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ABSTRACT

The Wolter type of X-ray optics is commonly used for high resolution observations, but
with a narrow field of view, and therefore Wolter optics are not suitable for wide field
observations. On the other hand, for all-sky or wide-field observations, a Lobster—Eye type
of optics may be suitable and consists of flat mirrors that are arranged to provide a larger
field of view. This type of telescope can become a promising wide-field instrument and can
be used to detect interesting transient and flaring X-ray events and locate them quickly.

Part of the thesis focuses on the newly developed ray-tracing simulator PyXLA, which
is mainly designed to verify the properties of the Lobster—Eye optics. It is possible to design
a 1D or 2D type in Schmidt or Angel arrangement with a custom X-ray detector. Since
the X-ray sky is is rich in transient, variable and flaring triggers, it is possible to include a
theoretically unlimited number of sources to reflect the real situation that the instrument
is supposed to observe. One of the requirements for the simulation of any X-ray optics is
the implementation of reflectivity as a function of the grazing angle of incidence for the
selected energy, which is also implemented in PyXLA.

In the second part of this thesis, a feasibility study is presented to locate sources from
two 1D Lobster—Eye optics. This task relies on a gap created by the coded mask. The
coded mask that creates the gap is in the form of a thin strip of opaque material. The
proposed algorithm is mainly aimed at finding maxima and minima in the captured image.
Based on the mutual position of the minima and maxima, it is possible to determine the
location of the sources. For more precise localisation, images from both modules are used
for cross-verification of true and false sources.
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ANOTACE

Rentgenova optika typu Wolter je bézné pouzivanym typem pro pozorovani ve vysokém
rozliseni, ale s malym zornym polem, a proto Wolterova optika neni vhodna pro Sirokouhlé
pozorovani. Na druhou stranu, optika typu raci oko miize byt vhodnym kandidatem pro
celooblohovy nebo Sirokouhly monitorovaci systém, sestavajici se z plochych zrcadel a
jejich usporadani je navrzeno tak, aby bylo mozné docilit vétsiho zorného pole. Tento
typ teleskopu se miize stat vhodnym zarizenim ke sledovani zajimavych udalosti v Sirokém
zorném poli a pro jejich rychlého lokalizovani.

Prvni Cast dizertaCni prace je zamérena na nové vyvinuty softwarem PyXLA, ktery
pracuje na bazi ray-tracing procesu a je zejména navrZeny pro ovéreni vlastnosti raci optiky.
V programu je mozné navrhnout jak 1D, tak i 2D typ optiky ve Schmidtové nebo Angelové
usporadani v kombinaci s rentgenovym detektorem v jejich ohnisku. Jelikoz obloha skyta
plno zajimavych udalosti nebo konstelaci hvézd, je mozné jejich rozlozeni nasimulovat,
teoreticky az s nekoneénym poctem zdroji, aby bylo dodrzeno jejich skute¢né usporadanti,
které se chce pozorovat. Jednim z pozadavkil na simulaci je implementace funkce zavislosti
reflektivity na limitnim Ghlu dopadu zafeni pro vybranou energii, ktery vyzaduje simulator
PyXLA.

Ve druhé ¢asti prace je popsana studie proveditelnosti lokalizace zdrojli zareni' s pouzitim
dvou 1D optik rac¢iho oka. Tato udloha vyuzivd mezery vytvorené kdédovou maskou, ktera
je ve tvaru tenkého prouzku z rentgenové neprisvitného materialu. Navrzeny algoritmus se
zejména zaobira hleddnim minim a maxim. Na zakladé jejich vzajemné polohy je mozné urcit
pozici moznych zdrojli zachycenych obéma optikami. Pro presnéjsi lokalizaci je vyhodné
vyuzit informaci z obou modulli pro urceni skute¢nych a vylouceni virtualnich zdrojl zareni.
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1 Introduction

The X-ray sky survey allows the observation of a large number of transient as-
trophysical sources of galactic and extragalactic origin. In the X-ray spectrum it is
possible to observe various transient, flaring and persistent celestial X-ray sources, in-
cluding supernovae, X-ray afterglows of gamma-ray burst (GRB) or others. To detect
and observe an interesting event, wide-field telescopes/monitors are needed for fast lo-
calisation. Nowadays, satellite-based Wolter I optics are commonly used for detailed
observations of astrophysical objects in the X-ray region. Their disadvantage is a nar-
row field of view (FOV), typically less than 1° [1]. For example, there is the Chandra
orbital observatory with an 1° [2], and for the future, the large Advanced Telescope
for High Energy Astrophysics (Athena) observatory is proposed, which will carry a
telescope with a FOV of 0.7° [3]. Telescopes equipped with Wolter-I type optics are
important for detailed analysis of distant and faint X-ray sources, but are not suitable
for all-sky monitoring.

To observe a larger area of the sky, a different type of optics is required. Wide-field
telescopes are able to observe a larger part of the sky to observe events simultane-
ously with the high-energy events. These systems are designed to detect transient
objects independently and send alerts to other satellites carrying imaging optics (usu-
ally Wolter-I type), which can provide images with better spatial and time resolution
of the transient or other exciting event. A suitable candidate for all-sky monitoring is
a Lobster—Eye (LE) optics in a Schmidt or Angel configuration. Both types of optics
can theoretically cover the entire hemisphere - up to 180° FOV [4], [5]. The Einstein
probe can serve as an example of the proposed wide field LE telescopes, where its FOV
is up to 60° x 60° [6].

Imaging X-ray optics, e.g. Wolter types, usually work with two reflections, which
leads to a greater attenuation of the incoming rays. The two—dimensional (2D) system
of LE optics also has this disadvantage. This thesis proposes to split a standard
LE arrangement into two 1D systems (horizontal and vertical). The output images
produced by two 1D optics containing a line focus. Theoretically, a higher photon
yield is achieved by eliminating losses due to double reflections, but there is only
one. However, it is necessary to propose a new algorithm for image processing. The
preliminary results of data processing from two 1D Lobster—Eye optics are presented
in previous publications [7], [8]. We note that this approach can extend the energy
range of LE telescopes to higher energies, which are otherwise limited to 8 keV or less.
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1. INTRODUCTION

Aims of the Doctoral Thesis

This thesis focuses on data processing based on LE optics, mainly for astronomical
applications and use on a satellite mission. It includes a feasibility study for the
detection and identification of celestial X-ray sources over a large FOV, theoretically
up to 180°.

The objectives of the thesis are divided into two main topics, where the first one
aims to develop a simulation program, which will be able to simulate the LE optics
based on the ray tracing principle.

The second goal of the work is to develop an algorithm for source localisation using
two independent 1D LE optics, which can be used as a fast monitor to determine the
position of fast and interesting events in the X-ray spectrum.

Structure of the Doctoral Thesis

Chapter 2 State of the Art summarises information about the radiation spectrum in
space and what part of the spectrum can be detected on the ground. Different principles
and types of X-ray optics and their properties are also presented. Among X-ray optics,
LE optics is one of the promising wide-field telescopes for locating point sources, which
is the subject of this thesis.

Chapter 3 PyXLA: Python X-ray-tracing for Lobster-eye Application talks about the
newly developed software Python X-ray-tracing for Lobster-eye Application (PyXLA),
which is specifically designed to simulate the X-ray Lobster—Eye optics. PyXLA is
based on the principle of ray tracing. This chapter also describes the limitations of the
software and presents examples of simulations.

Chapter 4 Point source localisation using two 1D Lobster—eye optics introduces the
localisation of sources using two 1D Lobster—Eye optics. In this chapter two principles
are presented to localise the point sources. It is based on the position of the main focus
and the gap created by a coded mask in the form of a thin strip of material that is
impermeable to X-rays.

Chapter 5 Conclusion of Thesis and Application summarises the thesis and its results
proposed in the objectives.




