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Abstract

This thesis deals with the challenges associated with developing optics for
space telescopes capable of focusing high-energy photons, namely focusing
on lobster-eye optics. The main objective of this thesis is to explore the
unique properties of lobster-eye optics and develop a simulator to model
their behavior. To evaluate the implementation of the simulator, the sim-
ulator is tested using scenarios inspired by real-life missions VZLUSAT-1
and Rocket Experiment (REX). These tests aim to uncover the potential
hurdles that may have hindered these missions and illustrate the capabil-
ities of the simulator. The final result of this thesis should contribute to
the future development of lobster-eye optics by providing a versatile, user-
friendly tool that could serve in the development phase by uncovering any
design flaws and aiding in interpreting the data post-deployment.

Keywords: high-energy photons, lobster-eye optics, ray-tracing simulator,
telescope design, VZLUSAT-1, REX mission
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Abstrakt

Tato práce se zabývá výzvami spojenými s vývojem optiky pro vesmı́rné teleskopy
schopné zaměřovat vysokoenergetické fotony, přičemž se zaměřuje zejména na tzv.
optiku typu rač́ı oko. Hlavńım ćılem této práce je prozkoumat unikátńı vlastnosti
optiky typu rač́ı oko a vyvinout simulátor pro modelováńı jej́ıho chováńı. Pro
ověřeńı implementace simulátoru jsou použity scénáře inspirované reálnými misemi
VZLUSAT-1 a REX. Tyto testy si kladou za ćıl odhalit př́ıpadné překážky, které
mohly nastat v těchto miśıch, a ilustrovat schopnosti simulátoru. Výsledkem této
práce by mělo být přispěńı k budoućımu rozvoji optiky typu rač́ı oko poskytnut́ım
všestranného a uživatelsky př́ıvětivého nástroje, který by mohl sloužit jak ve fázi
vývoje, odhaleńı př́ıpadných konstrukčńıch nedostatk̊u, tak k interpretaci dat po
nasazeńı.

Kĺıčová slova: vysokoenergetické fotony, optika typu rač́ı oko, simulátor paprsk̊u,
návrh dalekohledu, mise VZLUSAT-1, mise REX
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Chapter 1

Introduction

1.1 Background and Motivation

With our current understanding of physics, the most efficient way to study the universe
is by observing the ample spectrum of electromagnetic radiation with which all bodies of
matter known to us interact.

Doing so is crucial in understanding the development of the universe and the driving
forces behind it. Different aspects of the cosmos reveal themselves through different parts
of the electromagnetic spectrum. For example, due to the universe’s expansion, low-energy
electromagnetic waves can give us insight into far-off galaxies and events [29]. At the same
time, phenomena such as the birth or death of stars can reveal themselves through a burst of
high-energy electromagnetic waves [18].

Observing such phenomena is also a great way of testing the accuracy of our theoretical
model of the universe. In the last few decades, there have been substantial advancements
to our model of the universe, thanks to the many innovations in the field of astronomy. For
example, the reintroduction of the cosmological constant thanks to the observation of the
acceleration of the universe’s expansion [30] or, consequently, the discovery of dark energy
[26] that have recently spurred attempts to derive a correlation between them and vacuum
energy contained in black holes [1].

Observing celestial bodies with the naked eye or using glass optics-based telescopes is no
novelty. It has been available for centuries; however, observing space from within the Earth’s
atmosphere poses many constraints, mainly that a large part of the electromagnetic spectrum
is filtered by the Earth’s atmosphere.

Some of the most extreme and elusive phenomena in space emit high-energy photons
[27]. To gather valuable information about these entities, we need to construct a telescope
capable of capturing a sizeable portion of high-energy electromagnetic radiation from outside
the Earth’s atmosphere and communicating it back to Earth.

1.2 Research objectives

The primary objective of this thesis is to introduce the challenges associated with focus-
ing and detecting high-energy photons, particularly in the case of lobster-eye optics used in
space telescopes. The aim is to explore lobster-eye optics’ unique properties and advantages
to solve these challenges.

Furthermore, a key goal of this thesis is to develop a simple ray-tracing simulator ca-
pable of accurately modeling the trajectories of X-ray photons in a lobster-eye telescope. The
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simulator will serve as a valuable tool for evaluating the efficiency and performance of different
lobster-eye optic designs.

The simulator will be applied to analyze and test the telescopes used in the VZLUSAT-1
and REX missions. By subjecting the telescope simulation to unique scenarios not considered
during the design phase of the telescopes and comparing the simulation results with data gath-
ered during these missions, the analysis will provide a possible explanation for the anomalies
observed during the missions.

Through these research objectives, this thesis aims to provide a flexible, user-friendly
tool to facilitate the development of lobster-eye telescopes and gain insights into operational
behavior and performance in real-world scenarios.

CTU in Prague Department of Cybernetics
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Chapter 2

Optical designs for high-energy pho-
ton focusing

While launching a telescope outside the Earth’s atmosphere and maintaining function-
ality in a harsh environment is in itself a challenge, the main challenge, and the one this thesis
will be focusing on, is the design of optics capable of efficiently focusing high-energy photons
for space missions.

2.1 Brief overview of Photon-Matter Interactions

To design an optical system that manipulates the trajectories of photons, it is first
important to understand the primary interaction mechanisms between photons and matter.
To fully comprehend these interactions, it is first necessary to be familiar with the intricacies
of quantum electrodynamics, and since that would exceed the scope of this work, I will limit
the description only to a brief overview. While many factors influence the probabilities of these
interactions, the ones relevant to this work are the photon’s energy, the angle of incidence,
and the atomic properties of the material. In the field of high-energy photon physics, there
are four main interactions.

2.1.1 The Photoelectric Effect

Firstly, the photoelectric effect [36] describes the total absorption of a photon by matter.
When a photon with certain energy hits a surface, it is absorbed, and its energy is transferred
to an electron, causing it to be ejected from the surface. For high-energy photons, the proba-
bility of absorption is significantly high, posing a challenge for the design of optics.

2.1.2 Compton Scattering

Secondly, Compton scattering [37] describes the change in a photon’s direction and
wavelength upon interaction with matter. When a photon collides with an electron, it imparts
some of its energy, altering its wavelength and direction. Compton scattering is the dominant
interaction mechanism for photons in the X-ray energy range.

2.1.3 Pair Production

The third interaction, pair production [32], describes the creation of an electron-positron
pair from a photon’s energy when it comes into proximity with the nucleus of an atom. This
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interaction is usually prevalent for extremely high-energy photons, which are not discussed in
this work, and thus can be omitted in our case.

