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Abstract: Novel focusing optics composed of twin paraboloidal capillaries coated with Pt, for
laboratory X-ray sources are presented and characterized. The optics are designed to focus
the X-rays, resulting in an achromatic focused beam with photon energies up to 40keV. The
performance of the optics under different operational conditions is studied by comparing the
energy-photon count spectra of the direct and focused beams. Based on these analyses, the optics
gain and efficiency as a function of photon energy are determined. A focal spot of 8.5 um with a
divergence angle of 0.59° is observed. The obtained characteristics are discussed and related
to theoretical considerations. Moreover, the suitability and advantages of the present optics for
X-ray microdiffraction is demonstrated using polycrystalline aluminium. Finally, possibilities for
further developments are suggested.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It has been demonstrated that by the use of focused X-ray beams the local microstructure,
including grain, phase, stress and chemistry within materials can be characterized with high
spatial resolution. Well established techniques include X-ray microbeam energy dispersive
spectrometers [ 1], microbeam diffracted/fluorescent spectrometers [2,3] and Laue microdiffraction
systems [4-8]. Dedicated X-ray focusing optics with a high efficiency and a small focal spot are
beneficial for all these techniques allowing improved spatial resolution and shorter measuring time.
Developing such X-ray optics is particularly challenging for laboratory instruments, where the
beams from X-ray tubes are divergent and polychromatic, with fluxes many orders of magnitude
lower than those from synchrotron sources. Nevertheless, large efforts have been devoted to
this endeavour, as instruments in the home laboratory often are more popular than those at
synchrotron sources because of the daily access.

The position of the focus depends on the photon energy for chromatic optics like compound
refractive lenses [9—11], Fresnel zone plates [12,13] and multilayer Laue lenses [14]. To
circumvent this limitation, total reflection is used in optics focusing polychromatic X-rays, like for
example Kirkpatrick-Baez mirrors [15,16], nested Kirkpatrick-Baez or Montel mirrors [17,18],
microchannel plates [19-21], capillaries [1,22-27], and more elaborate mirrors configurations
[28]. In particular, capillaries of two main types, polycapillary [29,30] and monocapillary optics
[31], sometimes in combination [32], are more frequently used for laboratory X-ray sources,
as manufacturing is relatively easy. Monocapillaries can produce smaller focal spots than
polycapillaries [31] enabling both finer spatial resolution and more intense signals. Different
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shapes of mirrors in monocapillaries have been tested, including paraboloidal [1,32-34], tapered
[23,24], ellipsoidal [26,32,34-39] and mixed ellipsoidal-tapered [27] profiles. Tapered capillaries
typically suffer from shorter capillary exit-to-focus distances than non-tapered optics [23,25,27],
which may limit the use of auxiliary equipments such as furnaces and stress rigs. Sub-10 pm
focal spots have been obtained using paraboloidal [1,34] and ellipsoidal capillary optics [8,34].
However, existing capillary optics can only focus X-rays with energies lower than 20 keV. Higher
energy X-rays are harder to focus as the critical total reflection angle is smaller. Heavy element
materials, for example platinum, gold and tungsten, are beneficial for increasing the critical angle,
but practically it is difficult to manufacture smooth surfaces with those materials.

The aim of the present work is to characterize new X-ray monocapillary optics that are capable
of focusing laboratory polychromatic X-rays with energies above 20 keV, especially in the range
25 keV to 40keV, which are critical for characterizing large and/or dense materials such as metals.
The new optics were manufactured using amorphous borosilicate followed by platinum coating
on the surface, to overcome the challenges in manufacturing smooth surfaces with desired shapes
using heavy metals. The performances of the novel optics are characterized in detail, including
the size of smallest spot of the focused beam (hereafter called focal spot) and the optics efficiency.
The potential of the optics is demonstrated by investigation of polycrystalline aluminium. Based
on the results, possible further developments of the optics are suggested.

