, we need a divergent
source close to the sample. To this aim we created a secondary source produced by focusing the bending magnet
source onto a line placed about one meter upstream from the mosaic crystal. For that purpose, a sagittally bent
Si < 1,1,1 > crystal was placed as second crystal in the monochromator.
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Figure 3. Diffraction profiles of the Optigraph sample (1 mm thick) at 18 keV. The different curves are taken by
illuminating different positions along the crystal length.

Table 1. Parameters of the used samples. The results are from a collection of rocking curves measured at 18 keV
using a synchrotron beam after a double crystal St < 1,1,1 > monochromator and using a slit of 0.2 mm before the
mosaic crystal (except for the Panasonic crystal where a 0.5 mm slit was used). The HOPG reflection was (0,0,2).
The errors are 1.5 standard deviations of the experimental values. All the angular values are FWHM in degrees.
The theoretical values are obtained by calculating the diffracting profile at 18 keV for 7 polarized radiation (the
diffraction plane is horizontal) using the given thickness and a mosaicity 7. The 7 value was adjusted in order to
obtain a width value close to the experimental one.

Sample/Manufacturer | dimensions [mm] Weap P..p Wiheor | Prheor T

1 Optigraph 60x28x1.0 0.404+0.04 | 0.5640.02 0.41 0.63 0.25
2 Advanced Ceramics 50x10x1.0 0.42+0.06 | 0.50+0.04 | 0.42 0.63 | 0.26
3 Panasonic 20x30x4.0 0.66 0.55 0.65 0.56 | 0.42
4 Optigraph 60x17x0.5 0.42+0.06 | 0.50+0.04 | 0.41 0.59 | 0.28

The formula that relates the curvature radius to the focal distances is:
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The crystal curvature radius Ry was 1464 mm, the focusing distances were p =30 m, and ¢ =9 m, therefore the
monochromator was set to a photon energy of about 18 keV (corresponding to a Bragg angle of #5=6.31°) Within
this focusing configuration, the divergence of the beam impinging on the mosaic crystal will be A=0.32° (calculated
from the footprint of the beam on the sagittal crystal which is 5 cm) and the distance to the mosaic crystal (9 m).
This value is of the order of the mosaicity, thus we expect to observe the parafocusing effect. With this configuration
the theoretical focus (secondary source) is situated at a distance of 1 m upstream from the mosaic crystal. Several
images around this focal position of the sagittal crystal were recorded to define exactly the position of the secondary
source (Fig. 4). The horizontal focus produced by the sagittal crystal was found experimentally at 96 + 1 cm
upstream from the mosaic crystal. A slit was placed at that position with dimensions 0.08 mm in the horizontal
plane and 1.5 mm in vertical, thus producing a vertical line that was the new source for the mosaic crystal.

Some problems were found to find the exact position of the new source (focal image produced by the sagittally
bent crystal), due to large depth of focus. In addition, the images recorded (Fig. 4) manifested the existence of two



Figure 4. Radiographs of the beam cross section imaged with the digital detector at various distances around the
theoretical focal position of the sagittal crystal (secondary source): a) 129 cm, b) 119 cm, c¢) 105 cm, and d) 96 cm.

Figure 5. Radiographs of the beam cross section imaged with photographic films. a) image at the mosaic crystal
position with the crystal removed. Images after diffraction at several distances downstream from the mosaic crystal:
b) 13.5 cm, ¢) 60 cm, d) 100 cm, ) 200 cm.

regions, separated downstream from the focus and perfectly overlapping at the focus. This effect and its origin will
be discussed later.

3. RESULTS AND DISCUSSION
3.1. Beam evolution using the primary source (non-focused beam)

The first experimental configuration used an unfocused incident beam provided by flat monochromator crystals.
Therefore, the primary source placed at 40 m upstream from the mosaic crystal was imaged.

Different images have been recorded to study the evolution of the diffracted beam at 8 keV (see Fig. 5). The
beam cross section on the mosaic crystal as defined by the entrance slits was 1 x 1 mm? . The images were recorded
using photographic films placed at different distanced downstream from the mosaic crystal ranging from 55 mm to
3500 mm.