2.1.4 Rayleigh Scattering

The fourth and final interaction is Rayleigh scattering [38], which describes the scat-
tering of photons by particles much smaller than the wavelength of the light. When a photon
hits a molecule, it imparts its energy, causing the molecule to vibrate and, in turn, emit a
photon with the same energy but in a different direction. This interaction is more prevalent
in lower-energy photon ranges. However, it can occur with X-rays by adjusting the incidence
angle and choosing a material with appropriate atomic properties.

2.2 Principles of optics types and challenges

The most commonly used types of optics are pinhole optics, mirror optics, and lenses.

2.2.1 Pinhole optics

Pinhole optics [19] allow photons to pass through a narrow hole until they hit a detector,
forming an inverted image of the observed object. The principle is illustrated in figure 2.1.
While pinhole optics are easy to construct and have few constraints on the choice of material
to construct them, due to their small aperture size, their efficiency greatly depends on the
source’s intensity. Simple pinhole optics would, therefore, not be suited for observing faint,
far-away sources of electromagnetic radiation.

Figure 2.1: Illustration of the principle of a basic pinhole optical system. The rays emitted by
the source object, in this case, a letter, pass through a narrow opening to create an inverted
image. Courtesy of [39].

2.2.2 Mirror optics

Mirror optics reflect photons using a set of mirrors until they hit a detector to form an
image. The principle is illustrated in figure 2.2. The reflection of X-ray photons, however, is a
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complex matter due to their high energy and the way they tend to penetrate and scatter off
of matter. Typical values of the critical angle of incidence below which reflection occurs for
X-rays interacting with golden or iridium mirrors are below three degrees [8], which makes
standard mirror optics configurations used in space telescopes, for example, the one used
recently in the James Webb telescope [15], not suited for X-ray detection purposes.

Figure 2.2: Illustration of the lightpath of a cessegrain optical mirror system. The rays pass
through the aperture and are reflected by a primary and a secondary mirror until they hit a
detector. For this design, the mirrors need to be able to reflect rays at steep angles. Courtesy
of [12].

2.2.3 Lenses

Lenses allow photons to pass through material which alters their trajectory in a way that
they hit the detector and form an image. The principle is illustrated in figure 2.3. Similarly
to mirror optics, lenses suffer from constraints where finding a material that is able to alter
the trajectory of a high-energy photon is very challenging. While there have been attempts
at focusing X-rays through refraction [24], the solutions have not been widely adopted due
to the construction’s complexity and inability to function properly in outer space’s harsh and
unpredictable environment.

Figure 2.3: Illustration of the principle of a lens optical system. The trajectory of the rays is
altered as they pass through the lens. Courtesy of [22].

2.3 Lobster-eye optics

As often happens with problems in engineering, a possible solution can be found in
nature. So-called lobster-eye optics, which get their name from and mimic the structure of
the eyes of crustaceans, use a combination of the principles of pinhole and mirror optics. The
structure of the optics can be seen in figure 2.4.
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(a) The eye of a lobster. (b) Close view of the microchannels.

Figure 2.4: A close view of a lobster’s eye, which is comprised of tiny reflective square-shaped
microchannels 2.4a. Additionally, a closer view of how the microchannels are arranged in a
lobster-eye optic 2.4b. Courtesy of [6].

Unlike the basic pinhole optics, lobster-eye optics are comprised of tiny reflective square-
shaped microchannels arranged in a spherical configuration. The microchannels are angled to
reflect the radiation toward the detector. The reflection occurs at a shallow angle, allowing
the photons to penetrate deeper into the channels before being reflected. This design enables
lobster-eye optics to not only let direct rays through but also focus rays through grazing
incidence reflections along their path to the detector, usually placed at a distance equal to
half the radius of the configuration sphere from the center of the configuration sphere.

The first design was proposed in 1979 by Angel [33], with the initial aim to create an X-
ray telescope with a Field of View (FOV) as large as possible. Since then, many variations, such
as the Schmidt arrangement [35], have been developed to simplify the construction process
and achieve similar results. An illustration of some designs can be seen in figure 2.5. Although
there are other designs available, this work will focus solely on the Schmidt arrangement, as
it is the configuration used by the missions being discussed.

Figure 2.5: Illustration of the different designs of lobster-eye optics arranged on a sphere to
illustrate the ideal arrangement of these optics together with a spherical detector. Courtesy
of [20].
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2.4 Detection

The most commonly used X-ray detectors work on similar principles as other semicon-
ductor optical detectors. However, as was touched upon in the previous section, high-energy
photons interact with matter in a more complex way than the rest of the electromagnetic
spectrum; consequently, the issue of detection suffers from similar problems, and a multitude
of approaches exist. However, the main focus of this work is to study the photon’s trajectory
from the optics to the detector, so the efficiency with which the detector is able to capture
them can be altered at the end of the simulation accordingly to the characteristics of the
detector used.

The detector used in the missions discussed in this work is the Timepix detector [21],
developed at European Council for Nuclear Research (CERN). The Timepix detector combines
a semiconductor sensor with a pixel readout chip, providing high spatial and energy resolution.
The structure of the detector is illustrated in figure 2.6. The way the detector operates is by
detecting the electric charge generated by the penetrating ionizing particle in the detector,
which is then collected in a discrete rectangular grid of pixels, and the signal is further
processed. Data from the sensor can be read out at a rate of up to 100 images per second.

Figure 2.6: A close view of the Timepix detector, its dimensions, and main components.
Courtesy of [14].
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Chapter 3

Missions

This chapter will give a brief overview of the missions on which the developed simulator
was tested, focusing mainly on the aspects relevant to this work.

3.1 VZLUSAT-1

Figure 3.1: An outside view of the VZLUSAT-1 satellite with its components highlighted.
Courtesy of [9].

The first telescope discussed in this work is the VZLUSAT-1 X-ray telescope [9],
launched into sun-synchronous Low Earth Orbit (LEO) as part of the QB50 mission [3],
whose primary aim was to observe Earth’s lower thermosphere during atmospheric descent.
The outside structure of the telescope can be seen in figure 3.1. The X-ray telescope utilizes
the first-ever lobster-eye Multi Foil Optics (MFO) Schmidt X-ray optics in space. While its
main objective is to test the efficiency of this design in space, it should also provide valuable
information by observing the X-ray radiation of celestial bodies.
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3.1.1 VZLUSAT-1 X-ray telescope structure

The telescope comprises two main parts: a one-dimensional Schmidt-type lobster-eye
optical module with a wide FOV and a silicon-based hybrid semiconductor detector, Timepix.
The internal view of the telescope can be seen in figure 3.2.

