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Chapter 1

Introduction

The introduction needs to answer the following questions:

« Which area of visual computing are we in? (scientific visualization, appearance modeling, Monte
Carlo rendering, etc.)

Which problem are we going to solve?

Why is this a challenging problem? What makes it difficult?

Who will be the user of this method? Who benefits from it?
« How are you going to solve the problem?
« How will you evaluate the method?

+ What are your most important findings?
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Chapter 2

Related Work

There are two main approaches for simulating X-ray telescopes: one that is specific to a particular
telescope, and another that generalizes the simulation to accommodate various types of telescopes. In
this section 2, I will present a selection of projects that utilize these approaches. Additionally, there are
other relevant ray-tracing packages [14], [12], [46].

With the deployment of the X-ray telescope XMM-Newton, SciSim was developed as a comprehen-
sive simulator for the telescope and its observational targets [42]. Its primary purpose is the calibration
and understanding of potential optical defects, representing a novel approach in astronomical sim-
ulations at the time. SciSim’s architecture features a modular design, where each module handles a
specific part of the simulation process. Among its functionalities, SciSim simulates the mirror module
of XMM-Newton, including the spider support structure and the Wolter I mirror optics. This module
provides a detailed model of the optics, incorporating real-world factors such as non-uniform mirror
thickness and surface roughness.

Another telescope-specific simulation tool is NuSim [17], developed for the NuSTAR telescope. Like
SciSim, NuSim can simulate X-ray sources and their spectra to a certain extent. Due to NuSTAR’s dynamic
environment, NuSim includes an advanced module to simulate effects such as thermal perturbations. Its
optics engine features a full ray-tracing implementation for incoming photons, allowing it to simulate
phenomena like mirror imperfections and ghost rays.

Recently, the release of DarsakX, an open-source Python package, has enabled the simulation of
general Wolter I optics [33]. This flexibility allows the package to simulate various X-ray telescope
configurations, making it adaptable to different architectures. The primary architecture consists of a
ray-tracing component and a post-processing component. Unlike SciSim and NuSim, DarsakX does not
account for mirror imperfections, surface roughness, or ghost rays.

While DarsakX allows for the simulation of different telescope configurations, its capabilities
are limited to providing an overview of the system’s performance, rather than detailed studies of
scientific instrument behavior. This is where SIXTE (SImulation of X-ray TElescopes) excels, offering
a modular simulation package focused on detailed modeling of complex astrophysical sources across
several instruments [7]. The modular design enables users to replace individual components with more
advanced models when necessary, and new instruments can be added without requiring modifications
to the core software. However, unlike the other packages discussed, SIXTE does not currently feature a
ray-tracing module for optical predictions and relies on calibration data.
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Chapter 3

Fundamentals

In this chapter, we provide an overview of the fundamental concepts that are essential for understanding
the simulation process of X-ray telescopes. We begin with a summary of the physical principles of
X-rays, outlining their properties and interactions that are relevant in an astronomical context. Building
on this foundation, we then describe the methods by which astronomical X-ray photons can be observed,
highlighting the speci ¢ challenges that arise compared to observations in other wavelength regimes.
After this, the simulation framework developed at the institute, known &8XTHSimulation of X-ray
Telescopes), is introduced. We explain its purpose, the underlying structure, and the steps required to
perform simulations as well as to analyze the generated results. The discussion then shifts towards
the computer science aspects that are necessary to achieve the goals of this thesis. In this part, we
outline the fundamentals of ray tracing, survey the range of techniques that exist for simulating light
propagation, and explain how these are relevant for X-ray optics. Finally, we conclude the chapter with
an introduction to the microfacet theory, which provides one possible approach to modeling surface
roughness in a physically meaningful and accurate manner.