2 State of the Art

The thesis is focused on X-ray optics, specifically on the Lobster—Eye type and its
data processing. The processing mainly focuses on designing the Lobster—Eye optics,
processing from two 1D modules into the real image.

To introduce the problematics, we must familiarise ourselves with X-rays and X-ray
optics in general and also mention the essential optics based on the reflective principle.
These optics are mainly Wolter type, Lobster—Eye or Kirkpatrick—Baez (KB) type.

The following sections discuss the current state of the art, including X-ray sources
and types of X-ray optics and mention several space missions that use these optics.

2.1 Space radiation

Radio Waves Microwaves Infrared Visible Light Ultraviolet X-Rays Gamma Rays

1l 4l

Fig. 2.1: Spectrum distribution from radio waves to gamma rays and penetration them

Ground

from space to the ground with possible spectrum ranges which can be ob-
served.

The sky appears dark in visible light because there are relatively few visible light
sources in the universe compared to other types of radiation. However, in other parts
of the electromagnetic spectrum, such as radio waves, infrared, ultraviolet and X-rays,
the sky is filled with radiation emitted by a wide variety of celestial objects, including
stars, galaxies and clusters of galaxies. Unfortunately, most of the electromagnetic

3/63



2. STATE OF THE ART

spectrum cannot be observed from the ground, as shown in Figure 2.1 and must be
observed from space.

M 2.1.1 Infrared

A wide variety of celestial objects, including stars, galaxies, and dust clouds emit
infrared radiation in space. The majority of infrared (IR) radiation is produced by
warm dust and gas, often found in the interstellar medium and the spiral arms of
galaxies. The radiation emitted by nearby stars heats this dust and gas, and as it
heats up, it emits IR radiation. IR radiation is also emitted by cool stars, such as red
dwarfs, and by brown dwarfs, which are objects that are too cool to sustain hydrogen
fusion in their cores.

Infrared radiation can also study a wide range of astronomical phenomena, such as
the formation and evolution of stars and galaxies, the distribution of dust and gas in
the universe, and the physical conditions in distant galaxies. Because IR radiation is
significantly absorbed by the Earth’s atmosphere, it is better to be observed from space—
based observatories such as the Hubble Space Telescope’s WFC3-UVIS module [9], [10]
or another famous IR mission Spitzer Space Telescope [11], [12] which was in operation
for more than 16 years and was decommissioned in 2020. Last but not least mission is
the James Webb Space Telescope (JWST) [13], launched in 2021, which will provide
even more detailed observations of the infrared spectrum.

B 2.1.2 Ultraviolet

Numerous celestial objects, including stars, galaxies, and quasars, emit ultraviolet
(UV) radiation in space. Most UV radiation is produced by hot, young stars [14],
which are highly luminous in this part of the spectrum. These stars are often found
in star—forming regions, such as in the spiral arms of galaxies. Ultraviolet radiation is
also emitted by galaxies and quasars, which are powered by supermassive black holes
at their centres. This radiation is produced by the intense radiation and particle winds
that are generated as material falls into the black hole. UV radiation can also be
scattered or emitted by gas and dust in the universe, such as in the atmospheres of
planets and the interstellar medium [15].

UV radiation is also an essential tool for studying the universe. It can reveal the
presence of hot gas and dust, trace the distribution of elements, and probe the physical
conditions in distant galaxies. Because UV radiation is absorbed by the Earth’s at-
mosphere, it can only be observed from space—based observatories such as the Hubble
Space Telescope [9], [16], [17]. UV observations are essential to understand the forma-
tion and evolution of stars and galaxies, the distribution of heavy elements, and the
interstellar medium.
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2.2 X-ray sources

B 2.1.3 X-rays

The last mentioned important type of space radiation are X-rays which can be
divided into two kinds of origin, can be treated both as particles as well as electromag-
netic waves.

X-rays as particles

X-ray particles are known as X-ray photons and can be emitted by various sources
such as hot gases, stars or black holes. These X-ray photons have a very high energy
and can travel through space at the speed of light. They are also affected by gravity
and can be absorbed or scattered by other materials. Part of the space radiation is
X-ray radiation with origin in various energetic processes in celestial objects including
those related to supernovae esplosion, black holes or neutron stars.

X-rays as electromagnetic waves

X-rays can be also examined in form of electromagnetic radiation, just like visible light,
radio waves, or microwaves. The main difference between X-rays and other forms of
electromagnetic radiation is their wavelength. X-rays have a shorter wavelength and
higher frequency than visible light, which makes them able to penetrate matter and
create images of the internal structure of objects, such as various objects with different
materials including human body. X-rays has usually it energy in eV units and relation
between energy and wavelength is following [18]:

v he _ _he 12408 x10°°

E7 EeVE B EeV

(2.1)

where E, is energy of the incoming radiation (J), h is Planc constant (6.626 x
10734 Js), c is speed of light (3 x 103ms™!), E is energy (1eV = 1.602 x 1071°J) and
E.y is energy of the photons in eV.

B 2.1.4 Gamma-ray bursts

GRBs are the most powerful explosions in the universe, releasing tremendous
amounts of energy through gamma rays. They are thought to be caused by the collapse
of massive stars or the collision of two neutron stars. GRBs are detected by satellites in
Earth’s orbit and can last anywhere from a few milliseconds to several minutes. GRBs
typically emit gamma-ray radiation, but a large fraction of them exhibits also a X-ray
afterglow emission. Depending on their duration, they can be divided into two main
categories: short GRBs and long time GRBs [19].
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2. STATE OF THE ART

2.2 X-ray sources

This section talks about the different X-ray sources observed in the sky where their
origin can be galactic or extragalactic. The most significant X-ray binaries, various
types of transients, flaring objects including X-ray sources such as gamma-ray burst,
stars, supernovas, and black holes.

2.3 X-ray optics properties

The properties of the X-rays, especially for designing optics, are different if com-
pared to visible light because they usually penetrates through the materials and is hard
to focus with classical refractive lenses. Due to this fact, it is necessary to determine
how to focus X-—rays and study their properties, materials and parameters. Standard
optics for visible light or IR use a refractive or reflective type of optics that focus rays
into the focus.

Refractive optics

Due to the penetration abilities of the X—rays, it is impossible to do it this way, or the
optics are too long, as is mentioned in the paper [20], where the optics has a focal length
of 1.3m and is used for high energies about 60 keV. These kinds of optics are made of
tooth, and each of them is focusing the beam. It is complicated to manufacture it, but
with current technologies is possible to make quite precise refractive optics for X-rays.
The principle of the saw-tooth optics is depicted in Fig. 2.2. As an inexpensive X-ray
refractive focusing optics can be used an old LP’s as is presented in [21] which were
tested at 23keV and has quite short focus point of 22 cm. Due to the low efficiency of
refractive optics, they are primarily used in laboratories for research applications.

Converging
rays

Fig. 2.2: Principle of a saw—tooth refractive optics, where incoming X-rays are on the
left side, and convergent rays are on the right. The illustration is redrawn
from [22].
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2.3 X-ray optics properties

Diffraction optics

Another type of X-ray optics is zone plate diffraction optics, often called Frenel zone
planes, which work on the diffraction principle. Zone plates are made of alternating
metal circular slots, which create a circular lens [23]. Zone plates are mostly used
for X-ray microscopy for biology, medical or industrial X-ray imaging, e.g. Printed
Circuit Board (PCB) X-ray inspection. The principle of the optical system is shown
in Fig. 2.3. The space applications are very limited.

A ON

S0
3

A y
Zone Plate lens

Aperture  Sample
(OSA) scanning Detector
stage

/

Fig. 2.3: Principle of frenel zone plane diffration optics with scanning sample and a
detector [18].

