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Abstract. The performance of Schmidt lobster eye systems are affected by
manufacturing inaccuracies in the assembly of individual mirrors or in their non
ideal flatness. Such inaccuracies may significantly affect the optics performance
and in particular the angular resolution. For this reason we have investigated,
via ray-tracing simulations, the effects of such manufacturing inaccuracies. We
report the preliminary results of this analysis and compare them with X-ray
measurements performed on a test Schmidt lobster eye specimen using the 35
m long X-ray beam-line of the XACT facility of INAF-OAPA in Palermo, Italy.
Key words: lobster eye — multi-foil optics — reflective optics — grazing inci-
dence optics — x-ray optics — technology aspects

1. Introduction

Lobster eye (LE) optics (Schmidt, 1975; Angel, 1979) are a very promising tech-
nology for space X-ray sky monitors since the field of view can be orders of mag-
nitude larger than other geometries of grazing incidence optics. LE optics are
part of the payload of the VZLUSAT-1 mission (Baca et al., 2016; Pina et al.,
2015) and they are considered as possible candidate in several other missions
(Petre et al., 2015; Gorenstein, 2011; Fraser et al., 2002; Tichy et al., 2015).
Apart from space astrophysics applications LE are also used in laboratory ap-
plications such as neutron imaging (Saroun & Kulda, 2006).

This paper in particular deals with Schmidt lobster eye (SLE) (Schmidt,
1975). A one-dimensional SLE is composed of one stack of flat rectangular mir-
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rors (Fig. 1). These mirrors form a uniform pattern around a virtual cylinder.
Two such stacks can be arranged to form a two-dimensional SLE.

Figure 1. Lobster eye geometrical parameters.

A supporting structure is necessary to hold the mirrors in the SLE stack.
Inaccuracies in the fabrication of the supporting structure and lack of flatness
in actual mirrors introduce deviations from the ideal case (Tichy et al., 2011,
2009a,b). In this paper we investigate both aspects and how they affect the
spatial resolution of SLE.

2. Experimental specimen LTW-51

To compare theory with experimental results, prototype lobster eye LTW-51 has
been assembled, see Fig. 2. The prototype is one-dimensional, its focal length
marked as f in Fig. 1 equals 51 cm. It is composed of 30 glass substrate mirrors
of dimensions 37x37 cm, glass thickness t equals 0.28 mm. The pitch between
centres of surfaces a is 0.995 mm. Mirrors are coated on both sides, so that the
optic can operate in wide field mode. The coating consists of a bottom layer
of gold and a 5nm thin top layer of nickel. The coating has been made by
TTS s.r.o., Prague, Czech Republic. The maximum grazing angle /3 is equal to
19.1 mrad = 1.09°.

The mirror plates are float-glass which has an observable ripple in one di-
rection. This direction was aligned to lateral axis to minimize gradient errors
at grazing incidence. At grazing incidence, mirror deformations in lateral axis
are less significant because they cause only small shift of the reflection. Mirror
deformations in optical axis cause change of reflection angle and therefore they
have significant impact on image quality.
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Figure 2. Schmidt lobster eye prototype LTW-51.

3. Glass profile measurements

Profiles of the mirror plates were measured by Fizeau interferometer, see Fig. 3.
Mirrors were placed vertically and they were held by a special holder, see Fig. 4.
Mirrors are held at corners marked by arrows and four mirrors can be accom-
modated in the holder.

The internal structure of the holder and a mirror itself is seen in Fig. 3.
Because there is a small space around mirrors and there is a small space between
mirrors and top part of the holder, the holder itself does not introduce a force
on mirrors.

Typical profiles are shown in Fig. 6, Fig. 7. The profiles are of the same
mirror but in Fig. 7, the mirror is physically rotated by 90° with respect to
Fig. 6. Therefore, the difference between the profiles in figures Fig. 6, Fig. 7 are
due to the effect of gravity.

4. Result of simulations for ideally assembled optics of ide-
ally flat mirrors

First, the simulations of LTW-1 were performed with the assumptions that
mirrors are idealy flat and ideally assembled. The simulations were performed
via software package QSOFT developed at University of Leicester. This and
all other presented simulations were performed for aligned optics with on-axis
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FIZEAU INTERFEROMETER

Figure 4. Holder for mirrors profile measurement.

source. As model of reflectivity, a look-up table of data acquired at Henke (2017)
were used. The same incident energy of 1490 eV was used in the simulations and
in the experiment.