The optical module consists of 56 double-sided gold-coated glass foils arranged accord-
ingly to achieve a FOV of up to three degrees and to give an idea of the observed object’s
position in the second dimension; a non-reflective tungsten bar is placed orthogonally to the
foils, as seen in figure 3.3 in front of them to produce a shadow in the final image.

The sensor is placed at a distance of a focal length of 250mm from the optic module.
The Timepix sensor used holds the shape of a 14 × 14mm2 with a resolution of 256 × 256
evenly-sized pixels.

The arrangement should be able to capture X-rays in the range of 5 to 20 keV. A notable
design choice is the absence of radiation shielding in the direction of the optics, which is a
novelty in the design of such telescopes. This decision implies that suitable data filtering of
the final image will be needed if at all possible.

Figure 3.2: An inside view of the VZLUSAT-1 sattelite’s 3D model. The optics module’s
position and the position of the detector can be seen as highlighted. Courtesy of [11].

3.1.2 The Sun as a source of X-ray radiation

While the Sun’s light spectrum, when modeled by Planck’s law of blackbody radiation,
might suggest it is a weak source of X-ray radiation, the opposite is actually true. The Sun
produces X-rays mainly during high-energy eruptions in its atmosphere, commonly known as
solar flares [17]. For an observer positioned closely outside the Earth’s atmosphere, the Sun
is the most prominent source of X-rays. This phenomenon makes the Sun a prime candidate
for both testing the design of the aforementioned X-ray telescope and for data gathering, as
it could possibly shine some light on the highly volatile behavior of the Sun’s atmosphere.

The satellite was launched on July 23, 2017 and while being designed to operate for two
years has been operational for six years and has captured a vast amount of data discussed in
later chapters.
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(a) Model view of the telescope. (b) Real view of optics module.

Figure 3.3: Model view of the VZLUSAT-1 telescope with the tungsten bar (colored grey)
orthogonal to optic foils (colored blue) and the detector (colored green) in the simulation setup
done in Blender 3.3a. A photo of the optics module taken during assembly 3.3b, courtesy of
[11].

3.2 REX1

The second telescope discussed is the REX telescope [2], launched as part of the WRX-R
experiment [5] led by the Pennsylvania State University (PSU). REX was a secondary payload
developed by a team of Czech scientists with the purpose of improving the design tested in
the VZLUSAT-1 mission and testing the viability of its use in sounding rocket experiments.
The arrangement of the payloads can be seen in figure 3.4.

Figure 3.4: A picture taken during assembly of the payloads of WRX-R. The individual
payloads are highlighted. Courtesy of [2].

Sounding rockets, unlike orbital satellites, are designed to last in space for a relatively
short period of time, typically ranging from a few to tens of minutes, before they fall back to
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Earth. This means they do not need to reach orbital speed and only need to survive the harsh
environment of space for a limited amount of time. This makes the construction of sounding
rockets generally cheaper and faster. Sounding rockets can also be precisely targeted to specific
regions of interest, providing a high degree of precision when observing astrophysical bodies.
However, the exposure time is limited by the time window the rocket allows before it falls back
to Earth. These properties make sounding rockets ideal for missions with the goal of testing
technologies in space, like the X-ray telescope, as long as the source’s radiation is prominent
enough. A picture of the rocket carrying the REX telescope can be seen in figure 3.5.

Figure 3.5: A picture of the sounding rocket carrying the REX telescope taken before launch.
Courtesy of [2].

3.2.1 REX X-ray telescope structure

The REX payload is comprised of two independent X-ray lobster-eye telescopes. The
primary telescope is composed of two X-ray lobster-eye MFO modules. These modules are
orthogonal to one another, and each contains 47 double-sided gold-coated glass foils in the
Schmidt arrangement. The modules are set up in series, creating a 2D system covering a FOV
of 1× 1.22 degrees. The primary telescope also includes a Timepix sensor identical to the one
used in the VZLUSAT-1 mission located at a distance of 1420mm from the front module to
achieve a spectral range of 3 to 60 keV.

The secondary telescope is composed of a 1D lobster-eye MFO module and a Timepix
sensor, set up the same way as in the VZLUSAT-1 mission.
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(a) Isometric view of the REX telescope’s structure. (b) Frontal view of the REX telescope.

Figure 3.6: An internal view of the REX telescope’s 3D model with components highlighted
3.6a. A frontal view photo of the REX telescope taken during assembly with components
highlighted 3.6b. Courtesy of [2].

Additionally, the payload was equipped with a Ximea camera to observe the visible light
spectrum, an Infrared Radiation (IR) sensor array, and an Inertial Measurement Unit (IMU)
to provide further information on the state and of the environment the rocket is in. The
structure of the telesope can be seen in figure 3.6.

Unlike the structure of the VZLUSAT-1 telescope, REX provides radiation shielding in
the direction of the optics, resulting in more precise data discussed in later chapters.

3.2.2 The Vela Supernova Remnant as a source of X-ray radiation

The observed astrophysical subject in this mission was the Vela Supernova Rem-
nant (SNR), a remnant of a supernova explosion that occurred approximately 11400 years
ago, approximately 250 pc away from Earth [28]. The structure of the Vela SNR revolves
around a pulsar with a diameter of approximately 20 km according to The National Aeronau-
tics and Space Administration (NASA) [7]. According to research done by the University of
Birmingham [31], the pulsar should emit around 50 percent of the supernova remnant’s overall
radiation, making it the most prominent X-ray source and the observation’s main focus.

Unlike the Sun, which has a more complex and less well-understood radiation spectrum,
the Vela SNR has been extensively studied by other researchers, and its radiation spectrum
is reasonably well characterized [31]. This makes the results of this mission easily verifiable.

.
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Chapter 4

Development of Ray-Tracing Simu-
lator

4.1 State of the art

A suitable tool for simulating the behavior of lobster-eye optics is crucial in the process
of developing a lobster-eye telescope. Although the use of lobster-eye telescopes and their
simulation is a relatively new and niche field, there are some simulation tools and software
that researchers may adapt for their purposes.

One such example is GEANT4 [25], a toolkit developed at CERN for simulating the
passage of particles through matter using Monte Carlo methods. The software was designed
with modularity and flexibility, allowing it to be used in many different fields, including
high-energy photon physics. An extension enabling the package to be used for X-ray tracing
purposes specifically was developed by Buis and Vacanti [16] and has been used in the process
of developing The Hard X-ray Modulation Telescope (HXMT) [10].