These images show a clearly divergent beam propagation in the vertical plane (perpendicular to the diffraction
plane). The expected divergence is about 27sinfp = 2 mrad (with 7 = 0.25° and #p = 13.4°). The divergence has
been calculated by measuring the vertical size of the beam and fitting the data with respect to the crystal-to-film
distance. This procedure presents some problems due to the non linearity of the film and different exposition time
used, that produces an overestimation of the image spot at long distances. Using images recorded up to 30 cm the
divergence resulting from the fit is about 2.6 mrad. Using distances up to 200 cm the resulting divergence is larger.

The beam cross section images in the horizontal plane (diffraction plane) diffuses with increasing distance. No
significant variation of the cross section is appreciable. We recall that we do not expect any focusing effect due to
the fact that the entrance beam divergence is of the order of the crystallite Darwin width, as discussed before.

We have simulated the experiments described above with the ray tracing method described in Ref. 13. Fig. 6a
shows the simulated focal spot for a mosaic crystal 1 mm thick with 0.25° mosaicity. The simulation shows an
enlargement of the focal spot in the plane perpendicular to the diffraction plane proportional to the added divergence
27 sinfp.

The broadening in the focal spot produced by the beam penetration in the crystal bulk is related to the secondary
extinction coefficient. To study that, used the unfocused beam at 18 keV and recorded beam cross section in the
proximity of the mosaic crystal. Some experimental beam profiles together with a ray tracing simulation are shown
in Fig. 6b. We used a narrow incident beam (40 pum) defined by the entrance slit. The experimental results
show some important facts: i) the beam profiles decay exponentially, with a measured mean free path (MFP) .,
which is the projection on the image plane of the MFP inside the crystal A;.. due to the secondary extinction:
Aezp = Asec/ sin(26p), ii) intensity irregularities are observed in some profiles due to macrostructures, and iii) the
calculated MFP is of the order of the experimental ones. Work is in progress to analyze the images to obtain accurate
values of MFP, secondary extinction coefficients and mosaicities.
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Figure 6. Left: Ray tracing simulations of the diffraction image 200 cm downstream of the mosaic crystal using the
primary source. Units are cm. The calculated dimensions FWHM are 0.97 mm (H) and 4.95 mm (V). This graph
can be compared with Fig. 5e.

Right: Diffracted beam cross section in the diffraction produced by a mosaic crystal using a narrow 40 pym collimated
incident beam of 18 keV. The experimental profiles are obtained from measured images. From top to bottom: i)
Panasonic sample, ii) Advanced Ceramics sample, iii) Optigraph (1.0 mm-thick) sample, iv) Optigraph (0.5 mm-
thick) sample and, v) ray tracing simulation with a 1 mm thick mosaic crystal of 7=0.25°. Exponential fits of these
curves gave the following MFP values: i) 0.33 mm, ii) 0.11 mm, iii) 0.27 mm, iv) 0.23 mm, and v) 0.32 mm. The
resulting secondary extinction MPF vales (calculating the ratio between these values and sin(2 6g)) are: i) 1.61 mm,
ii) 0.54 mm, iii) 1.32 mm, iv) 1.12 mm, and v) 1.56 mm.

3.2. Beam evolution using the secondary source (focused beam)

The second experimental configuration used the sagittal focusing of the Si monochromator. As discussed above, the
focus produced by the sagittally bent crystal of the monochromator has been used as a source for the mosaic crystal



Figure 7. Radiographs of the beam cross section imaged with the digital detector at various distances downstream
from the mosaic crystal: a) 20 cm, b) 40 cm, ¢) 60 cm, d) 80 cm, €) 96 cm (focus), f) 100 cm, g) 120 cm and h) 140
cm.

(secondary source) which has been experimentally found at 96 cm upstream from the mosaic crystal. The secondary
source dimensions were defined by a slit (0.08 mm in horizontal and 1.5 mm in vertical). The selected energy of the
monochromator was 18 keV. A set of images were recorded with the CCD at distances of 20, 40, 60, 80, 96, 100, 119
and 140 cm from the mosaic crystal. The images of the beam cross section are shown in Fig. 7. From these images
it is clear that the horizontal beam decreases as the distance from the crystal is increased. This is the parafocusing
effect. The minimum horizontal size found in these images corresponds to the expected position (96 cm from the
mosaic crystal, verifying the 1:1 focusing). The horizontal beam cross section becomes larger downstream from this
position.