2. Presentation and design principles of the optics

The new optics were designed and manufactured by Sigray. The optics are made up of an
amorphous borosilicate body with an external cylindrical shape measuring 4 mm in diameter
(see Fig. 1). The interior of the optics consists of two identical paraboloidal reflective surfaces
facing each other (see Fig. 2). The designed source-to-optics entrance and optics exit-to-optics
focal point distances (the optics focal point also being the focus of the downstream paraboloidal
surfaces) are both 30 mm. The optics also comprise an aluminium cap on the left i.e. upstream
side, which houses an aluminium ring holding a tungsten beamstop. In addition, there is an
anodized aluminium holder at the center for safe handling of the optics without touching or
grabbing the platinum-coated amorphous borosilicate body (see Figs. 1 and 2).

cap
in aluminium handle body

to hold in anodized aluminium in platinum-coated

the beamstop to handle the optics amorphous borosilicate

photons direction

Fig. 1. Photograph of the Sigray twin paraboloidal optics showing the outside cylindrical
part of its platinum-coated amorphous borosilicate body, an anodized alumimium black
handle (center) and an aluminium cap (left i.e. upstream) which houses an aluminium ring
holding a tungsten beamstop (both not shown). Photons travel from left to right.

The paraboloidal profile is designed for focusing photons with a point spread function better
than 5 um Gaussian full width at half maximum (FWHM) with a maximum optics efficiency
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Fig. 2. Main internal parts of the Sigray’s optics and principle of the photon path illustrated
by semi-transparent blue (largest grazing angle on reflective surfaces) and orange (smallest
grazing angle on reflective surfaces and also brushing the beamstop) lines.

for a photon energy of ~32keV. This energy is chosen to balance the energy range and photon
intensities of the focused beam, making it useful for laboratory microdiffraction of typical metals
such as aluminium, nickel and iron [40]. The upstream (i.e. left in Fig. 2) side is designed to
accept photons from the X-ray source through a disk-shaped entrance with a diameter of 312 um
delimited by the border of the upstream mirror. The grazing angle on reflective surfaces is at most
0.149° (blue semi-transparent lines in Fig. 2) and at least 0.087° (orange semi-transparent lines in
Fig. 2). The body is coated with a 30 nm-thick layer of platinum which enables the paraboloidal
surfaces to reflect X-rays with ideal i.e. for perfectly smooth surfaces 80 % and 94 % reflectivity
for 30 keV photons at the largest and smallest grazing angles respectively, according to [41].

A cylindrical beamstop (black part in Fig. 2) of diameter 180 pm and thickness 500 pm is
placed in this entrance to block centermost photons that would miss the upstream mirror i.e.
to ensure that all photons entering the optics first hit the upstream mirror; the position and
diameter of this beamstop are chosen accordingly. In all cases, the entering photons must cross
the (aluminium) holder of the (tungsten) beamstop. When the source point is at the focus of the
upstream paraboloidal mirror, all photons entering the optics reflect on the upstream mirror to
produce rays parallel to the symmetry revolution axis of the optics, which then reflect on the
downstream mirror to intersect at its focus.

Notably, the present optics are the first of their kind for focusing high energy X-rays (>
20keV) despite utilizing design principles similar to other commercially available Sigray’s twin
paraboloidal optics for focusing low energy X-rays [34]. The involvement of high energy X-rays
impose several manufacturing and physical challenges listed as follows.

1. The (total) reflection angles need to be smaller for an identical reflectivity, which results in
a smaller numerical aperture and a smaller entrance diameter, leading to fewer photons
entering the optics. It remains to be seen whether the resulting gain is practically useful.

2. A thicker beamstop with a smaller diameter is required to prevent direct beam leakage,
which is difficult to manufacture, mount and align, and could introduce some imperfections
to the optics.