Reflective optics

In addition to refractive and diffractive optics, the most useful ones are reflective types
of optics for focusing X-ray radiation made by mirrors. Due to the radiation being
highly penetrating through the materials, special treatment is necessary to apply for
mirrors to reflect the rays. The layers mirrors are made of are usually covered with a
metal layer, e.g. gold or iridium, which exhibit excellent properties for reflecting rays.
Gold and iridium are also ideal for space usage because they are feasible to use under
vacuum conditions and in a wide range of temperatures.

The primary and advanced types of reflective optics are Wolter-types with excellent
resolution but limited FOV due to the ability to reflect X-rays. Other types can be
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2. STATE OF THE ART

widefield optics LE type or Kirkpatrick—Baez (KB). Wolter type and Lobster—Eye op-

tics are mainly used for space usage, but they can also be used for laboratory equipment
including KB optics.

B 2.3.1 Grazing angle of incidence

Each X-ray optics is designed for limited energy spectrum, because reflectivity is
very dependent on the angle of incidence. Most of the X-ray satellites have an optics
designed for energies up to 12keV, e.g. Chandra X-ray Observatory up to 10keV [2],
XMM-Newton up to 5keV [24], eROSITA 10keV [25] or future Athena mission up
to 12keV [3]. The reflectivity decreased for larger angles in higher energy range. In
picture 2.4 there are several chosen energies and dependence of their reflectivity to the
angle of incidence. Based on this knowledge, reducing the number of reflections may

be preferable. The alternative can be to use an optics, which has only one reflection.

1D Lobster—Eye optics can be used for special application where high total reflectivity
is required. Details about 1D LE optics are in chapter 2.6.

1.00 =
ST~
N oyt~
S e, T~
N N e~
N . \'\
\ ~e—
\ Sl
5 o — 54.3eV
\ “., >~ —
0.75 \ "~ 2.13 keV
\ P 8.05 keV
- | N --- 19.3 keV
-~ \ \.\
- :
£ \ >
2 050 § ~
o 1 N
9 ! \,
‘D ] \,
o ll \
\ '\‘
0.25 4 N
1 N.
| ~.
\ N,
\n N,
\ ~.]
\a
5 \.," -~ cas® . eenl
0.00 . — : — - . :
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Angle (deg.)

Fig. 2.4: Dependence of reflectivity on the grazing angle of incidence for ener-
gies 54.3eV, 2.13keV, 8.05keV, and 19.3keV. Data are taken from
https://henke.lbl.gov [26].




2.4 X—ray optics types

Tab. 2.1: Selected elements with their emission lines [27].

Element Energy (eV)
Li K-« 54.3

Au M-« 2123
Cu K-« 8048

Kr K-« 12648
Ru K-« 19279

I 2.4 X-ray optics types

One of the most popular and common reflective optics is mainly Wolter-type optics
which brings high angular resolution, but low FOV, usually less than 1.0° and are
used mainly for space missions, e.g. Chandra X-ray Observatory [2], XMM-Newton
up to [24], eROSITA [25] or future Athena mission [3]. All of these missions use
Wolter-I optics, but also exists another type of X—ray optics, particularly Lobster—Eye
type, which can be wide field optics consisting of flat mirrors, which was tested, e.g.
on Czech nanosatellite VZLUSAT-1 [28]-[30] or on planned Chinese mission Einstein
probe with European participation [31]. The last type of X-ray optics is Kirkpatrick—
Baez which has two sets of parabola mirrors while they can be made as flat mirrors
and mechanically bend into the required curvature [32], [33].

B 2.4.1 Wolter optics

Wolter type optics consist of two types of reflecting surfaces based on the chosen
type I, IT or III. All types are based on hyperboloid, paraboloid or ellipsoid surface
shape and their combination [1], where the first type is the type where rays hit first
and then are reflected by the second type of surface. The following pictures show the
principle of all three types of optics. Most optics have a symmetrical rotational shape.

o Wolter I consists of hyperboloid and paraboloid shape, see Fig. 2.5(a)
» Wolter II consists of paraboloid and hyperboloid shape, see Fig. 2.5(b)
» Wolter III consists of paraboloid and elipsoid shape, see Fig. 2.5(c)
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Fig. 2.5: Principle schematics for all three types of Wolter optics. Images are taken
from [34].




2.4 X—ray optics types

B 2.4.2 Lobster—eye optics

The LE type of the X-ray optics is inspired by nature from an equally named
animal. Their eyes are arranged to square microchannel structure, and the detailed
structure is shown in picture 2.6 [33].

Fig. 2.6: Lobster-Eye — in the left image its surface, in the right image detailed micro-
channels in the eye [33]

The Lobster—Eye kind of X-ray optics exist in two basic arrangements, as is illus-
trated in figure 2.7. The first type is called Angel’s arrangement [5] and is similar to
a natural eye of a lobster. Optics in Angel’s arrangement, which are artificially made,
is constructed from narrow squared channels covered by a reflective material as is pro-
posed for all-sky monitor on International Space Station (ISS) mission [35]. It is very
compact, and its disadvantage is that it is hard to manufacture. It requires long and
narrow tubes to produce or precise plates which are stacked together.

There is a second type called Schmidt’s arrangement which has separated horizontal
and vertical mirrors and is easier to manufacture because it is not necessary to make
square channels, but flat or curved mirrors. It also works on double reflection principle,
but the reflection from the first set of mirrors have to follow up to the second set and
then to the focal point [4].

The lobster eye optics works on reflection principle and it has great potential to
collect X—ray radiation in large FOV. The schematic arrangement of a lobster eye optics
is in picture 2.8, where mirrors (with mirror thickness ¢, mirror length [ and distance
between mirrors a) are arranged to the cylindrical sphere side by side with radius r
and with focus point F', which is equal r/2. This situation is better shown in picture
2.7. Incoming beam is reflected under 6 angle on the surface of the mirrors to the focal
point F where a detector is placed. The whole principle of a lobster eye is shown in
figure 2.8 [37].

11/63



2. STATE OF THE ART

Fig. 2.7: Different arrangement of a Lobster—Eye (LE) optics in Schmidt’s and Angel’s
arrangement [306]

Fig. 2.8: Schematic arrangement of a LE optics with incoming rays under 6 angle to
the focal point F' (where ¢ is mirror thickness, F' is focus point, r is radius, [ is
mirror length, a is spacing between mirrors, « is angle between two mirrors)

[38]
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2.6 Non-imaging 1D Lobster-eye optics

2.5 Imaging 2D Lobster-eye optics

A 2D optics can create an accurate image of a subject on a detector. In case of
LE types, there are Angel’s and Schmidt’s arrangements. These optics create a cross
with a peak in its centre for a point source [4], [5]. Examples are in following pictures
2.9. In the left image 2.9, there is one point source and causes only one cross. A side-
reflection causes the cross from other mirrors of the optics and by direct throughput
of the beam. In case of multiple point sources in FOV, each source produces its cross
as is shown in the right picture 2.9.

Fig. 2.9: Image produced by a Lobster-eye optics for a single point source on the left
side [37] and for multipoint sources on the right side [35]

2.6 Non-imaging 1D Lobster-eye optics

1D optics is based on the Schmidt’s arrangement but only with one set of mirrors,
horizontal or vertical for one detector. This arrangement cannot create an accurate
image like 2D system without additional improvement and post-processing. It produces
only a line focus with side reflections, as shown in Figure 2.10. An advantage of
using a 1D system is theoretical due to lower losses during focusing rays into the focus
because they have only one reflection before beam came to the focus point as mentioned
in chapter 2.3.1. Each reflection causes attenuation and is necessary to extend the
acquisition time to achieve the exact count of photons. The one-dimensional system of
lobster eye optics also has a higher effective aperture because the second set of mirrors
does not shade it.