3.1 X-ray Physics

X-rays are a part of the electromagnetic spectrum and were rst discovered by Wilhelm Conrad
Rdntgen in 1895. While Réntgen produced X-ray photons using a Crookes tube, X-ray radiation also
occurs naturally, particularly in outer space. Various celestial objects and astrophysical events emit
electromagnetic radiation across a wide range of wavelengths, extending far beyond the visible spectrum.
However, due to the strong absorption of X-rays in Earth's atmosphere, they cannot penetrate to the
surface and thus cannot be observed directly from the ground.

In contrast to visible light, X-rays are far more energetic and have much shorter wavelengths.
Figure 3.1 illustrates the classi cation of X-rays within the high-energy portion of the spectrum.
Typically, X-rays are de ned as having wavelengths between 10 nm and 10 pm, corresponding to photon
energies of approximately 100 eV to 100 keV.

Because Earth's atmosphere e ciently absorbs and scatters X-rays, observations of the X-ray sky
are not possible from the surface. In space, however, where the density of matter is signi cantly lower,
X-ray sources can be detected without substantial interference. Figure 3.2 shows the fraction of X-ray
photons that are not absorbed by Earth's atmosphere. The dashed-dotted line indicates the altitude above
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Figure 3.1: The high-energy electromagnetic spectrum [35].

Figure 3.2: Fraction of radiation not absorbed by an atmosphere of 79% nitrogen and 21% oxygen, modeled
for Earth at 1 keV and 250 K, as a function of altitude [39].

ground at which X-ray photons with an energy of 1 keV encounter an e ectively opague atmosphere.
This illustrates the necessity of elevating instruments above the atmosphere, either on satellites or
high-altitude missions, to enable scienti c observations of X-ray sources.

Astrophysical phenomena such as supernovae, stellar collisions, and compact objects like neutron
stars and black holes emit substantial amounts of X-ray radiation, making this part of the spectrum
particularly important for astrophysics. Hot plasma composed primarily of hydrogen and helium ions,

6



3.1. X-RAY PHYSICS

Figure 3.3: Decreasing re ectivity for xed grazing incidence angles with increasing photon energy (Image
© 2012 SPIE [11]).

with smaller fractions of heavier elements such as carbon, magnesium, or iron, is one prominent source
of X-rays. Another signi cant mechanism is synchrotron radiation, which arises when high-energy
electrons traverse magnetic elds and emit X-rays in the process. Additional mechanisms, such as
Compton scattering and bremsstrahlung, also contribute to X-ray emission [11]. Since these processes
are not the central focus of this thesis, we will not discuss them in further detail here. Nevertheless, they
play crucial roles in shaping the dynamics of astrophysical events and provide observational evidence
that supports theoretical physical models.

Detecting high-energy photons can in principle be achieved with simple instruments such as Geiger
counters, but forming detailed astronomical images in the X-ray band is considerably more challenging
than in the visible, infrared, or ultraviolet regimes. This di culty arises because X-ray photons penetrate
matter at high incidence angles rather than re ecting o conventional mirrors. Meaningful re ection is
only possible at very shallow, grazing incidence angles of typically alfu®’. The precise re ection
properties depend on both the photon energy and the material composition of the mirror [18].

Figure 3.3 demonstrates the rapid decline of re ectivity with increasing photon energy. The re ec-
tivity also varies depending on the choice of mirror coating, with iridium shown here as an example. In
the X-ray band, the refractive index of metals is slightly less than unity, resulting in very low critical
angles for near-total re ection [11]. An analogous e ect can be observed in visible light when a light
ray traveling through air strikes a water surface: at higher incidence angles, the light refracts and
enters the water, whereas at su ciently shallow glancing angles, re ection occurs instead. A familiar
manifestation of this phenomenon is the strong re ection of the Sun on water surfaces at low incidence
angles, which can be dazzling at sunset.

With this foundation on the properties of X-rays and their astrophysical origins, we now turn to
the instruments and techniques required to focus and observe them e ectively.

7
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Figure 3.4: Schematic of a Newtonian telescope for observing photons in the visible band [15]. Because the
incoming rays strike the mirror nearly perpendicularly, this con guration would completely absorb X-ray
photons.