The resulting simulated image for a perfect optic is shown in Fig. 8. The
FWHM of the line focus equals 0.4 mm. This and all FWHM values in this pa-
per were estimated as average of result of five simulations made with resolution
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Figure 5. Mirror and holder internal structure detail.

of 0.1 mm. The average was rounded to tenths of mm. The image in Fig. 8 rep-
resents a typical image acquired by one-dimensional SLE for parallel incoming
beam. The bright central line represents the line focus. It is formed by single
reflections. Fainter lines laying beside the central line are formed by unreflected
rays that come through the SLE directly. The outer strips are unreflected rays
that penetrate between the outer plates and the housing.

5. Simulation of mirror intrinsic deformations

Measured mirror intrinsic deformations are irregular and differ from mirror to
mirror. Usually, profile data were not acquired over the entire mirror area. For
this reason, measured data cannot be directly used for modelling of mirror
intrinsic deformations.

However, it was found that intrinsic mirror deformation in worse axis has
wavelengths of around 20 mm and amplitudes (peak to peak) around 1pum as
seen in the Fizeau data. As a first approximation, a sine wave was chosen to
model the deformation in one axis. Le. the function § = Asin(x/A— ¢) was used
as a model of the deformation. A Gaussian distribution of mean value 0.5 ym
and o = 0.125 nm was used for random generation of amplitude A. For period
A, Gaussian distribution of mean value 20mm and ¢ = 5mm was used. For
generating of phase w, uniform distribution on interval [0, 27) was used. These
numbers were individually generated for each mirror.
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B 2430 Filled Plot

Figure 6. Typical mirror profiles. In the left-hand middle panel, there is the lateral
profile. In the right-hand middle pannel, there is the optical axis profile.

If the deformations are placed along the lateral axis, the deflections are so
small and not seen in the result of simulations and the FWHM is unchanged. If
the deformations are placed along the optical axis, FWHM increases to 0.6 mm.
The resulting image is shown in Fig. 9.

6. Simulation of mirror positioning errors

Four randomly generated numbers were used to represent shifts in the corners
of the mirrors. These shifts were individually generated for each mirror. They
were added to values representing ideal positions of corners. Between the corners,
linear interpolation was used to represent the profile of mirrors. This approach
simulates first order mirror deformations that can be caused by the mirror sup-
porting structure. A Gaussian distribution with various values of o and zero
mean was used. Results are shown in Fig. 10. Deviations in mirror positioning
introduce tilt errors in the mirrors which cause a blurring of the line focus.
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B 2430

Figure 7. Typical mirror profiles. In the left-hand middle pannel, there is the optical
axis profile. In the right-hand middle pannel, there is the lateral profile.

Figure 8. Results of simulation for ideally assembled SLE with ideally flat mirrors.

7. Experimental results with LTW-51

The Prototype lobster eye LTW-51 was tested at the XACT facility (Artale
et al., 2004; Barbera et al., 2006) in the 35 m long X-ray beam-line. X-ray image
at the focal plane has been taken with a microchannel plate (MCP) detector
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Figure 9. Results of simulation for ideally assembled SLE with mirrors including
deformations in the optical axis.

(a) o =5pm FWHM = 0.7 mm (b) 0 = 10 um FWHM = 0.8 mm

(¢) o =15 um FWHM = 1.0mm (d) o =20 um FWHM = 1.3 mm

Figure 10. Simulation of deviations of supporting structure.

featuring a 100 pm spatial resolution at energy 1490eV. The setup in the test
chamber is shown in Fig. 11.

The image acquired at centered, on-axis position is shown in Fig. 12(a)
FWHM reaches 0.7 mm. This value of FWHM was obtained in simulations us-
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Figure 11. Test chamber setup.

(a) Experimental image. (b) Simulation including skew error
10 pm and mirror positioning error o =
5 pm.

Figure 12. Final results.

ing a positioning error of ¢ = 5 um. The small skew is caused by position shift
between opposite parts of supporting structure and it was estimated as 10 ym.
This skew was simulated as systematic shift of mirror corner points. The above
values were used for the final simulation with the skew and supporting structure
inaccuracy included. The result is shown in Fig. 12(b).
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8. Conclusions

The principal manufacturing errors of Schmidt lobster eye have been described
and simulated.

For a size of 51 cm focal length, 37 mm mirror size and ca. 1 mm mirror
pitch, the results indicate that the critical task is to place mirrors into their
ideal positions. To achieve the theoretically possible angular resolution, micron
or submicron accuracy are necessary.

The glass employed shows significantly different deformations in different
axes. The current results indicate that glass deformations are less significant or
they are not significant if they are aligned laterally.
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