13/63



2. STATE OF THE ART

This system of 1D Lobster—Eye optics can be used for higher energies up to 30 keV,
but for a limited field of view. The 2D system is able to work up to 10 keV with usable
total reflectivity. The design of two 1D optics can be beneficial for all-sky monitoring
when it is required to have an image of the sky at larger FOV [39].
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Fig. 2.10: Comparison of typical 1D (left) and 2D (right) image of a Lobster—Eye optics

I 2.7 Example of a Lobster-Eye optics

An demonstration of the Lobster—Eye optics is on the left side of figure 2.11. This
optics was designed for the nanosatellite VZLUSAT-1 with input aperture 29 x 19 mm?,
focal length 250 mm and FOV 3° [28], [29]. The satellite was launched on June 23, 2017,
to low orbit at an altitude of 500 km.
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Fig. 2.11: Miniaturized LE optics for nanosatellite VZLUSAT-1 is on the left picture,
and the right is an image from its testing. [28], [29]
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3 PyXLA: Python X-ray-tracing for
Lobster-eye Application

The Lobster—Eye optics is becoming a promising wide-field optics for observing and
localising interesting events on the highly variable X-ray sky such as supernovae, GRB
or others events. Due to the lack of open-source tools for simulation of the Lobster-Eye
optics is available, software for simulation LE optics on a ray-tracing basis has been
developed and is called PyXLA. PyXLA can be downloaded from GitLAB repository®
and information can be found in publication [40].

This chapter describes newly developed simulation software written in Python and
uses the ray-tracing principle for modelling the defined design. The PyXLA is mainly
designed for the Lobster—Eye optics in X-ray spectrum and with X-ray detector, mainly
from Timepix family [41] which can be thermally stabilised or not. If they are not
stabilised, the measured X-ray spectrum can be distorted and needs to be compensated,
as suggested in [42], [43], but the compensation is beyond the scope of this these.

The topic of this thesis is data processing with LE optics and the developed software
PyXLA. The following sections describe principles, input parameters, how to work with
the tool and some examples.

I 3.1 Input parameters

The simulation requires several essential parameters, mainly at least one source,
telescope and detector, all placed in the three-dimensional (3D) space. Each com-
ponent is highly configurable and can be modified in its source files when called or
executed.

For all examples, following parameters listed in Table 3.1 were used.

thttps://gitlab.com/najtvis/pyxla
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3. PYXLA: PYTHON X-RAY-TRACING FOR LOBSTER-EYE APPLICATION

Tab. 3.1: Parameters of a simulated optics which was used in the REX mission together
with Timepix detector and radiation sources. Data and parameters for optics
and detector were taken from [40], [41], [44], [45].

Properties Horizontal Vertical
Focal length 1363 mm 1097 mm
Foils dimensions 150 mm x 75 mm X 0.35 mm
Number of foils in the sub-module 47

Spacing between mirrors 0.75 mm
Reflective surface Au

Reflectivity - energy efficiency

see Figure 2.4

Detector resolution - Timepix
Detector pixel pitch

256 px x 256 px
55 pm X 55 pm

Radiation sources

B 3.1.1 Telescope parameters

see Table 2.1

A telescope consists of one or more mirror stacks with a defined properties which
are listed in the following list. An example of the creation the stack by the code is
in the Code 3.1 on lines 21 and 22. There are two modules, the first with vertical
stack and focal length of 1097 mm and the second with focal length of 1363 mm. More
details about creation of the mirror stack are given in Section 3.2.2.

In the following listing there are main input parameters for mirror stacks.

Number of mirrors

Mirror dimension (width, height, thickness)

Spacing between mirrors

Radius of curvature or focal length of the module

Reflectivity curve of mirrors for given energy

Module spatial location
Coatings - single or double sided

B 3.1.2 Detector selection

A detector is one of the simple parts of the simulation process, which can consist
of only a matrix of pixels and its pixel pitch and size. Resolution or its size or shape is
not limited by software, but it should be able to manufacturable to make sense for the
simulation for real purpose. The resolution can range from 1 px to unlimited size and
the shape can be quare or rectangular, this depend on a used type of detector. The
PyXLA has now defined a set of detectors from the Timepix family [46] which can be
used for simulation or can be added manually into the source code.
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3.1 Input parameters

Summarised selected parameters which are required to define a detector are the
following:

e Detector size

¢ Detector resolution
o Position in space

e Orientation in space

A visualisations in Figure 3.1 consists of the designed optics from previous section
3.1.1 with a Timepix detector, which was placed in the focal plane of the telescope.
Another visualisation is in Figure 3.1(b) there are two optical modules with the same
Timepix detector to proof that is possible to include more than one mirror stack.
Visualisations were generated by PyXLA software with the enabled generation of ar-
rangement but without plotted rays.

N
Detector
1D optics
(a) Visualisation of an arrangement with 1D optics
]
Detector

~

2D optics

C

(b) Visualisation of an arrangement with 2D optics

Fig. 3.1: Example of an optical system arrangement with optics and detector listed
in 3.1 for two different situations where the first is with 1D and the second
with 2D optics. Both cases use the Timepix detector placed in the focus of
telescopes. Input aperture of the telescope is in front of the them.
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3. PYXLA: PYTHON X-RAY-TRACING FOR LOBSTER-EYE APPLICATION

B 3.1.3 Source of rays

A source of rays in current version? is modeled as an infinity source where all rays
arriving at the input aperture of a telescope are parallel. Due to the fact that PyXLA
is a modular system, it is possible to include another type of source which can have
finite placement in the 3D space and thus the rays may not be threated as parallel.
This could be used when simulation from particular point into the focus is required.
To model a source following information is required:

« Energy spectrum (a spectral line)

o Spatial position of source in 3D space

o Intensity
where the energy spectrum is especially required for properties determination of mirrors
and its intensity. The rays provided by the source represent an array of rays where
the intensity can be set to number 1 for obtaining an uniform telescope’s Point Spread
Function (PSF) or the value can be any other number or a defined array of vectors for
special purposes.

B 3.1.4 Definition of input parameters in PyXLA

In the following Code 3.1 only elementary paramters what is necessary to set for
simultaions with the particular section in the example code are chosen. Detailed input
parameters are in source files with the prepared scripts 1D _lobster eye.py, 2D _lob-
ster_eye.py or in z_axis_scan.py. If the user can try a Graphical User Interface (GUI),
in the branch of repository gui can be executed script gui.py where all input parameters
are set by input boxes.

2In time of writing the thesis the current version was with tag v0.1
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3.2 Principle

Code 3.1: Input parameters for simulations in PyXLA software with two Lobster—Eye
optical 1D modules at selected energy 8.048keV and a Timepix detector
placed in the focus. Source is selected with energy 8.048keV and matrix
array of 1000 x 1000 rays with spacing 27.5 pm in each axis.