3.2 X-ray Telescopes

This section provides a detailed overview of X-ray telescopes, which form the foundation for the
analytical modeling of mirrors in the later ray-tracing simulations. As outlined in the previous section,
X-ray photons are di cult to detect and cannot be observed directly from Earth. In contrast to telescopes
designed for the lower-energy ranges of the electromagnetic spectrum, X-rays cannot be focused by
a primary parabolic mirror onto a secondary mirror, which then projects the light onto a detector.
Figure 3.4 illustrates the schematic layout of a traditional optical telescope for visible light. The de ning
characteristic of the primary mirror is its parabolic shape: every on-axis ray, such as the one indicated
by the purple line, converges at the same focal point regardless of where it strikes the mirror surface.
The secondary mirror then redirects the converging rays out of the telescope aperture so that detectors
such as a camera module or an eyepiece can be positioned without obstructing the incoming light.

For X-rays, however, di erent mirror geometries must be employed in order to achieve re ection at
shallow grazing incidence angles and to focus the photons onto a de ned focal point. In the following,
we introduce the most widely used optical system for X-ray telescopes, namely Wolter optics. As a
second example, we describe the Lobster-Eye optics, which is optimized for all-sky monitoring due to
its much larger eld of view. Before presenting these speci ¢ systems, we begin with a general overview
of telescope characteristics.

3.2.1 Fundamentals of Telescope Characteristics

In general, there are two fundamental approaches for focusing photons onto a focal plane. The rstis
refraction where light is bent as it passes between two media with di erent refractive indices. Due to
their high energy and short wavelength, X-rays are not e ectively refracted and thus refraction-based
designs are not used in X-ray astronomy. The second approach étion, in which curved mirrors are
shaped to direct photons to a common focus. Figure 3.4 already illustrates this principle for visible light.

All telescopes, regardless of the wavelength band they operate in, are characterized by several
common parameters. ThapertureA of a telescope describes the diameter of the optical system. A
larger aperture allows more photons to reach the detector, thereby reducing the exposure time needed
to resolve faint astronomical objects compared to telescopes with smaller apertures. A second key
parameter is thdocal length-L, de ned as the distance between the focal point and the mirror. Together,
aperture and focal length determine tHecal ratioN, as expressed in Equation (3.1).

8
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- FL

N
A

(3.1)

As an example, the Hubble Space Telescope (HST) has a focal length of 57.6 m and a primary mirror
aperture of 2.4 m, which yields a focal ratio bf 24 This con guration enables deep-space imaging
with a relatively small eld of view (FOV), depending on the type of detector instrument used [16].

The eld of view of a telescope can be calculated with Equation (3.2). This represents the maximum
angular extent that can be imaged on the detector. For Wolter telescopes, the eld of view is further
constrained by the obstruction caused by nested mirror shells. In such cases, the e ective eld of view is
de ned as the angular range within which the e ective area is reduced to half of its maximum value [31].

s

FOV=2earctan ——— ; S= sensorsize 3.2

2 FL '’ (3.2)

Once the eld of view is determined, thangular resolution per pix&, can be obtained as in
Equation (3.3), wherR s the sensor resolution in one dimension:

R, = ng (3.3)

These relations highlight the inherent trade-o s in telescope design: an optical system optimized
for deep-sky imaging with a long focal length and narrow eld of view cannot simultaneously capture
a wide eld of view. Consequently, di erent use cases require di erent optical parameters. These core
concepts apply across all regions of the electromagnetic spectrum. With these basics established, we
now examine the rst mirror geometry capable of focusing X-ray photons: Wolter optics.

3.2.2 Wolter Optics
A Brief History of Wolter Optics

The nameWolter opticglerives from the German physicist Hans Wolter, who in the early 1950s sought
to design a novel type of high-resolution microscope that could be used to study living organisms under
normal atmospheric conditions. The use of X-rays appeared promising, as they o ered superior angular
resolution compared to ultraviolet light, which is still partially absorbed by the atmosphere. In 1952,
Wolter published his proposal of mirror systems based on grazing-incidence re ection for X-rays [44].