Another tool is the Multi-Architecture X-ray Simulator (MARXS) [4] developed at
the Harvard-Smithsonian Center for Astrophysics. While MARXS is a general-purpose X-ray
simulator not specifically designed for lobster-eye telescopes, its flexibility and capabilities
make it a potentially useful tool for such simulations. It has been used in the development and
analysis of several X-ray astronomy missions, such as ARCUS. Unlike the GEANT4 toolkit,
it does not provide the ability to simulate the interaction of photons with matter in detail;
however, it does provide a list of factors, such as reflection probabilities or grating efficiencies
that the ray tracing takes into account, which can be beneficial mainly for performance issues.

Lastly, the Effective Algorithm for Ray Tracing Simulations of Lobster-Eye and Similar
Reflective Optical Systems [13], developed at the Czech Technical University in Prague (CTU),
merits mentioning. Although the software can be used to simulate other optical systems, it
was developed with the specifics of the lobster-eye systems used in the missions discussed in
this work in mind. Unlike the previous designs, the approach of this software was to create an
accurate image of the output while casting as few rays as possible. This efficiency was possible
by employing techniques similar to shadow casting commonly used in the field of computer
graphics [34], although much simpler.

4.2 Mission statement

This thesis presents a simple X-ray ray tracing simulator designed to be used by anyone
with a fundamental understanding of linear algebra and Python programming. The simulator
has been crafted not only to evaluate the efficiency of lobster-eye optic designs but also to
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test their operational behavior within the broader structure of a telescope. It can be used to
identify potential design flaws, such as shadowing or shielding errors, that might arise within
this complex system.

The simulator offers the flexibility to model rays from any source, provided it can be
parameterized. However, instead of diving deep into the complex behaviors of light interacting
with various materials, the simulator relies on a set of parameters influencing the ray tracing
path, thus simplifying the process.

The simulator was developed with the intention of testing the results of the VZLUSAT-1
and REX missions. However, in principle, with a dash of ingenuity, it can be used for other
similar purposes.

4.3 Problem analysis

The problem of simulating the behavior of X-ray photons in a lobster-eye optical system-
based telescope is very similar to ray tracing problems. Ray tracing is a technique commonly
used in the field of computer graphics to simulate the behavior of visible light to illuminate a
scene. However, since high-energy photons interact with matter much differently than standard
visible light, only a fraction of the tools most existing ray tracing algorithms provide is needed.
Omitting gravitational lensing, which usually tends to curve the trajectory of photons and
assuming the origin is far enough from the telescope, the trajectories of the photons can be
modeled by a straight line in 3D space with an origin point O and a direction vector d.

The coordinates of any point p on the trajectory can be expressed by the ray equation

p = O+ td, (4.1)

where t ∈ R and t ≥ 0 since we assume the photons only move away from the origin in one
direction.

As previously mentioned in section 2.3 of chapter 1, most lobster-eye lenses are composed
of flat mirrors capable of reflecting a ray up to a certain critical angle of incidence. In this
work, the focus will mainly be on the optical systems used in the VZLUSAT-1 and REX
missions, which use the Schmidt arrangement where either one set of mirrors focuses rays in
one direction only or two orthogonal sets of mirrors focus rays in both directions, as seen in
figure 4.1 to produce a 2D image of the observed source of X-ray photons.

Considering that the flat mirror telescope optics are the only part of the telescope capa-
ble of reflection of X-rays and the rest simply absorbs the rays, the model of the telescope can
be approximated by a discrete set of triangles in 3D space where the triangles approximating
the surface of the optics mirrors are the only ones capable of reflection. In contrast, the re-
maining triangles merely absorb them. Such a triangle set can be easily obtained, for example,
by converting the 3D model of the telescope into an Standard Triangle Language (STL) file,
which most commonly available Computer Aided Design (CAD) software can produce.

4.4 Required Geometry

When tracing the trajectory of photons in a lobster-eye optical system telescope approx-
imated by a triangle mesh, the first thing that needs to be determined is whether a ray and

CTU in Prague Department of Cybernetics



4. DEVELOPMENT OF RAY-TRACING SIMULATOR 15/38

(a) One dimensional mirror system (b) Two dimensional mirror system

Figure 4.1: A model view of the 1D 4.1a and 2D 4.1b mirror systems respectively done in
Blender. In both cases, the number of mirrors is reduced for clarity reasons.

a given triangle from the mesh intersect. An effective way to determine that is by using the
Möller–Trumbore intersection algorithm [23], which takes advantage of the fact that all points
within a triangle defined by three vertices v1,v2,v3 form a convex set since any line formed
between them lies within the triangle and therefore any point p that lies in the triangle can
be expressed as a convex combination of the tree vertices that define the triangle

p = uv1 + vv2 + wv3, (4.2)

where coefficients u ∈ R, v ∈ R, w ∈ R must, by definition of a convex combination, satisfy
the following equation

u+ v + w = 1, (4.3)

u ≥ 0, v ≥ 0, w ≥ 0. (4.4)

The equation 4.2 can be rewritten by substituting for w = 1− u− v expressed from 4.3 as

p = uv1 + vv2 + (1− u− v)v3, (4.5)

p = u(v1 − v3) + v(v2 − v3) + v3. (4.6)

Since the intersection point p must also satisfy the ray equation 4.1, the whole problem can
be expressed as a system of linear equations

[
d (v1 − v3) (v2 − v3)

] t
u
v

 = O− v3. (4.7)

If the ray is not parallel to the triangle plane (d is not a linear combination of (v1 − v3) and
(v2 − v3)), the matrix must be regular and coefficients t, u, and v can be easily computed
using Cramer’s rule where

t =
det

[
(O− v3) (v1 − v3) (v2 − v3)

]
det

[
d (v1 − v3) (v2 − v3)

] , (4.8)
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u =
det

[
d (O− v3) (v2 − v3)

]
det

[
d (v1 − v3) (v2 − v3)

] , (4.9)

v =
det

[
d (v1 − v3) (O− v3)

]
det

[
d (v1 − v3) (v2 − v3)

] . (4.10)

The point lies within the triangle if u and v are positive and sum to one.

Since the photons only pass in one direction, t must also be a positive non-zero number.
If all these requirements are met, the intersection point coordinates can be easily computed
from the ray equation 4.1.

Considering the physical properties of X-ray photons and the optics, a reflection off of
the surface of the mirrors can happen only under a certain critical angle α.

Based on the configuration of the triangle normal n with respect to the direction of the
ray d two instances can happen illustrated in figure 4.2a and figure 4.2b where the angle θ
between n and d is either greater than 90◦ or less than 90◦.

n

d

θ

(a) Case where angle θ ≥ π
2
.

n

d θ

(b) Case where angle θ ≤ π
2
.