3. A thicker platinum layer is required, which may lead to a larger surface roughness that
reduces the optics’ efficiency.
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3. Methods

3.1. Characterization of the optics performance

Characterization of the performace of the optics was carried out in two different setups: (i) an
in-house energy-dispersive imaging system (Fig. 3) at the 3D imaging Center of the Technical
University of Denmark, to determine the energy-photon count spectra of the direct and focused
beams, the optics gain and efficiency as a function of the photon energy; (ii) a customized setup
inside a commercial Zeiss Xradia Versa 520 system, with a high-resolution detector to image the
focal spot.

optics
Sigray
source detector
Hamamatsu L12161-07 goniometer Advacam Timepix 3
+ pinhole Huber 1003-MS  Si 1 mm-thick sensor

Fig. 3. In-house energy dispersive X-ray imaging setup with highlighted components
utilized for the characterization, namely the microfocused X-ray source, goniometer head
holding the optics, and the energy dispersive X-ray detector.

In the in-house setup X-rays were produced with a bias of 70kV at a current of 5 uA by
a Hamamatsu L12161-07 [42] source with a tungsten target in small focus mode yielding a
source focus spot smaller than 5 um according to the manufacturer’s documentation. The X-ray
beam was further collimated by the use of a 400 um diameter pinhole in a 1 mm-thick tungsten
disk to limit background from fluorescence and scattering by the illuminated parts of the setup.
The optics was aligned using a fully motorized Huber 1003-MS goniometer head, and photons
transmitted through it were registered by an energy-dispersive detector Advacam ADVAPIX
TPX3 containing a 1000 um-thick silicon crystal sensor and a TPX3 readout chip. Detector
control and data acquisition were performed using the Pixet software version 1.7.2.857 from
Advacam. Fully spectroscopic 2D data were acquired using the build-in Spectral Imaging plugin.
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The maximum detectable number of counts is limited to 5 million per second to allow live time
data processing with the Spectral Imaging plugin. Thus a current of 5 uA was used to produce
X-rays and stay below this limit.

For both the direct beam and the focused beam, five acquisitions with 2 min acquisition time
and 1 keV energy bin width were performed at 50 mm spaced positions along the optical axis,
from 363 mm to 563 mm downstream of the source for the direct beam i.e. without optics, and
from 463 mm to 663 mm downstream of the source i.e. 263 mm to 463 mm downstream of the
focal spot for the focused beam i.e. with optics. Each set of five acquisitions allowed the outer
border of the direct and focused beam to be reconstructed, by a least-squares affine regression on
the radii (external radii in the case of the ring-shaped images of the focused beam). The affine
regression provided the position of the source from direct beam acquisitions and the divergence
of the focused beam downstream of the focus (Supplement 1, Fig. S1).

The photon counts of the ten (five for the direct beam and five for the focused beam) acquisitions
were each corrected to take into account the quantum efficiency of the detector by considering
the following equation:

~ (I-exp(-a-10)
where n; and nq are the true and detected numbers of photons per time unit, a is the energy
dependent linear absorption coefficient of the sensor material and / the travel length of non-
absorbed photons in the sensor. This correction is determined for each pixel taking into account
the incident beam angle, which was derived based on the in-house setup geometry. Numerical
values for a as a function of photon energy were taken for silicon from [43], and a 1 mm sensor
thickness was considered.

The focused beam was studied using the commercial Zeiss Xradia 520 Versa setup, taking
advantage of a high-resolution detector. A support structure was added to hold the optics with
a manual goniometer Thorlabs PY005/M to align it. X-rays were generated with a Nordson
transmission source operated at an electron voltage of 80kV and a power of 7 W, resulting in a
source spot of about 4 um. The high-resolution detector was a combination of a scintillator, an
objective and a charge-coupled-device detector. A x20 objective was used to image the focused
beam with an effective pixel size of 13‘;0”"1 =0.67 pm.