# 1.1, set detector from a list

detectorType = ’timepix’

# 1.2, set source
# direction of the rays
angleX = 0.000000000
angleY = 0.000000000

# matrix of vector spacing and its size
divXmm = 0.0275

div¥mm = 0.0275

noPoints = (1000, 1000)

# definition of offsets and location of focus point
focusPoint = np.array([0.00001, 0.00001, 0.00001])
detectorOffset = np.array([0,0,0])

vStackOffset = np.array([0,0,0])

hStackOffset np.array([0,0,0])

# 2, create mirror modules stacks
vStack = objects.createMirrorModule (47, 150, 75, 0.35, 0.75, True, ’V’,
focusPoint + vStackOffset, 1097%2)
hStack = objects.createMirrorModule (47, 150, 75, 0.35, 0.75, True, ’H’,
focusPoint + vStackOffset, 1363%2)

# 5, set energies
stp.appendEnergy (8048, "./inputs/reflectivity/8048eV.dat")

3.2 Principle

A general scenario of any reflective optics is based on the reflection principle de-
scribed in the theoretical part in section 2.3.1 together with a grazing angle of incidence
which is essential for X-ray optics. The principle of simulations has been already intro-
duced in [47]-[49] and these all models were on analytical basis. The code in PyXLA
can be divided into several factors: reflectivity, mirror creation and ray-tracing.
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3. PYXLA: PYTHON X-RAY-TRACING FOR LOBSTER-EYE APPLICATION

B 3.2.1 Reflectivity

As mentioned in section 2.3, every X-ray optics has its limiting angle where it can be
operated. It is caused mainly by decreasing reflectivity with angle and energy according
to Figure 2.4. These curves are for specific materials, coatings and compositions, but
generally, with greater angles, reflectivity decreases. This dependency is mandatory to
implement into the ray-tracing, otherwise, the result will be calculated with constant
reflectivity, e.g. 100%. The reflectivity of 100 % or nearly to 100 % can be helpful
for using visible light, but with X-rays not, it will not reflect the real situation. A
comparison of different reflectivities for LE optics is in Figure 3.2. The reflectivity is
represented by the percent value for mirrors without losses, and variable value depends
on energy according to Figure 2.4.

The source in the Figure 3.2 is shifted by 0.2° as an apparent influence of the
incoming energy. In Figure 3.2(b) is clearly visible detail that at energy 19.2keV is
difficult to reflect rays, and the second peak at 12.2mm is attenuated. This is caused
by the fact that at 0.3° the reflectivity for 19.2keV is only about 5%, but at 0.2° it is
still around 70 %. But for energy 2.13 keV the reflectivity is about 95 % for both angles
and thus the second peak is present.
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Fig. 3.2: Comparison of different reflectivities, where solid blue line is for 100 % reflec-
tivity, dashed orange is for 2.13keV and dotted green is for 19.2keV. Source
was placed off-axis by 0.2° which created a peak around 11.8 mm. Images are
taken from [40].

The reflectivity for each energy is stored in a separate file. It contains angle, re-
flectivity and transmission into the substrate as was obtained from online source The
Center for X-Ray Optics (CXRO)3. Updating a file into the specific format as is in the
following listing 3.2 is required.

3https://cxro.lbl.gov/
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3.2 Principle

Code 3.2: Input file with reflectivity data, particularly for 2.13keV. Only the begin-
ning of the file is shown.

Au 30.nm on Si02 at 2123.eV, P=0.

Angle (deg) ,Reflectivity,Transmission into substrate
0.000000,1.00000,0.000000
1.002004E-02,0.997580,1.079265E-11
2.004008E-02,0.995165,2.158829E-11
3.006012E-02,0.992755,3.241611E-11

4.97996,1.610782E-03,0.506146
4.98998,1.640288E-03,0.506893
5.00000,1.660578E-03,0.507641

PyXLA’s raytracing process uses this data file as a lookup table for specific angles
for each ray. The closer lower angle is used if the incoming rays differ from the angle
in the data file. If the lookup table is limited, e.g. to 5°, because there is no useful
reflectivity data above that angle, in this case all angles above 5° are treated as the
largest angle in the dataset, the last row of the lookup table.

B 3.2.2 Mirror stack creation

One of the most important part in the simulation is definition of each mirror, its
properties and position in the mirror stack of the telescope. Arrangement of the mirrors
and stack itself depends mostly on the target application, mainly on energy range
and detection FOV. Due to the fact that the Lobster-Eye can be a wide-field optical
system, the mirrors are generated uniformly on the perimeter of radius of curvature
which creates an arc from the mirrors as is illustrated in Figure 3.3. The distances
between mirrors are determined in their geometrical centre with their spacing a as
described in Figure 2.8.

In the basic approach as defined in the previous chapter 2.4.2 in schematic Figure
2.8, due to the fact that the Lobster—Eye optics represent wide-field optics, all mirrors
in the stack are uniformly and symmetrically spread out from the optical centre in
a defined spacing a (measured in the geometrical centre of mirrors). The angle « is
related to the radius of curvature R and is the angle between two neighbouring mirrors.
The angle a should not exceed the critical angle where the reflective layers don’t reflects
rays or with low efficiency well, e.g. for Au M-« spectral line at 2.13keV is critical
angle about 1.6° for a golden layer according to Equation 3.1 [18]. The reflectivity is
energy-dependent and related to Figure 2.4.

90:\/2_: M (3.1)
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3. PYXLA: PYTHON X-RAY-TRACING FOR LOBSTER-EYE APPLICATION

Due to the fact incoming rays can be captured from different directions (in terms of
FOV of the optics) and only several mirrors can catch them, it is viable to use double-
sided mirrors to extend FOV. The simulation can be used or not and depends on the
target application.

When the module stack is created, the next step is to place it in the proper position
in the 3D space, which should be in the focal length of the designed optics from the
detector. An example of a created optical stack is in the following Figure 3.3 with

47 mirrors.

Fig. 3.3: A detailed example of a general mirror stack (left blue stack) designed by
PyXLA software with 14 mirrors and a detector on the right side




3.3 User interface

B 3.2.3 Ray-tracing

As was mentioned before, the core of the PyXLA software is based on the ray-
tracing process, which is responsible for creating an X-ray image on the detector. This
step supposes to be already defined the detector and mirror stack. The last step is
to create a source which executes the ray-tracing process. The process is made for
cach source and consists of several steps, which were introduced in [40] and are the
followings:

1. Define an 2D array of rays and spacing between them

2. Select the initial intensity of rays from the predefined set of types (uniform,
random, custom)

3. Set the position of the array of rays in the X and Y axis (elevation and azimuth)

4. Execute the ray-tracing process by sending each ray from the array toward the
input aperture

5. If each ray hits the mirror, its intensity is proportionally decreased according to
the energy and grazing angle of incidence (see Figure 2.4 and section 3.2.1)

6. Due to the ray-tracing process can be time-demanding, parallel processing is
applied when the number of rays exceeds 1000 rays per core

7. When the ray hits the detector, the affected pixel increases its own intensity of
the ray’s remaining intensity. If the ray misses the detector, it is discarded, and
the next ray is performed

8. After execution of all rays, each pixel of the detector’s matrix includes the total
accumulated intensity

When all sources are executed, the ray-tracing process finish. The results are then
stored in the 2D matrix in the detector, which can be stored as a file or visualised as
an image. Several examples of the images are in the following section 3.4.

A visualisation of the setup, including rays with their origin in infinity are depicted
in the following Figures 3.4, where the first one 3.4(a) is with a source placed on the
optical axis and the second in 3.4(b) was declined by 0.7° off-axis. The colours of the
rays are the following: red are direct rays, orange are once reflected, and green rays
are reflected more than once.

For the source placed on the optical axis, the rays are reflected to the centre of
the detector and it is in agreement with the theoretical prediction. In the second case
with a source declined by 0.7° the rays coming from bottom and are also reflected
to the bottom part of the detector. Based on the results where the mirrors stack
has focal lenth of 250 mm and length of mirrors is 75 mm, this angle is limit for this
particular setup. This arrangement was seleced regarding mainly for visualisation of
the behaviour.
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(b) Visualisation of an arrangement with a source placed 0.7° off optical axis

Fig. 3.4: Simulated 1D optics and Timepix detector with one source placed in infinity
and parallel rays from its origin. The design was adjusted regarding for
visualisation.

3.3 User interface

The PyXLA is written in Python, a scripting language, and the processing can be
customised according to target demands, as are examples in the repository. On the
contrary, developing a GUI, also part of this software, is highly recommended for the
user-focus application. It consists of elementary parts such as the definition of the
optics, detector and radiation sources. In the following Figure 3.5, there is one of the
first approaches of the GUI. It is separated into specific parts, as was mentioned.