Figure 4.2: An illustration of the two distinct cases where the photons can hit a double-sided
mirror. The surface of the mirror is illustrated by a thick blue line, the trajectory of the
photons is illustrated by a dashed yellow line, the direction vector of the photons is colored
red, and the normal vector of the surface is colored black. Case, where the angle θ between the
surface normal n and the direction vector d, is greater or equal to π

2 illustrated in figure 4.2a
and case where θ is less than π

2 illustrated in figure 4.2b. Although the illustrations show the
principle in two dimensions for clarity purposes, the same principle applies in three dimensions
analogously.

Considering that the normal n is by definition perpendicular to the plane, the absolute
value |π2 −θ| will always return a positive value equal to the incidence angle of the ray in both
cases illustrated in figure 4.2a and figure 4.2b. The incidence angle can then be compared to
the critical angle of incidence α to determine if a reflection is possible.
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Once the intersection point of the ray and a given triangle is determined, the only
remaining step is to reflect the ray. This process entails reflecting the direction vector of the
ray given a surface normal. Using some basic vector algebra, it can be determined that the
reflected vector dr is equal to

dr = d− 2(n · d)n. (4.11)

The relation 4.11 applies to both configurations as illustrated in figures 4.3a, 4.3b.

n

d

(n · d)n

−2(n · d)n

dr

(a) Case of reflection where angle θ ≥ π
2
.

n

dr

(n · d)n

−2(n · d)n

d

(b) Case of reflection where angle θ ≤ π
2
.

Figure 4.3: An illustration of possible instances of reflection. The surface is illustrated by
a thick blue line, the trajectory of the photons is illustrated by a dashed yellow line, the
direction vector of the photons is colored red, the normal vector of the surface is colored
black, and additional helpful vectors are colored green. Case, where the angle θ between the
surface normal n and the direction vector d, is greater or equal to π

2 illustrated in 4.3a and
case where θ is less than π

2 illustrated in 4.3b. Although the illustrations show the principle
in two dimensions only for clarity purposes, the same principle applies in three dimensions
analogously.

4.5 Ray tracing process

Given a 3D model of an X-ray telescope decomposed into a triangle mesh, with triangles
belonging to the optic’s mirrors being labeled as reflective as discussed in 4.3, tracing the
trajectory of an X-ray photon from its origin to a sensor inside a telescope should follow these
steps:

1. Find the ray triangle intersection for all the mesh triangles if there is one.
2. Find the nearest triangle the ray intersects.
3. Check if the nearest triangle belongs to the sensor.

(a) If yes, save the ray and all previously saved reflected rays, if there are any, as the
traced trajectory of the photon. Terminate the process for this ray.
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(b) If not, continue to the next step.
4. Check if the nearest intersecting triangle is reflective.

(a) If it is not reflective, the photon has been absorbed. Terminate the process for this
ray.

(b) If it is reflective, continue to the next step.
5. Check if the incidence angle is less than the critical angle.

(a) If it is not less than the critical angle, the ray has been absorbed. Terminate the
process for this ray.

(b) If it is less, continue to the next step.
6. Save the current ray as reflected and create a new ray with origin in the intersection and

direction equal to the reflected direction over the triangle normal. Repeat the process
with the reflected ray.

Is the
intersection

closest ?

Is there an
 intersection ?

Is the
surface part of
the sensor ?

Is the surface 
reflective ?

Is the angle of
incidence small

enough ?

Try intersecting ray 
with triangle

Try a different triangle

Find closest
intersection

Terminate this ray's
process

Terminate this ray's
process

Reflect the ray and
repeat the process

Trajectory found

No

No

No No

No

Yes

Yes

Yes Yes

Yes

Figure 4.4: A flowchart of the ray tracing process as it was implemented in this work.

The flowchart of the process is illustrated in figure 4.4.
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4.6 Performance optimizations

While in principle, the ray tracing process, as presented in the previous section, would
produce correct results, considering all the possible directions the photons can travel from
the origin and checking every triangle a telescope consists of for every iteration would be
incredibly inefficient. For this reason, some simplifications regarding the telescopes examined
in this work must be made.

(a) Zoomed out model view of bounding box
with the telescope’s 3D model.

(b) Closer look at the bounding box
with the optics and shielding bar.

Figure 4.5: Model image of one-dimensional lobster-eye optics telescope comprised of a rectan-
gular bounding box with a hole for the optics aperture, the lobster-eye optics, and a shielding
bar as was used in the VZLUSAT-1 mission. The model as it is used in the ideal case scenario
is depicted in 4.5b, and the same model with the 3D model of the telescope’s real structure
superimposed on it can be seen in 4.5a.

First, regarding the target points of the rays in the simulations, we assume the rays
pass from the source point only along the path of the optics to the detector. Therefore the
relevant target points for these rays are evenly spaced within a rectangle that shares the
same dimensions as the aperture of the optics. Importantly, this rectangle is coplanar to the
detector, ensuring that we capture the behavior of the rays as they interact with the optics
and subsequently reach the detector.

For ideal case scenarios, a rectangular box with a hole in the dimensions of the aperture
of the optics located in the direction of the rays is created to shield the detector from any
possible stray rays that could bypass the desired path to the detector. This arrangement can
be seen in figure 4.5. This approximation is crucial in reducing the number of possible rays to
only the ones relevant to understanding how efficient the optics are at focusing X-rays.

The bounding box and the flat rectangular optics can be decomposed into a much
smaller amount of triangles to reduce the number of triangles to check every iteration to a
minimum. In exact terms, the total number of triangles Nt needed for such a model can be
determined as

Nt = 18 + 2 + 12 · nf , (4.12)

where 18 is the number of triangles needed for the bounding box, 2 is the number of triangles
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needed for the sensor, and nf denotes the number of mirrors the optics comprise.

Since the simulation does not necessarily distinguish the different energy levels a photon
can carry, the number of rays in a single simulation will be represented by the photon flux
Φ = N

A·T , where N is the number of photons passing though area A in the time interval T .
With our setup, N will be equal to the product of the number of source points and target
points to satisfy the desired photon flux. If a distinction between photon energies is desired
in the simulation, it can be simply achieved by running multiple different simulations with
different sets of parameters to satisfy the behavior of the energy level of the photon, and the
results can be later superimposed.

Depending on the structure of the source object, a discrete amount of point sources
arranged to approximate the object’s shape and the desired photon flux should suffice. The
initial rays to be processed by the ray tracing process will then be defined to pass through
both source and target points.

By doing these steps, the number of rays that need to be examined is significantly
reduced.