Note that the exact position of the source point inside the source was unknown. At first, the
source was moved such that its center was approximately 30 mm from the optics entrance, and
the detector moved such that its sensor was placed 200 mm downstream of the source center
(thus approximately 30 mm downstream of the optics exit), These two positions were defined
as reference positions of the source and detector. Then the source and detector were translated
incrementally along the optical axis around their reference positions in steps of 0.5 mm followed
by refined steps of 0.1 mm, with the goal of achieving the smallest focal spot. This focal spot
was then fitted by a bidimensional Gaussian. Fitted standard deviations were converted to their
equivalent Gaussian full widths at half maximum by multiplying them by the factor 2 - V2 - In2,
which were considered the size of the focal spot. The focused beam was also imaged downstream
of the focus, where the divergence of the focused beam allowed it to be magnified and thus obtain
an image at high resolution.

ey

ny

3.2.  Application: diffraction on polycrystalline aluminium

To demonstrate the capability if the optics to yield sufficent signal for practical materials-oriented
applications, an X-ray microdiffraction experiment was carried out using the in-house setup,
with the optics focusing X-rays on an aluminium polycrystalline sample. The sample has a fully
recrystallized microstructure with random crystallographic texture and an average grain size of
50 um. A rod with a diameter of 700 um was prepared by electric discharge machining followed
by electropolishing using an A2 solution at room temperature.
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X-rays were produced with a source bias of 70kV at a current of 66 uA, and the detector was an
Advacam ADVAPIX TPX3 containing a 1000 pm-thick cadmium-telluride sensor which provided
higher sensitivity than the silicon sensor detector. The detector was placed 7 cm downstream of
the sample with its center on the optical axis and the acquisition time was set to 30 s. Detector
control and data acquisition were again performed using the Pixet software version 1.7.2.857
from Advacam.

To enhance the signal to noise ratio, a 2 mm-thick lead shielding with a 1 mm diameter hole
for the passage of the focused beam, was placed between the optics exit and the sample to block
the photons that did not go through the optics.

Moreover, a reference image was collected using the same setup and conditions but without
the sample. The photon counts of each detector pixel in this reference image were considered
as a background and substracted from the photon counts of corresponding detector pixels in
the sample diffraction image, to remove this background contribution and to retain only photon
counts from the diffraction by the sample.

Table 1 summarizes the link between experimental data and post-processing, setup used and
figure(s) using (partially or totally) them.

Table 1. Summary of experimental setups and instruments used for
individual figures in this paper.

Fig. 6
direct and focused beams as a . . .
in-house setup (Fig. 3
function of photon energy p (Fig. 3) Fig. 4
Fig. 7
Fig. 6

direct and focused beam at 5 positions
to reconstruct their geometries in-house setup (Fig. 3) Fig. 7
(source position and divergence)

figure S1
focused beam at high-resolution Zeiss Xradia Versa 520 | Fig. 5(a)
focal spot Zeiss Xradia Versa 520 | Fig. 5(b)

diffraction on aluminium polycrystal in-house setup (Fig. 3) Fig. 8

4. Results and discussion
4.1. Geometlry of the focused beam

Detector images of the focused beam are shown in Figs. 4 and 5. The ring shape is imaged
at a magnified geometry using the divergence of the focused beam downstream of its focus
for different photon energies (Fig. 4) and at a high-resolution (Fig. 5(a)). The photon count
distributions within the rings are reasonably uniform for X-ray energies in the range 10keV to
35keV and the geometry of the focused beam does not depend on the photon energy i.e. the
focused beam is achromatic (Fig. 4). Nevertheless, some photon count heterogeneity is seen in
the high resolution image of the focused beam (Fig. 5(a)), suggesting some minor manufacturing
defects of the optics mirrors.