The current version of GUI cannot change the stack’s offset, and this can cause the
double maxima in focus. As well as, there is a lack of defined mirror stacks which can
be beneficial for the review of the defined optical elements. In the summarised image
of the output in Figure 3.5, two cross-sections are taken in the middle of the resulting
image. They serve mainly for the initial verification of the PSF and target gain as well.




3.4 Potential application of the simulator

Det%:tor image for E = 1487 eV
250

200 4
150 A
100 A

50

O-w

1000 1500

Fig. 3.5: GUI of the PyXLA software with 2D optics in angel’s arrangement, with the
focal length of 1097 mm

3.4 Potential application of the simulator

Our team has recently participated in several Lobster-Eye missions, namely
VZLUSAT-1 in collaboration with Aerospace Research Centre, carrying a 1D Lobster—
Eye telescope with Timepix detector [28], [29], [50]. Or it participated in another
Water Recovery X-Ray Rocket (WRXR) mission called Rocket EXperiment (REX),
which carried two LE telescopes, the first of 1D type with the same characteristics as
in the previous mission of VZLUSAT-1 and the second telescope with the 2D Lobster—
Eye optics [45], [51], [52]. The REX mission was set up in collaboration with the
University of Pennsylvania, which provided space for this experiment. Because of the
two LE telescopes, no detailed study has been done and it is based on this fact that
the development of the PyXLA simulator was started.

In this thesis I have tried to verify the properties of the LE telescope from the
nanosatellite VZLUSAT-1 and the same optics from REX and compare them with the
simulations. Based on the comparison shown in Figure 3.6, it can be verified that the
focal length given in [45] is higher than the results from the simulations. Also the
position of the examined optics is shifted by 20 mm, which was shifted as well as in the
simulator.




3. PYXLA: PYTHON X-RAY-TRACING FOR LOBSTER-EYE APPLICATION

14 1.0 1.0
é 0
12 - ! o 0
C N
| 0.8 © -0.8 ¢
- °
10 4 o E
3 >
(%2} L
’é g 0.6 8 0.6 g
£ | : :
> 6 ? -0.4 § F0.4 £
; k= >
4 > B
= c
- 0.2 2 -0.2 9
2 Q c
- =
k=
0 T T T T T T — 00 — OO
0 2 4 6 8 10 12 14
X (mm)
(a) Image from the detector from measurement and simulations
—— Sum of intensity - Simulated optics
1.0 —— sum of intensity - Measured optics
0.8 1
5 0.6
%]
C
(O]
=
=04
0.2
0.0 ; — ; . ; = .
0 2 4 6 8 10 12 14

X sum (mm)

(b) Sum of rows from the measurement and simulations

Fig. 3.6: Comparison of the Lobster—Eye optics from VZLUSAT-1 mission with focal
length of 243mm and theoretical results given by PyXLA simulator with
shifted detector by 20 mm. The measurement and simulation was performed
with radiation source of 8.05keV.
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4 Point source localisation using two 1D
Lobster—eye optics

Astronomical X-ray sky is full of interesting transients or phenomena, which are
usually very weak and catching every photon is valuable to achieve information about
position of each source. Due to the fact that the One-dimensional Lobster-Eye optics
can work as a collimator or a concentrator with only one set of reflective mirrors
(compared to a Wolter or 2D Lobster—Eye optics), theoretically is possible to reach
better results with higher photon yield. The photon yield for the same grazing angle of
incidence can be better where the reflectivity factor, as was introduced in section 2.3.1.
This claim is useful for the grazing angle of incidence, which is useful, e.g. for 8.05 keV
can be 0.65°. Based on this idea it can be achieved higher photon counts reached the
detector and thus decreased capturing time for the same bright /weak observed objects.
The 1D Lobster—-Eye optcis can have one disadvantage that the detector should be
long to acquire complete focus line produced by the source; acquire as much photons
as possible for the source.

Data processing and localisation

Fig. 4.1: Idea of data processing from two 1D Lobster—Eye optics.




4. POINT SOURCE LOCALISATION USING TWO 1D LOBSTER—EYE OPTICS

The idea of the processing is illustrated in Figure 4.1, which requires two inde-
pendent 1D images to be captured simultaneously. This solution has a disadvantage
because it requires two optics, ideally rotated by 90° and two detectors which will col-
lect focused incoming photon flux. These detectors consume additional power in case
the condition of simultaneous image capturing. Power demands are crucial especially
for space usage where the power is limited as well as weight, but for the laboratory us-
age, it should not be critical. The principle of the design is illustrated in the following
image Figure 4.2. The source code for the processing can be downloaded from GitLAB
repository!.

Vertical
1D Lobster-eye optics

Detectors

SN

Cod‘ed m.ask Horoziontal
(thin strip) 1D Lobster-eye optics

Fig. 4.2: Two independent 1D Lobster—Eye optics with their own coded mask as a thin
strip placed in front of each optics [38].

Since both detectors and optics are independent as shown in Figure 4.2, there is no
strict reason why both optics should have the same parameters such as focal lengths,
number of mirrors or any other parameter. If they have the same parameters, there
is no further processing because they have the same FOV. But if it is necessary to
have different parameters, e.g. due to construction or other reasons, it is necessary
to compensate some properties such as FOV. This is demanding for the correct next
post-processing.

Image captured by a 1D Lobster—Eye optics produces a line focus with side reflec-
tions or direct light. This is caused because the perpendicular optics module is also
missing from Schmidt’s arrangement and, thus, the second reflection into the focus.
The information obtained from the 1D image is only one direction of the incoming
rays. Suppose the second 1D optics with the second detector is placed in the system

Thttps://gitlab.com/najtvis/localisation-using-two-1d-le
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4.2 Image preparation for the post-processing

perpendicular. In that case, the second direction is possible to achieve and thus the
complete information about the angular position of the point source. This solution is
the best for a single point source in the FOV, but for multiple sources is quite difficult
to determine right position for right source because of false sources are created during
the post-processing. This issue is described in the following section of this thesis and
two methods were introduced in the [7] and in the [8].

Detecting a source direction from the 1D LE optics can be relatively straightforward
for a single source, as the position of the main focus line will correspond to the angular
offset from the centre of the module’s optical axis. For multiple sources this can be
challenging as sources of the same intensity can produce lines of the same intensity for
the same declination. One of the possible solutions to this problem is to place a coded
mask in front of the optical module, in the form of a thin strip of material impervious
to X-rays, which bypasses the incoming X-rays and produces shading in the sensed
image. Due to the high penetration of X-rays through a material, the shading mask
must be made of a material that is very absorbent in the X-rays spectrum, such as
tungsten. The shading mask creates a gap in the image and it is then possible to
determine the second direction of an incident X-ray beam. The coded mask should
not affect the sensitivity of the optics too much, it should be as thin as possible, but it
must create a gap in the image. An illustration of this situation is given in Figure 4.2.

4.1 Input parameters for simulations

Input parameters for parameters verification are necessary to know, especially used
optics, detectors and X-ray sources. Each X-ray Lobster—Eye optics consists of several
mirrors which are coated by a reflexive material. The detector has to be able to catch
X-ray photons and convert them into the digital signal which can be processed further.
Basic parameters of the optics is listed in Table 4.1 and of the detector in Table 4.2.

4.2 Image preparation for the post-processing

Post-processing of two 1D images into a 2D image can be a challenging task espe-
cially with more than one source in the FOV. The prerequisites for the images used for
the post-processing are following:

o A horizontal image with a gap caused by the coded mask

o A vertical image with the gap caused by the coded mask

o Known mutual orientation of both images (horizontal and vertical)

o If images are not aligned, align them mutually for particular situation, ideally
according to the gap in the main line focus

« Deconvolve the the captured images (horizontal and vertical) with their PSF

The theoretical part of the image reconstruction uses two generated 1D images as
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4. POINT SOURCE LOCALISATION USING TWO 1D LOBSTER—EYE OPTICS

Tab. 4.1: Parameters of the examined optics were used in the REX mission and were
taken from [44], [45].