While this simplification can be efficient in the case of simulating the trajectories of X-
ray photons emitted from a high-intensity source, it does not reveal any flaws in the structure
of the telescope itself. It can, however, be instrumental in revealing any structural flaws of the
telescope that might obstruct rays passing from the optics to the sensor and cast shadows in
the final image. This test can be done by simply gathering the rays that would pass in the
ideal case and checking if they intersect with the telescope 3D model triangle mesh at any
point along the trajectory.

Another convenient simplification when testing for structural flaws can be sorting the
telescope’s triangles based on their position in the direction of the rays. This approach takes
advantage of the fact that the distances of the collision points between the rays and the tele-
scope’s triangles are not significant when searching for possible shadows cast on the detector.
By sorting the triangles from closest to furthest from the source along the direction of the rays,
the time complexity of the process can be significantly improved. This optimization allows for
more efficient detection of potential structural flaws and reduces computational overhead in
the simulation.

4.7 Visualization

When debugging or looking for structural flaws in the telescope, a simple yet efficient
way to gain insight into the problem would be to visualize the situation that is trying to be
simulated. This work utilized Blender, a powerful, open-source 3D computer graphics soft-
ware tool, to model the simulation environment. Blender’s Python Application Programming
Interface (API) offers a vast amount of tools for 3D scene modeling. In the context of this
simulator, the scene is comprised of several components. First, the 3D model of the telescope,
its optics, and the detector are each modeled as separate objects. Next, the rays are rep-
resented as thin, elongated cylinders, further differentiated into two categories: direct rays
and reflected rays. Finally, the collision points between rays and the telescope’s structure can
be modeled as small colored spheres. All these tools are provided by the bpy module within
Blender, enabling the construction of an interactive, informative 3D model that greatly aids
the debugging and development process.

.
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Chapter 5

VZLUSAT-1 Mission Testing

The simulation of the X-ray telescope used in the VZLUSAT-1 mission focuses on two
main cases: an ideal case scenario, which approximates the images obtained under optimal
conditions, and a series of tests designed to possibly reveal the causes of some flawed data
gathered during the mission.

5.1 Simulation setup

As discussed in previous chapters, the primary target of the X-ray telescope’s obser-
vations was the Sun. Given the highly volatile nature of the Sun’s radiation in the X-ray
spectrum, the simulation will focus on finding a range of the photon flux necessary to obtain
an image containing enough valuable information. This approach will allow us to understand
the telescope’s performance under optimal conditions and gain insights into the potential
issues that could have led to anomalies in the observed data.

The distance of the Sun from LEO can fluctuate depending on the Earth’s position in its
orbit around the Sun. However, to simplify our simulations, we will consider only the average
distance of 149.6 × 106 km. Similarly, the apparent dimensions of the Sun can also vary due
to the elliptical nature of Earth’s orbit. For the purpose of these simulations, we will use a
consistent angular diameter of 0.5 degrees. To model the Sun as a source of radiation in our
simulations, we will approximate it as a series of discrete point sources of radiation arranged
into concentric circles on a disk facing the telescope, imitating the Sun’s spherical shape and
uniform radiation distribution. This approximation allows us to capture the broad, overall
behavior of the telescope under solar observation without getting into the complexities of the
Sun’s detailed structure and radiation patterns. The parameters of the optics are summarized
in 5.1.

Foil width 25.0mm
Foil length 60.0mm
Foil thickness 0.145mm
Number of foils 56
Focal length 250.0mm
FOV 3◦

Aperture area 841mm2

Critical angle 0.25◦

Table 5.1: Parameters of the 1D Schmidth type lobster-eye optics.
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5.2 Ideal case scenario

In the first simulation, the Sun was discretized into 25 points, and the number of target
points was chosen accordingly with respect to the photon flux Φ.

Unfortunately, due to issues during operation, there is no available data from the mission
that would resemble the ideal case scenario. However, to at least give an idea of how the real
optics used in the mission should behave, a set of tests was done before launch under laboratory
conditions, where the optics were tested at different levels of photon flux, illustrated in figure
5.1. Although I was not able to find the specific conditions these tests were performed under,
they should give an overall idea of how the general output of the lobster-eye optics used in
the mission should look like.

(a) Testing image one. (b) Testing image two.

(c) Testing image three.

Figure 5.1: Images obtained during laboratory testing of the optics used in the VZLUSAT-1
mission. The conditions under which these images were obtained were unknown to me at the
time of writing this thesis. The images serve to give an idea of the real behavior of the optics
used in the mission. The position of the source can be determined from the shadow produced
by the tungsten bar. Courtesy of the VZLUSAT-1 team.
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5.2.1 Varying photon flux testing

First, the simulation was performed on three increasing levels of photon flux to illustrate
how much information can be gathered at different levels of radiation, as seen in figure 5.2.
At low radiation intensity, the shadow produced by the tungsten bar can be barely visible,
and not much else can be determined, as seen in figure 5.2a.

(a) Low photon flux. ϕ = 334.007 photons
mm2·s . (b) Medium photon flux. ϕ = 2118.06 photons

mm2·s

(c) High photon flux. ϕ = 8365.59 photons
mm2·s

Figure 5.2: Results of simulations done at varying levels of photon flux ϕ. The exposure time
considered was one second, and the source was aligned with the optics and the detector. The
position of the source, which can be determined by the shadow produced by the tungsten bar
placed in front of the optics, seems to depend on the level of the photon flux. The greater the
intensity of radiation, the clearer the information gathered by the optics.

At a higher radiation intensity, the position along the vertical axis is much more apparent
thanks to the shadow of the tungsten bar, and the position along the horizontal axis is much
more defined, as seen in figure 5.2b. At high intensity, the characteristics of the image are
much more defined, and the areas of maximum and minimum intensity along the vertical axis
are more condensed into peaks, as seen in figure 5.2c.
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5.2.2 Efficiency of focusing testing

In figure 5.3, the image is deconstructed into an image produced by rays directly passing
through the optics without any interaction and an image produced only by rays reflected by
the optics. This decomposition could prove useful in designing optics as the number of rays
focused by the telescope should be as high as possible.

In the case illustrated in figure 5.3, the direct rays colliding with the detector accounted
for approximately 3% of the total number of cast rays, and the reflected rays colliding with
the detector accounted for approximately 4.2% of the total number of cast rays.

(a) Direct rays. ϕ = 8365.59 photons
mm2·s (b) Reflected rays. ϕ = 8365.59 photons

mm2·s

(c) All rays combined. ϕ = 8365.59 photons
mm2·s

Figure 5.3: The result of the simulation of high photon flux ϕ = 8365.59 photons
mm2·s with time

exposure of one second and the source aligned with the optics and the detector. The image
is decomposed into direct and reflected rays to assess the efficiency of the optics. Ideally, the
optics should reflect as many rays as possible.