The divergence of the reconstructed focused beam downstream of the focus (Supplement 1,
Fig. S1) was calculated as 0.59°, which is very close to the nominal value of 0.60° determined
based on the optics and the setup geometry. Figure 5(b) shows the smallest focal spot achieved
which was obtained with an acquisition time of 1s. The size of the focal spot, determined by
bidimensional Gaussian fitting, is 8.5 um.
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number of
received photons
on pixel

per time unit [/s]

10

25 keV 30 keV 35 keV
2.4 mm

Fig. 4. Focused beam on the detector sensor placed 263 mm downstream of the focus for
six photon energy bins of width 1 keV and centers 10, 15, 20, 25, 30 and 35 keV.

(a) (b) number of

100 mm downstream of the focus at the focus received photons

4.2.

horizonta
full width half maximum = 8.5 um|

940 pm

total number of received photons per time unit = 3.2E6 /s

Fig. 5. (a) Image of the focused beam 100 mm downstream of the focus, with an acquisition
time of 10s. (b) Smallest attained focused beam spot, considered as the focal spot, and its
colorcode for the number per time unit of received photons on each pixel, with an acquisition
time of 1s. The total number of received photons was 3.2x100 571,

Energy-photon count spectra of the direct and focused beams, optics gain and
efficiency

The energy-photon count per time unit and per solid angle of the direct and focused beams are
presented in Fig. 6. The solid angle was determined (i) for the direct beam, from reconstruction
of its geometry by the five detector images measured at positions from 363 mm to 563 mm
downstream of the source (section 3.1), and (ii) for the focused beam, by the position and geometry
of the optics entrance (disk of diameter 312 um minus the beamstop disk of diameter 180 um,
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both at 30 mm from the source side) (section 2, Fig. 2). For the direct beam (red histogram in
Fig. 6), two peaks appear representing the superposition of the characteristic tungsten L emission
lines and the Bremsstrahlung spectrum. A photon count peak is observed for the focused beam
(blue histogram in Fig. 6) at the 26 keV, and overall usable photon count is obtained on the 15 keV
to 40keV photon energy range. Alternating lower and higher photon count densities between
neighboring bins are interpreted as an artifact of the acquisition/processing system.

x10%

[/s/steradian/keV]
= wn

density function of
w

photon number per time unit per solid angle

0 10 20 30 40 50 60 70
photon energy [keV]

Fig. 6. Spectra energy-photon count per time unit and per solid angle of the direct beam
(shown in red) and focused beam (shown in blue). All pixels of the detector were considered
to take the full direct and focused beams into account. The acquisition duration was 120 s
and photon energy bins have a width of 1 keV.

The theoretical perfect optics gain is defined as the ratio of the number of photons that enter
the optics and precisely focus on the working plane (located 200 mm downstream from the source
and 30 mm downstream from the optics exit) as the focal spot assuming ideal optics, to the
number of photons that would be received on the same working plane within the area defined
by the experimentally obtained focal spot but without the optics. Based only on geometrical
considerations, the theoretical perfect optics gain is thus independent of the photon energy and
equal to the ratio of the solid angle covered by the optics entrance (disk of diameter 312 ym minus
the beamstop disk of diameter 180 um, both at 30 mm from the source side) (section 2, Fig. 2)
to the solid angle covered by the experimentally obtained focal spot (disk of diameter 8.5 um)
placed on the working plane. The theoretical perfect optics gain was calculated to be 4.0E4.

Based on the spectral data (Fig. 6), the experimental optics gain as a function of the photon
energy was calculated as a function of the photon energy as the ratio of the number of photons
per time unit in the focused beam at the focus to the number of photons per time unit in the direct
beam that would reach on the working plane the area defined by the experimentally obtained
focal spot (disk of diameter 8.5 um) without the optics.