Properties Value

Aperture 54mm X 54 mm
FOV 1.3° x 1.6°
Focal length 1065 mm
Radius of convergence 2130 mm

Foils dimensions 150 mm x 75 mm X 0.35 mm
Number of foils in one sub-module | 47

Spacing 0.75 mm
Reflective surface Au

Reflectivity - energy efficiency see Figure 2.4
Angular resolution 1.1"x 14’

Tab. 4.2: Parameters of the Timepix detector [41].

Properties Value

Detector Timepix
Detection material | 500 pm Si detector
Detector resolution | 256 px x 256 px
Pixel size 55 pm X 55 pm
Spectral sensitivity | 3 — 60 keV

was proposed. These images can contain single or multiple point sources, which the
processing task will use.

Input images for post-processing should preferably be square, but this is not re-
quired. This condition is necessary for Richardson-Lucy deconvolution [53], [54]. A
suitable detector could be, for example, a square detector from the Timepix family,
which usually has a size of 256 px x 256 px [41]. The Timepix detector has already
been used in combination with 1D Lobster—Eye optics on the successful mission of the
nanosatellite VZLUSAT-1 [28], [29] or on the REX mission [45], [52].

One of the elementary examples is in the images in Figure 4.3, where the point
source was on the optical axis and in the infinity. This source position causes the gap
in the middle of the line, and the primary focus line is centred in the middle of both
images, horizontal and vertical. The subsequent data-processing of the image is great
to remove the side lobes by deconvolution method with the PSF of the optical module
without the central gap. The PSF is visualised in Figure 4.4. This kind of PSF is
beneficial for the close-centred line focuses where its deconvolution method produces
proper results.
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4.2 Image preparation for the post-processing
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Fig. 4.3: Simulation results of two 1D Lobster—Eye X-ray optics generated by PyXLA
software. The optics were oriented horizontally and vertically with combina-

tion of two Timepix detectors.
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4. POINT SOURCE LOCALISATION USING TWO 1D LOBSTER—EYE OPTICS
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Fig. 4.5: Deconvoluted line focuses for horizontal and vertical images are shown for
one point source with a gap caused by the coded mask

4.3 Point sources identification with masking

The idea about the data-processing from two 1D Lobster—Eye optics was introduced
by the author of the thesis at the Society of Photographic Instrumentation Engineers
(SPIE) conference in 2017 [7]. The initial algorithm based on the binary mask and
matrix multiplication was introduced there and is presented and concluded in the
following sections.

For introduction, the processing was used the modelled detector from Timepix
family as is listed in Table 4.2 with resolution of 256 px x 256 px and prepared input
images as was mentioned in section 4.2. The proposed algorithm is based on the
mathematical operations and the binary mask for identifying the images’ virtual and
right points, especially if more than one source is in the FOV. The processing consists
of the following steps:

o Image alignment and their deconvolution with predefined PSF — see section 4.2

» Potential position of sources — Matrix multiplication of horizontal image with the

vertical to create the image with the probable position of sources

o Creation of the binary mask based on the gaps caused the coded mask

o Multiplication of the image with potential position of sources and with the binary

mask

o Identify the true sources




4.3 Point sources identification with masking

B 4.3.1 Alignment and deconvolution of the input images

As was mentioned in section 4.2, the alignment and deconvolution process is crucial
for the successful image reconstruction from two 1D Lobster—Eye optics. This process-
ing stage requires memorizing if the input images were rectangular instead of squared.
This condition is essential for the deconvolution, which requires the squared image and
matrix multiplication. Matrix multiplication can be done with rectangular detector,
but the second one must be rotated by 90° to fulfil the condition for it H, = V. Af-
ter that, the final image resolution depends on the arrangement of the detectors and
is H, x V. Definition of the parameters and symbols of input images are in Table 4.3
and coordinates of all pixels for horizontal image H and for vertical image V are in
Equation 4.1.

Tab. 4.3: Definition of parameters of input images.

Properties Horizontal | Vertical
Image marking H \%
Dimension X Ve H,
Dimension Y Vy I8l
Coordinates Vi I8l oo
Number of line focuses Ny ny
Hyy Hip Hy3 ... Hy Vipn, Vig Vig ... Vi,
[ e | e e e
Hk71 Hk,Z Hk,S Hkl le Vm2 Vm3 an

) )

B 4.3.2 Potential position of sources

The next step in data processing is to create the image with potential position of
sources. This phase includes matrix multiplication as states in Equation 4.2.

I=HxV (4.2)

Equation 4.2 uses symbols where I is resulting output 2D image, H is input 1D
image with horizontal lines and V is input 1D image with vertical lines. The resulting
image I contains all combinations of line focuses in both images. The number of
potential sources is given by number of line focuses in each image as ngyny .
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4. POINT SOURCE LOCALISATION USING TWO 1D LOBSTER—EYE OPTICS

M 4.3.3 Binary mask creation

The penultimate step in the processing is a creation of a binary mask according to
input images H and V, especially with the knowledge of the position of the gaps in
the line focuses. A particular solution is to multiply both images H and V pixel by
pixel according to Equation 4.3 into the temporary image A. The image A contains
information about the potential position of sources which were given by the gaps. The
binary mask is created based on the Equation 4.4 where the threshold value T' can be
zero, ideally if no more than one gap is on the same line. If this condition is invalid and
there is more than one gap on the same line, the threshold 7" must be set accordingly.

A=H V (4.3)

0, if A(z,y)>T

(4.4)
1, otherwise

B(z,y) = {

Equations 4.3 and 4.4 use symbols where A is the matrix (image) made by multi-
plication of element by element, H is input 1D image with horizontal line and shade
and V is input 1D image with vertical stripe and shade, B is a binary coding mask
based on values from A, T is a threshold value for determination of the minimal value
for the creation of the binary mask.

B 4.3.4 Resulting image

The final stage of the reconstruction relies on the finding of real sources produced by
two 1D LE optics. The algorithm uses previous partical results from sections 4.3.2 and
4.3.3 and based on the Equation 4.5 produces resulting image R, where one example is
in Figure 4.6. The reconstruction of only one source is an elementary task, but it works
even for more complex situations. Result should only contains real sources which can
by observed further by more precise telescopes.

R-1I-B (4.5)

4.4 Localisation of sources with local minima

Localizing sources in the field of view of both optics can be challenging, especially
when more than several point sources are captured. In this case, an improved algorithm
is required to find the residual of true sources and eliminate the false one from the
previously proposed algorithm in section 4.3.
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4.4 Localisation of sources with local minima
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Fig. 4.6: Localisation of true souce in the input 1D images according to Equation 4.5

The author of this thesis proposed this improved algorithm at the conference SPIE
with his contribution [8]. The algorithm is based on finding local maxima and then
local minima to find true sources in a specified range of valid conditions. The maxima
represent the line focuses, and their maxima and local minima represent gaps in the
line focuses. According to the previous algorithm in section 4.3, the alignment of both
images is required.

M 4.4.1 Peaks search

Every line focus in input images represents a source, and the point localisation al-
gorithm requires to find all lines. Due to the fact that image can contain multiple focus
lines, the local maximum is necessary for identifying and determining their coordinates.
For searching local maxima is convenient to use the cross-section of the image if suf-
ficient photons are captured to decrease the processing time. For low photon count is
better to sum all rows/columns and search in the sum of the image.

For evaluation of the algorithm, several points were simulated by PyXLA software
with input images shown in Figures 4.7 where some points are aligned to the same row
or column to demonstrate the purpose of the proposed algorithm.