5.2.3 Source position testing

Lastly, a set of simulations was performed to illustrate how the image changes depending
on the source’s position relative to the telescope. As seen in figure 5.4 the optics focus the rays
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in the horizontal direction well as was designed. The source’s position can be easily determined
within the telescope’s FOV.

Since the optics are designed to focus in one dimension only, the purpose of the tungsten
bar comes into play when the source shifts in the vertical direction. This behavior can be seen
in figure 5.5, where the source, together with the tungsten bar, produces a shadow in the
image when the source shifts in the vertical direction thanks to which enables the viewer to
estimate the source’s position quite well. However, as can be seen in figure 5.2, this approach’s
efficiency depends on the source’s radiation intensity.

(a) Horizontal shift of −0.75◦. (b) Horizontal shift of 0.75◦.

Figure 5.4: Results of the simulations done at medium photon flux ϕ = 2118.06 photons
mm2·s with

the source shifted horizontally by 0.75◦ in both directions. The position of the source can be
easily decoded if the distance of the source is known.

(a) Vertical −0.75◦. (b) Vertical 0.75◦.

Figure 5.5: Results of the simulation done at medium photon flux ϕ = 2118.06 photons
mm2·s with

the source shifted vertically by 0.75◦ in both directions. The position of the source can be
easily decoded if the distance of the source is known.
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5.3 Identification of potential flaws

From the data gathered from the telescope, it can be observed that due to the absence
of shielding, under some conditions, the detector was exposed to radiation originating from
outside the optics. This poses a significant problem since the detector being exposed to any
stray radiation not filtered by the optics could damage it. Some of the shapes of radiation
exposure seen in figure 5.6 may seem strangely similar to the curvatures of some openings
present in the telescope’s structure, which could let light through in some cases. A series of
tests were performed to test this hypothesis, where the origin was positioned at an angle where
light could potentially hit the detector without passing through the optics.

For this series of tests, the Sun was considered the source and modeled the same way
as in the previous section 5.2. This time the rays did not pass through the optics; as a result,
the target points were placed only on the detector’s area.

(a) Lower right corner illuminated. (b) Upper corners illuminated.

(c) Right side illuminated in a circular
shape.

Figure 5.6: Real data gathered during the operation of the VZLUSAT-1 telescope, where the
detector is illuminated in areas resembling the structure of the telescope. This implies that
the telescope lets some rays pass to the detector without passing through the optics, which
could pose an issue. Courtesy of the VZLUSAT-1 team.
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5.3.1 Circular openings in the telescope’s structure

The first candidate for the structural flaw that could have let light through is the circular
opening above the optics module. As shown in figure 5.7, if the source is at an appropriate
angle, it lets rays pass through the telescope and hit the detector.

The area possibly illuminated by rays passing through the circular opening above the
optics can be seen in figure 5.7b. While the helix-like part of the telescope blocks some rays,
the number of rays that reach the detector is significant. Additionally, the detector is designed
primarily for X-ray radiation. In cases of different radiation, the photons can seep through
the detector and obstruct the whole image and, in some cases, even damage it.

(a) Model view. (b) Simulation output.

Figure 5.7: Model side view of the VZLUSAT-1 telescope when investigating the structural flaw
of the upper circular opening done in Blender 5.7a. The resulting image of the investigation
of the structural flaw 5.7b. The rays can clearly pass through the opening and take up a large
area of the detector, which makes data gathering using the optics, in this case, impossible.

Similarly to the circular opening above the optics, the same behavior can be observed
for the circular opening below the optics, as seen in figure 5.8. Since the opening below the
optics is larger than the opening above, the area that can be illuminated also increases, and
this time it covers almost the entire detector, as seen in figure 5.8b.

5.3.2 Side testing

Since there is a sizable unshielded gap between the optics and the detector, nothing
prevents rays from hitting the detector from the sides of the telescope. Figure 5.9 illustrates
a case where that happens. In the case shown in figure 5.9b, half the detector can be exposed
to unfiltered radiation, which prevents valuable data gathering on a significant area of the
detector.

.
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(a) Model view. (b) Simulation output.

Figure 5.8: Model side view of the VZLUSAT-1 telescope when investigating the structural
flaw of the downward circular opening done in Blender 5.8a. The resulting image of the
investigation of the structural flaw 5.8b. The rays can clearly pass through the opening and
take up a large area of the detector, which makes data gathering using the optics, in this case,
impossible.

(a) Side isometric view. (b) Simulation output.

Figure 5.9: Model isometric view of the structural flaw investigation 5.9a. The telescope’s
structure is colored grey, the rays are colored red, the optics are colored blue, and the detector
is colored green. The output of this simulation is depicted in 5.9b.
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Chapter 6

REX Mission Testing

In contrast to the telescope used in the VZLUSAT-1 mission, the telescope employed in
the REX mission incorporated radiation shielding to safeguard the detector from any stray
radiation not captured by the optics. Consequently, testing for structural flaws becomes un-
necessary.

However, a challenge encountered during the REX mission was the insufficient photon
flux emitted by the observed source in the desired energy range. This lack of radiation hindered
the mission, making it difficult to achieve meaningful results for optics testing. According to
research done by the University of Birmingham [31], the energy flux of the Vela pulsar is
approximately 9.4 × 10−11 erg cm−2 s−1 in the energy range of 4 to 25 keV. Even in the
best-case scenario, where the energy of all the photons is only 4 keV, the resulting number
of photons that would fall on the aperture of the optics during the exposure time of 282.5
seconds would be roughly 112 photons, which is still far too little for the optics to focus into
a meaningful picture as can be seen in figure 6.1 which corresponds to the resulting image
gathered during the mission. The radiation coming from the Vela Pulsar can’t be discerned
from background radiation and parasitic elements.

Figure 6.1: Real data gathered during the REX mission. As can be seen, the intensity of
radiation of the Vela pulsar is not high enough for the pulsar to be identified. The image
consists mostly of background radiation. Courtesy of the REX team.

The following simulations focus solely on what the resulting images would have looked
like under favorable conditions.
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6.1 Simulation setup

The focus of observation in the REX mission was the Vela SNR. Given the complex
nature of the SNR, the simulations concentrated only on the Vela pulsar located at its center,
which is the primary source of X-rays. Similar to the previous chapter’s analysis of the Sun, the
pulsar was discretized for the simulation in the same fashion, given its almost spherical shape.
The approximate distance from LEO used in the simulation was equal to 9.461×1015 km, and
the diameter was approximated to be 20 km. The parameters of the optics are summarized in
6.1.