The optics efficiency was calculated as the ratio of the experimental optics gain over the
theoretical perfect optics gain. The optics gain and optics efficiency as a function of the photon
energy are shown in Fig. 7. A peak of 32 %, optics efficiency corresponding to an optics gain of
1.3E4 is seen for 30 keV photon energy, which is close to the designed value of 32 keV.
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Fig. 7. Optics gain (comparing the number of photons per time unit at the focal spot with
and without the optics) and efficiency (comparing the number of photons per time unit
exiting and entering the optics) as a function of photon energy.

4.3. Comparison to numerical simulation and theoretical analysis

To understand the optics performances, the experimental results presented in the above two
sections are compared to theoretical analyses with regard to the following aspects:

1. the aluminium ring holding the beamstop,
2. the total reflection of photons on the platinum reflective surfaces,

3. deviation from the ideal paraboloidal shape of the platinum reflective surface, which can
be decomposed as a short-range contribution corresponding to surface roughness and a
long-range contribution corresponding to shape manufacturing error.

The long-range shape of reflective surfaces was characterized and incorporated into a Monte
Carlo ray tracing simulation to study its effects on the focal spot. While the detailed measurement
process is proprietary, the reflective surfaces profiles of the optics are measured using optical
microscopes configured in two orthogonal directions. A source spot size of Gaussian full width
at half maximum 4 pm, representative of the Nordson source spot size in the Zeiss Xradia Versa
520 setup, was used.

The simulated focal spot (Supplement 1, Fig. S2) is similar to the experimental one. This result
confirms that the long range shape error is the main reason for the focal spot size increase compared
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to the source spot size and the asymmetry of the focal spot. The individual contribution of the long-
range mirror shape errors to the focal spot size is estimated as /(8.5 um)? — (4 um)2 = 7.5 um
assuming that (i) both contributions (source size and shape error of the optics mirrors) to the
size of the focal spot are independent and (ii) that the variance (i.e. the square of the standard
deviation being proportional to the standard deviation of the gaussian law by a factor 2 - V2 - In2
of the sum of both contributions is equal to the sum of variances.

The effects of other aspects on the optics gain and efficiency were estimated based on theoretical
calculations. First, the theoretical transmission efficiency through the (aluminium) ring (holding
the beamstop) T'ing Was calculated using the linear absorption coeflicient of aluminium [44] and
its 500 um thickness for different photon energies as shown in (Table 2, second column). The
theoretical reflective efficiency on a smooth reflective surface Ry was calculated for both the
largest and smallest grazing angles (blue and orange semi-transparent lines in Fig. 2 respectively)
on the reflective surface using the equations and values in [45] (Table 2).

Table 2. Theoretical transmission efficiency Tijyg through the (aluminium) ring (holding the
beamstop), theoretical reflective efficiency on one smooth reflective surface Ry¢j,
smoothness efficiency Esmoo and theoretical optics efficiency Ting - Rfeﬂ - E2,,00 for both the
largest and smallest grazing angles and for X-rays in the photon energy range of 15 keV to

30 keV.
largest grazing angle smallest grazing angle

photon
energy Tting Rrent Esmoo Tting - ereﬁ : Egmoo Ryeqt Esmoo Tting - R?eﬂ . Egmoo
[keV] [%0] [%0] [%] [Y%] [%] [%0] [9%0]

15 39 86 90 23 92 94 30

20 64 87 90 40 93 95 50

25 77 86 90 46 94 96 62

30 86 80 85 40 94 96 70

Regarding the roughness of reflective surfaces and its effect on the optics efficiency, it could
result from two sources: (i) the surface roughness of the amorphous borosilicate body piloted
by surface tension of molten silica, which is estimated to be subnanometric [46], and (ii) the
surface roughness of the platinum coating realized by atomic layer deposition, which is evaluated
to be subnanometric as well [47,48]. Hence the resulting surface roughness of each of the two
reflective surfaces is expected to be less than 2 nm — by considering (i) the position deviation
of each of the two (amorphous borosilicate body and platinum coating) surfaces as a random
variable and its roughness as its standard deviation, (ii) that both (amorphous borosilicate body
and platinum coating) surface position deviations are independent and (iii) that the position
deviation of the resulting reflective surface is the sum of both (amorphous borosilicate body and
platinum coating) surface position deviations, and that its roughness is thus the square root of
the sum of both squared standard deviations (by additivity of variances). Here the theoretical
reflective efficiency on a rough reflective surface was calculated considering a 2 nm roughness
for both the largest and smallest grazing angles (blue and orange semi-transparent lines in Fig. 2
respectively) using the equations and values reported in [41]. Then the ratio over its counterpart
for an ideal i.e. smooth reflective surface, called smoothness efficiency Egmoo, Was calculated.