These images show an unexpected result: a double focal spot always appears at the focal position. The double-
spot is probably due to the existence of spatial structures in the incoming beam produced by the sagittal focusing.
The surface imperfections (error in shape, which is not exactly cylindrical, and probably consists in two or more
overlapped cylinders) and a possible misalignment produced spatial structures in the incoming beam to the mosaic
crystal. The structures in the incident beam have been observed experimentally in several images around the focal
position of the sagittal crystal (see Fig. 4).

The parafocusing effect was also investigated by the radiographs of a high-contrast test object. A bar pattern of
2 Ip/mm was placed at 8.1 cm downstream from the mosaic crystal, and four images were recorded at 20, 40, 50, and
60 cm downstream from the mosaic crystal. All the images are reported in Fig. 8. The separation between maxima
has been measured for the various images and the convergence of the beam obtained by fitting the experimental
data. The linear fit (correlation factor 0.999) is shown below:

y = 0.551 — 0.00584 z, (2)

where y is the separation between maxima and x is the distance from the crystal, both in cm. The focal position
resulted at 94 + 2 cm from the mosaic crystal, thus confirming within the experimental error the expected results of
1: 1 focusing.

Several images of the focal spot produced by the mosaic crystals were recorded for different samples described in
Table 1. These images are in Fig. 9 and all of them show the double-spot structure mentioned. This proves that the
double-structure was produced by the beam and not by the HOPG.

The width of the focal spot can be obtained from the beam profiles in Fig. 9 and is about 0.6 mm. The focal size
is determined by three factors: i) the secondary source size, defined by the 0.08 mm slit, ii) the broadening due to



Figure 8. Radiographs of a 2 Ip/mm bar pattern placed at 18 cm downstream from the mosaic crystal imaged with
the digital detector at various distances (20, 40, 50 and 60 cm) from the mosaic crystal.
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Figure 9. Images of the focal spot produced by the mosaic crystals obtained with the digital detector for different
samples: a) Optigraph (0.5 mm-thick), b) Optigraph (1.0 mm-thick), ¢) Panasonic and d) Advanced Ceramics. The
curves on the top of the figure are profiles taken in the center region of each bottom image.



the entrance beam energy bandwidth, which is negligible in our case (AE/E ~ 2 10~* for the Si monochromator,
giving an angular spread of A = (AE/E)tanfp =~ 20u rad), and iii) the penetration of the beam inside the crystal
bulk. The latter can be described by the secondary extinction coefficient, which for the case of ideal mosaic crystal
can be written” as us = W(fp — 6) Q, being W the gaussian distribution of the crystallites and @ is proportional to
the structure factor.

Fig. 10 shows a simulation for this setup and a 0.5 mm thick mosaic crystal of 7=0.25°. The resulting vertical
focal size is 4.95 mm. Some simulations were also performed to confirm the hypothesis of the surface errors in
the sagittal crystal. Fig. 11a shows the spot produced by a sagittal surface made by two overlapping cylinders of
curvature radius 150 cm shifted by 0.04 mm with respect to the other (Fig. 11b).
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Figure 10. Simulation of the focal spot produced by a mosaic crystal that images the secondary source. Units are
cm. Dimensions obtained from the FWHM of the histograms are 0.51 mm (H) and 1.75 mm (V). The mosaic crystal
is 0.5 mm thick and has a mosaicity of 7=0.25°. This simulation can be compared with the experimental image in
Fig. 9a.
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Figure 11. Left: ray tracing simulations of the focal spot produced by a mosaic crystal receiving monochromatic
radiation (18 keV) focused with a sagittal crystal which surface is deformed. Units are cm.

Right: Profile of the sagittal surface (continuous line). It has been built by overlapping two cylindrical profiles
(asteriscs and crosses) as explained in the text. Units are cm. The shifting dimensions are exaggerated for clarity.



4. SUMMARY AND CONCLUSIONS

The parafocusing effect of mosaic crystals (i.e. monochromatic focusing effect in the diffraction plane) was observed
and measured experimentally. The focusing at the 1:1 (source-crystal and crystal-image) distance ratio was confirmed
within the experimental errors. The defocusing effect in the plane perpendicular to the diffraction plane was also
observed. The parafocusing was studied in samples from three different manufactures. An experimental setup to
measure the secondary extinction coefficient was proposed and preliminary results were given. Work is in progress to
improve the experimental layout in order to get quantitative data of the spot dimensions, that would give information
related to the crystal mosaicity and perhaps macrostructure domains in HOPG. Imaging characteristics of these
crystals are been evaluated by contrast images of bar-patterns compared with ray-tracing simulations.
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