Foil width 75.0mm
Foil length 150.0mm
Foil thickness 0.35mm
Number of foils for each module 47
Front optics focal length 1345.0mm
Rear optics focal length 1079.0mm
Front optics FOV 1.05◦

Rear optics FOV 1.3◦

Aperture area 676mm2

Table 6.1: Parameters of the 2D schmidth type lobster-eye optics.

6.2 Ideal case scenario

For the ideal case scenario, the pulsar was discretized as previously described into 25
points, and three simulations with different photon flux levels were performed. The number of
target points was set accordingly to reflect the time exposure of 282.5 seconds corresponding
to the time exposure of the real telescope.

6.2.1 Varying photon flux testing

To test the optics under favorable conditions, three simulations were performed with
increasing levels of photon flux. At a lower intensity, as seen in figure 6.2a, most of the rays
that hit the detector are untouched by the optics, and while an area of higher intensity can
be made out, it could still be overshadowed by background radiation.

As the intensity increases, as seen in figure 6.2b, the typical cross pattern generated by
the reflected rays in the 2D lobster-eye optics can be observed, which makes the identification
of the source’s position possible. At high intensity, as seen in figure 6.2c, the cross pattern is
even clearer, and the geometrical arrangement of the source is more apparent in the center.

6.2.2 Efficiency of focus testing

The high-intensity image is deconstructed in the same fashion as in the VZLUSAT-1
simulation 5.2.2. In the case of 2D lobster-eye optics, the focusing ability is much better than
the one-dimensional counterpart. In this case, the direct rays make up approximately 1.8%
of the number of rays cast on the aperture, while reflected rays make up 4.6% of the number
of rays cast on the aperture. As can be seen in figure 6.3, the direct rays serve in the final
picture only as background, while most of the information about the source is encapsulated
by the reflected rays.
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(a) Low photon flux. ϕ = 0.411 photons
mm2·s (b) Higher photon flux. ϕ = 1.471 photons

mm2·s

(c) High photon flux. ϕ = 13.072 photons
mm2·s

Figure 6.2: Results of simulations done at varying levels of photon flux ϕ. The exposure time
considered was 282.5 s, which corresponds to the exposure time of the real REX telescope,
and the source was aligned with the optics and the detector to form an image at the center.
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(a) Direct rays. ϕ = 13.072 photons
mm2·s (b) Reflected rays. ϕ = 13.072 photons

mm2·s

(c) Direct and reflected rays combined.
ϕ = 13.072 photons

mm2·s

Figure 6.3: The result of the simulation of high photon flux ϕ = 13.072 photons
mm2·s with time

exposure 282.5 s, which corresponds to the exposure time of the real REX telescope, and the
source aligned with the optics and the detector to form an image at the center. The image
is decomposed into direct and reflected rays to assess the efficiency of the optics. The final
image is comprised mainly of the reflected rays, which is the intended behavior of the optics.
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6.2.3 Source position testing

While the sounding rocket should, under ideal circumstances, be aimed at the source
directly, a slight deviation within the optics FOV is possible. To test how the output would
change in this scenario, the simulator could be useful. To test a possible scenario, a simulation
where the source deviates from the center of the optics by 0.1 deg in both axes was performed.
As can be seen in figure 6.4, even at lower levels of photon flux, the cross pattern is retained;
however, a significant amount of rays are blocked by the optics.

Figure 6.4: Resulting image of the simulation done at medium photon flux ϕ = 1.471 photons
mm2·s

with the source shifted by 0.1 deg in both directions. The clarity of the image is significantly
hindered when the source is shifted. The importance of the sounding rocket maintaining the
telescope aimed directly at the source is apparent.
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Chapter 7

Conclusion

This thesis presented the challenges associated with developing optics for space tele-
scopes, focusing specifically on lobster-eye optics. To improve our understanding of how
lobster-eye optics behave under different circumstances, a ray-tracing simulator with the
unique properties of lobster-eye optics in mind was developed and subsequently tested on
various scenarios inspired by real-life missions VZLUSAT-1 and REX.

The missions examined in this work, although different in nature, shared common chal-
lenges related to weight, shielding, and cost. By simulating the ideal behavior of the telescopes
used in these missions, the impact of design choices made by the developers was assessed. Fur-
thermore, a series of tests were conducted to identify and understand the flaws that hindered
the missions. A thorough analysis was performed, revealing potential flaws and providing
insights into the operational behavior of the telescopes under different conditions.

The findings of this work demonstrated that the reduction of shielding to save on weight
and cost could have significant drawbacks for the testing of lobster-eye optics. It was demon-
strated that the efficiency of lobster-eye optics is highly dependent on the intensity of radiation
emitted by the observed objects. Thus, future missions should ensure access to reliable in-
formation regarding the source’s radiation spectrum. Fortunately, the deployment of more
telescopes focused on high-energy radiation in recent years has facilitated this process.

Moving forward, there are several improvements that could enhance the performance
of the simulator, namely computational efficiency. A possible improvement could be brought
about by implementing a bounding volume hierarchy to the ray tracing, commonly used in
other ray tracing algorithms. Additionally, optimizing the simulator for GPUs could leverage
the processing power of modern graphics cards and greatly improve the simulator’s speed.
While the use of Blender to visualize the simulations provides many useful tools for manip-
ulating the scene, a major drawback is the restricted number of objects that Blender can
visualize at once. For the purpose of visualizing more complex cases, a different tool needs to
be developed.

In conclusion, the work presented provides a good basis for further improvements to X-
ray tracing simulators. As the simulator is utilized by dedicated researchers in the field of X-ray
astronomy, hopefully, more features will be added to the simulator to more accurately portray
the complex behavior of these optics. The simulator should both facilitate the development
of new designs and prevent similar issues encountered during the missions discussed in the
future.
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Chapter A

Appendix A

This appendix serves to give a brief overview of the source code contained in the CD
that this thesis is shipped with. All the files contained in the CD and their descriptions are
summarized in table A.1.

File Name Description
src/geometry.py This file contains the tools for the geometry used in the simulator.
src/Results.py This file defines how the results should be formatted in the pickle file.
blender_api_plot.py This file contains the script that is used for visualization in Blender.
collision_check.py This file contains an example case of how collisions with an STL model are handled.
rex_raytracing.py This file contains the script that was used for REX simulations.
vzlu_raytracing.py This file contains the script that was used for VZLUSAT-1 simulations.
REX_transformed.stl This is the STL model of the REX telescope.
VZLUSAT_transformed.stl This is the STL model of the VZLUSAT-1 telescope.

Table A.1: Content of the CD.
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