Figure 3.5 illustrates Wolter's initial concept. To exploit the total external re ection of X-rays at
grazing incidence angles, he realized that incoming rays must strike the mirror at very small angles, as
discussed earlier in Figure 3.3. Wolter introduced the secondary mirror as a means of reducing coma
aberration, which would otherwise arise when focusing photons with a paraboloid mirror alone.

In a follow-up publication [45], Wolter re ned his design by incorporating Schwarzschild's solution
for an aplanatic mirror system. This modi cation introduced a convex correction to the paraboloid and
a concave correction to the hyperboloid, which together slightly reduced coma aberrations. Figure 3.6
shows an exaggerated comparison between Wolter's original design and the Wolter Schwarzschild
con guration.
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Figure 3.5: Wolter's initial concept of an X-ray microscope, consisting of a two-mirror system [44].

Figure 3.6: Exaggerated comparison of the Wolter Schwarzschild mirror system, showing the modi ed
paraboloid (Flache | (neu)) and hyperboloid (Flache Il (neu)) in relation to Wolter's original design [45].
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3.2. X-RAY TELESCOPES

Figure 3.7: The 23-cm Kanigen telescope, a Wolter Type | con guration with a collecting area of 3and
a focal length of 132 cm [10].

In his two seminal papers [44, 45], Wolter also proposed several variations of mirror systems. Each
design used a paraboloid as the rst mirror, but the secondary mirror di ered: in one con guration,
rays were re ected from the outer surface of a hyperboloid, yielding a relatively long focal length;
in another, rays were re ected from the outer surface of a paraboloid onto an ellipsoidal secondary,
resulting in a shorter focal length. Schwarzschild solutions also existed for these designs.

Although Wolter originally envisioned these systems for microscopes, the same optical principles
apply to telescopes. Because Wolter was the rst to propose this novel method of re ecting X-rays,
these designs are now classi ed as Wolter Types |, II, and Ill. However, the manufacturing precision
required to realize such systems was far beyond the technological capabilities of the 1950s. It was not
until thirteen years later that a promising Wolter Type | telescope was successfully demonstrated by
Giacconi et al. [10]. Their prototype, the 23-cm diameter Kanigen telescope shown in Figure 3.7, marked
the rst empirical step toward building functional X-ray telescopes. They observed that improvements
in mirror surface roughness and slope accuracy were crucial for increasing angular resolution toward
its theoretical limit.

Shortly thereafter, VanSpeybroeck and Chase [36] conducted a detailed analytical study of X-ray mir-
ror geometries using a Monte Carlo ray-tracing method. Focusing on Wolter Type | designs, which were
easier to manufacture, they derived practical formulae for confocal and coaxial paraboloid hyperboloid
pairs. They also analyzed the trade-0 between angular resolution and e ective area: longer mirrors
increase e ective area but degrade resolution. To address this, they proposstihgmultiple mir-
ror shells of xed length within one another, thereby increasing e ective area without signi cantly
sacri cing resolution. Their work further demonstrated that incorporating Schwarzschild corrections
into Wolter Schwarzschild systems, while theoretically reducing optical errors, was impractical for
manufacturing and ultimately unnecessary, since other distortions dominated in practice.
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Figure 3.8: Geometric parameters of a Wolter | focusing mirror [25].

Mathematical Background

Building on these earlier developments, Pivovaro and Okajima [25] recently reformulated the equations
for Wolter | geometries. The present thesis relies on their formalism to generate mirror surfaces in
simulation. Figure 3.8 shows the relevant parameters.