The simulated situation in Figure 4.7 requires mirroring due to the nature of the
1D optics to reconstruct the position of the sources. If this step is not performed, the
two images cannot be used together for more precise source localisation.

Figures in 4.7 represent raw data obtained from simulation which required to be
deconvoluted in order to separate focal lines and remove as many side lobes as possible
for simplification of sources localisation. Deconvoluted images with Richardson-Lucy
deconvolution [53], [54] are shown in Figures 4.8, and there is clearly visible the line
focuses.

To identify peaks in the deconvoluted images, it is possible to find local maxima in
the cross-section of the image or in the summed rows or columns in the same image in
case that low photon count is captured. This part is the same as in the previous case
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Fig. 4.7: Images with five sources captured by two independent 1D Lobster—Eye optical
modules.

in section 4.4.1, and details can be found there. Due to the fact that input images can
be noisy or can contain residuals from the deconvolution, as was suggested in [8], it is
recommended to perform moving averages for the cross-section of the summed vector.
It produces a smooth vector where local maxima can be found more easily.

When the original plot and plot with moving averages are subtracted, the superpo-
sition of two lines can be easily found as shown by the yellow line in Figure 4.9, par-
ticularly at 6.6 mm. Peaks in the yellow line represent potential places where sources
can be found in the second deconvoluted perpendicular image. In the second image
there are shown searches for the local minima, which are represented by gaps in the
focal lines. Searching for minima is described in the following chapter 4.4.2.

B 4.4.2 Minima searching according to peaks

Based on the localised local maxima in Figure 4.9 in section 4.4.1 it is possible to
find the complementary minimum in the same 1D image. The minima are caused by the
coding mask, which represents a thin strip shape placed in front of the input aperture
of the optics. The gap in image 4.10 is related to a particular source according to its
position at 6.6 mm. Two methods can achieve the search for minima. The algorithm
can search for gaps according to the knowledge of their width (if they are known for
sure) or, as well as in the previous case using moving averages to smooth the data.
The second method was chosen as a suitable candidate for minima search.

For example, in Figure 4.10 can be determined two minima that there can be
two sources, but in this case the minimum at 0.8 mm is a fake one caused by the
neighbouring point source at 6.05 mm.

All true sources can be found based on these results, but some can be fake, espe-
cially when close to neighbouring. In this case it is required to process the second 1D
image and perform the same procedure in both sections 4.4.1 and this 4.4.2. The final
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Fig. 4.8: Deconvoluted images from Figures 4.7 containing five sources captured by
two independent 1D Lobster—Eye optics.

determination of all sources is written in the following section 4.4.3.

B 4.4.3 Position estimation of real sources

The final position of the real sources can be determined in combination with both
results from the previous section 4.4.2; for horizontal and vertical images separately.
Due to the fact that the position in both resulting images should not be aligned, which
can cause false unfavourable position determination, the searched range is applied and
was set to 4 px in this case. The matrix multiplication creates the resulting image in
Figure 4.11, including several points where it is necessary to identify true and false
sources. Localised correct sources are listed in Table 4.4 for each image and are encir-
cled; blue for the horizontal image and green for the vertical one. The final position of
real sources is a combination of both images and sources marked as crosses in Figure
4.11.

Based on this process, one image can localise the valid sources successfully, but it
can include some false sources. With two 1D images, it is possible to eliminate virtual
sources. Table 4.5 presents the position of the original and the localised sources with
their original and captured widths and intensity. The width is more expansive because
of the properties LE optics, where the Full Width at Half Maximum (FWHM) of the
main line focus corresponds to its angular resolution, which is usually large.
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4.4 Localisation of sources with local minima

Tab. 4.4: Coordinates of localised sources in horizontal and vertical images.

Vertical module Horizontal module
x (mm) | y (mm) | x (mm) [y (mm)
14.6 3.16 8.36 0.71
14.6 7.04 1.93 0.71
14.6 10.85 8.36 1.43
9.54 3.16 1.87 1.43
9.54 7.04 8.36 2.2
9.41 3.16 1.87 2.2
9.41 7.04 8.36 3.3
8.29 3.16 1.93 3.3
8.29 7.04 8.36 3.41
7.11 7.04 1.93 3.41
2.44 3.16 8.36 4.45
2.44 10.85 1.87 4.45
1.72 3.16 8.36 5.17
1.72 7.04 1.93 5.17
1.72 10.85 9.68 6.99
0.8 3.16 7.09 6.99
0.8 7.04 1.93 10.56
0.8 10.85 9.68 10.67
7.09 10.67
1.93 10.67

Tab. 4.5: Coordinates of the localised five point sources compared to original direction.

Original points Localised points
x()| y() |[x (mm) |y (mm)
0 0 7.11 6.99
-0.1 0 9.54 6.99
-0.05 0.15 8.29 3.3
0.2 -0.15 1.72 10.67
0.2 0.15 1.72 3.3
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with red circles from the horizontal image and blue circles from the vertical
image. Localised all five sources are marked as orange circles.




5 Conclusion of Thesis and Application

Lobster—Eye optics are a very promising type of optics for wide field observations
of the X-ray sky. Due to the arrangement of the optics, it is possible to design a
telescope with up to 180° FOV. This kind of design can be used as a fast all-sky
observer for a future space mission, equipped with an alert system for notifying more
precise telescopes that can observe the interesting event in more detail.

Part of this thesis presents the newly developed software by the author of this thesis
called Python X-ray-tracing for Lobster-eye Application (PyXLA). It is designed to
model a Lobster—Eye optics with defined parameters such as focal length, number of
mirrors or the orientation of the mirror stack. This piece of software should allow us to
design an optics with demanding parameters and obtain a PSF for further application
such as the identification of point sources from two 1D Lobster—Eye optics as proposed
in the second part of this thesis.

The feasibility study of identifying point sources such as was stars also proposed
in this thesis. The author developed a data processing algorithm based on two 1D
Lobster—Eye optics, which consists of two methods of source identification. Both meth-
ods are based on the known PSF of the optics, because the line focus are better sep-
arated from side reflections or direct rays. A prerequisite for successful identification
is the use of a coded mask, in this case a strip of non-penetrable material, e.g. thung-
sten can be a good candidate, which creates a shadow and makes it possible to identify
the direction of the source. Based on the knowledge of the location it is possible to
reconstruct the position of the source.

Another method to identify point sources is to look for local minima and maxima
and their combination; the gap created by the coded mask and the line focus can be
used to identify the position of the sources. This method could use only one 1D optic,
but if several sources are close together, the second optic can easily identify them and
suppress the false sources well.
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Application of the Results

The results of this thesis, such as the developed software PyXLA and the proposed
algorithm for point source detection based on two 1D Lobster—Eye optics, can be
used for the preparation and the development of future X-ray missions both large by
major space agencies as well as small based on minisatellites. The PyXLA can provide
valuable data as a PSF for verifying the properties of newly prepared X-ray Lobster—
Eye optics and suggesting the correct position of the detector. Another use can be
to determine whether or not the intended source can be observed by the optics. This
allows faster and more reliable development prior to physical testing.

Due to the difficulty of focusing X-rays, especially at higher energies where
X-rays are highly attenuated, it is convenient to use only 1D Lobster-Eye optics to
determine the position of sources. This has the disadvantage of requiring more post-
processing, but it can achieve fast localisation under the same photon flux if it is
equipped in some of the future space missions. The proposed arrangement of two 1D
Lobster—Eye modules is completely new and to our knowledge was never described and
published prior our study. The novel arrangement represents an alternative in Lobster—
Eye optics applications with emphasis on wide-field X-ray sky monitoring and imaging
with broader energy coverage up to 20 — 30keV. This can allow harder X-ray celestial
sources to be monitored and exploited.
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