The theoretical optics efficiency, which takes all three aspects into account, was calculated
as Tring - Rieqi® + Esmoo? for both the largest and smallest grazing angles (blue and orange semi-
transparent lines in Fig. 2 respectively) (Table 2). All results for the photon energy range 15
keV to 30 keV are listed in Table 2. Overall, the theoretical optics efficiency values (Table 2)
are greater than the experimental ones (Fig. 7). Possible reasons are a non-perfect alignment of
the beamstop at the entrance and/or non-perfect alignment between both reflective surfaces for
instance during the molten borosilicate shaping of the optics body and reflective surfaces, which
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could both block some of the photons and thus reduce the optics efficiency. It could also not be
completely ruled out that the roughness of reflective surfaces is larger than 2 nm, as the thickness
of the coating is rather thick.

One possibility to increase the optics efficiency could be to replace the 500 um-thick aluminium
ring holding the beamstop by a thinner part of a less absorbing element like graphite. The shape
(long-range contribution) and roughness (short-range contribution) of reflective surfaces could
be further improved to respectively produce a smaller and more axisymmetrical focal spot and
increase the optics transmission efficiency.

4.4. Application: microdiffraction on polycrystalline aluminium

A typical diffraction image obtained using the in-house setup with the optics focusing X-rays on
an aluminium polycrystalline sample is presented in Fig. 8.

signal blocked by beamstop

14 mm

Fig. 8. X-ray diffraction image (after background correction) on a polycrystal aluminium
sample (mean crystal size of 50 um) using the present platinum-coated twin paraboloidal
optics. The black area in the central right region is caused by detector faults.

Perfectly visible diffraction spots with a signal-to-noise ratio of 20 to 30 are observed in 30's
of acquisition. A notable feature is the donut shape of diffraction spots, which is interpreted as a
result of the divergence of the focused beam and the blockage of the centermost part of the direct
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beam by the beamstop. Some arc-shaped spots are also seen, which suggests that only parts of
the focused beam fulfill diffraction condition and/or only parts of the crystals are illuminated by
the beam. The latter aspect may provide useful information about the crystal boundary position
and crystal shape.

The performance of the present setup is comparable to the most recent home laboratory
microdiffraction setup also using photon counting detector [49]. However, the smaller focal spot
of the present setup makes it superior in terms of spatial resolution for microdiffraction of metals
in home laboratory.

5. Conclusion

The platinum-coated twin paraboloidal laboratory X-ray capillary optics have been characterized
to test their performances with regard to the focal spot size, energy bandpass and geometry of
the focused beam as a function of photon energy. It is found that the optics (i) are capable of
focusing X-rays down to a 8.5 um Gaussian full width at half maximum focus when a source
with spot size of 4 um is used, (ii) enable an optics gain at the focal point above 8000 in the entire
photon energy range 20 keV to 40 keV, and (iii) have a focal length of 30 mm. The divergence
of the focused beam is 0.59°. As an additional advantage, the geometry of the focused beam
does not depend on the photon energy. In addition, an example of X-ray diffraction pattern on an
aluminium polycrystal of mean crystal size 50 um demonstrates that the presented laboratory
optics can be a strong candidate for local and non-destructive analysis of metals with sub-10 um
resolution.
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