The paraboloid surface can be described in two dimensions as

y?=p.2x + pl; (3.4)

where the focus lies at the origin of the coordinate system. ®ieoordinate of the focal point can be
derived as
1

px = % + 1t (3.5)

By restructuring Equation (3.4) into the standard parabola form,

2
2_ Y%, P,
X 2 2 (3.6)
and substituting into Equation (3.5), one obtains
_2p,P_ .
pPx = 7 27 0; (3.7)

con rming that the focal point remains xed at the origin.
The secondary hyperboloid surface can be expressed as

2 2
X*cle,y

= b2 = L (3.8)
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3.2. X-RAY TELESCOPES

Figure 3.9: Three nested shells, each preserving its true focal length [25].

Together, Equation (3.4) and Equation (3.8) de ne a coaxial, confocal paraboloid hyperboloid pair
suitable for Wolter | optics. Appendix A lists the detailed formulae for calculating the paramgiees
b, andc. The input values required to specify a mirror shell are its minimum rad¥igmin, focal length
FL, and the lengths of the two mirror segments. In Chapter 4, these equations are extended into three
dimensions and adapted for intersection tests within the ray-tracing simulation.

Wolter [45], Giacconi et al. [10], and VanSpeybroeck and Chase [36] also recognized that nesting
multiple shells increased the e ective collecting area of the system, enabling more photons to be
gathered in the same exposure time. Figure 3.9 illustrates an ideal case in which three nested shells each
preserve their true focal lengths, thereby satisfying the Abbe sine condition [25]. However, this ideal
geometry is costly to manufacture, so VanSpeybroeck and Chase [36] demonstrated that less precise
con gurations, such as that shown in Figure 3.10, are acceptable in practice. Later in this thesis, we will
evaluate simulation outputs for di erent nesting strategies.

Implementation of Wolter | Optics

The Chandra X-ray ObservatofZXO), launched in 1999, represents the most advanced implementation
of Wolter | optics to date. With its four nested mirror shells and a focal length of 10 m, Chandra achieves
an angular resolution of 0.5 arcsec, unmatched by any subsequent X-ray mission [41]. Its mirrors are
constructed from Zerodur blanks coated with iridium to enhance re ectivity, with an outer diameter of
1.2 m. Although the mission was originally designed for a three-year lifetime, Chandra remains opera-
tional today, providing the highest-resolution data available in X-ray astronomy. Figure 3.11 illustrates
its imaging capability with an observation of the supernova remnant Cassiopeia A. Compared to earlier
missions such as ROSAT, Chandra's resolution represented an order-of-magnitude improvement [40].
However, telescopes are always designed for speci c use cases, and no single instrument can
perform optimally across all observational needs. While Chandra excels at high-resolution imaging and
spectroscopy, it lacks the wide eld of view required for all-sky surveys. To address thiseR@SITA

13






	Introduction
	Related Work
	Fundamentals
	X-ray Physics
	X-ray Telescopes
	Fundamentals of Telescope Characteristics
	Wolter Optics
	Lobster-Eye Optics

	Simulation of X-ray Telescopes (SIXTE)
	Ray Tracing
	Microfacet Theory

	Method
	Requirements
	Functional Requirements
	Non-Functional Requirements

	Architecture
	Creation Pipeline for the Optics
	Simulation Pipeline for the Optics
	Ray Tracing the Optics
	Wolter I Mirror Intersections
	Lobster-Eye Channel Intersections

	Microfacet Surface

	Implementation
	Overview of SIXTE's Environment
	Integration of the Ray-Tracing Module
	Embree
	Overview
	Mesh Integration with STL
	User Geometry

	Implementation of the Ray Tracing Routine
	Scene Specification
	Scene Allocation
	Execution


	Results
	Software Requirement Evaluation
	Functional Requirement Review
	Non-Functional Requirements

	Wolter I
	PSF On Axis
	PSF Off Axis - Butterfly analysis
	Roughness Parameter Evaluation
	SIXTE integration evaluation
	Performance Measurements

	Lobster Eye Optic
	PSF Analysis On and Off Axis
	Focal Plane Evaluation with tilted sensors
	SIXTE Integration
	Performance Measurements


	Conclusions
	Wolter I detailed parameter description
	Quadratic solutions for Paraboloid and Hyperboloid

