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Preface
This thesis is the result of my work at the Max-Planck-Institut für extraterrestrische Physik (MPE) for the institute’s high energy research group. My principal task at the MPE was the design of the X-ray camera and the camera cooling
system for the eROSITA X-ray telescope, the primary scientific payload on board
the Russian Spectrum-Roentgen-Gamma satellite (SRG). At the same time, I had
the task to design the µROSI miniature X-ray telescope.
The µROSI project emerged in late 2007, when Dr. Peter Predehl, senior
scientist in the MPE high-energy astrophysics research group, was approached
by a group of amateur astronomers from the Max Valier observatory in Bolzano,
Italy. Together with ambitious teachers from the Max-Valier technical high school
(Gewerbeoberschule Max-Valier Bozen, GOB) they had the idea of developing a
small satellite of about 10 kg and were looking for an astronomical payload. As
a high energy astronomer, Dr. Predehl naturally proposed a miniature X-ray
telescope. The idea was readily accepted as primary payload.
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Abstract
Within the scope of this work, a unique miniature X-ray telescope is developed,
manufactured and tested. The µROSI (Micro Röntgen Satellite Instrument) telescope is the primary payload on board the South-Tyrolean nanosatellite MaxValier. The satellite is developed by a team of South-Tyrolean amateur astronomers and technical schools with the support of the German space company
OHB. The primary objective of the instrument is to conduct an all-sky survey
and measure spectra of at least 100 bright sources in the soft X-ray bandwidth.
For the development of the telescope, the constraints for the satellite mission
and the scientific objectives are elaborated. The scientific objectives are selected
in such a way that the µROSI mission fills a niche among the big X-ray telescopes.
This is achieved by selecting the same F-number and energy range as the successful
ROSAT telescope and using a silicon drift detector (SDD) with high spectral
resolution. Thus, the extensive database compiled in the ROSAT all-sky survey
bright source catalogue can be enriched by µROSI with high resolution spectra.
Although the µROSI telescope is smaller by a factor of 10 in focal length
compared to ROSAT, it requires the same subsystems as a large X-ray telescope:
• the mirror module to focus the X-ray radiation,
• the detector module to convert the radiation into electronic signals,
• the structure to provide mechanical stability,
• the thermal control subsystem to maintain the temperatures in specified
limits and
• the electronics subsystem for signal and data processing.
In the course of this work, all subsystems are designed and tested with different
development models. Special attention is paid to the mirror subsystem as well as
the detector cooling subsystem.
Due to the short wavelength of X-ray radiation, the mirrors need to have extremely smooth surfaces. In order to achieve this, the mirrors are manufactured
by an electrogalvanic forming process, which requires highly polished mandrels.
The complete mirror shell manufacturing process, including the manufacturing
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Abstract
and polishing of the mandrels, has been developed and verified by measuring one
sample mirror shell in the PANTER X-ray test facility.
The detector cooling system is required as the spectral resolution of the detector
depends on its temperature. In order to maintain a stable detector temperature in
a low Earth orbit, the detector is connected to a specifically developed latent cold
storage (LCS) which contains a phase change material. The LCS is connected
to a radiator with a heat pipe making the whole system completely passive. All
components for the thermal control system have been designed, manufactured
and tested.
The structure of the telescope has been analysed, manufactured and tested
with mass dummies in a random vibration test to verify its load capability and
mechanical stability.
The detector module including the optical filter has been designed, manufactured and tested in a vacuum chamber to verify the integrity of the filter foil and
the thermal properties of the detector housing.
The electronics required for retrieving signals and processing data from the
detector module has been developed and tested using several breadboard models
to verify the basic design functionality. A final X-ray test with a 55 Fe X-ray
source demonstrated the spectral resolution capabilities of the combined detector
and electronics system.
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Zusammenfassung
Im Rahmen dieser Arbeit wird ein einzigartiges Miniatur-Röntgenteleskop entwickelt, gefertigt und getestet. Das µROSI (Micro Röntgen Satellite Instrument)
Teleskop ist die Hauptnutzlast auf dem Südtiroler Nanosatelliten Max-Valier. Der
Satellit wird von einer Gruppe aus Südtiroler Amateurastronomen und technischen Schulen mit der Unterstützung der deutschen Firma OHB entwickelt. Das
primäre Missionsziel des Instruments ist es, eine vollständige Himmelsdurchmusterung durchzuführen und dabei Spektren von mindestens 100 hellen Quellen im
weichen Röntgenspektrum zu messen.
Für die Entwicklung des Teleskops werden zunächst die Rahmenbedingungen
für die Satellitenmission und die wissenschaftliche Zielsetzung erarbeitet. Die
wissenschaftlichen Ziele wurden so gesteckt, dass die µROSI Mission eine Nische zwischen den großen Röntgenteleskopen ausfüllt. Dies wird erreicht, indem
dieselbe F-Zahl und derselbe Energiebereich wie bei dem erfolgreichen ROSAT
Teleskop verwendet wird und ein Silizium Drift Detektor (SDD) mit hoher spektraler Auflösung zum Einsatz kommt. Somit kann die umfangreiche Datenbank
des ROSAT All-Sky Survey Bright Source Catalogue um hochauflösende Spektren
erweitert werden.
Obwohl das µROSI Teleskop um den Faktor 10 in der Fokallänge kleiner ist als
ROSAT, benötigt es die gleichen Subsysteme wie ein großes Röntgenteleskop:
• das Spiegelmodul zur Fokussierung der Röntgenstrahlen,
• das Detektormodul zur Konvertierung der Strahlung in elektronische Signale,
• die Struktur zur Gewährleistung der mechanischen Stabilität,
• das Thermalkontrollsystem zur Einhaltung der spezifizierten Temperaturgrenzen und
• das Elektronikssytem zur Signal- und Datenprozessierung.
Alle Subsysteme werden im Rahmen dieser Arbeit für das µROSI Teleskop ausgelegt und mit verschiedenen Versuchsmodellen getestet. Besonderes Augenmerk
liegt auf dem Spiegelsystem und dem Detektor-Kühlsystem.

xxi

Zusammenfassung
Aufgrund der sehr kurzen Wellenlänge der Röntgenstrahlen benötigen die Spiegelschalen eine extrem glatte Oberfläche. Um diese zu erreichen, werden die Spiegel mit einem elektrogalvanischen Formprozess hergestellt, der extrem fein polierte
Mandrels benötigt. Der komplette Fertigungsprozess der Spiegelschalen, inklusive Fertigung und Polieren der Mandrels wurde erfolgreich entwickelt und durch
Messung einer Probeschale in der Röntgentestanlage PANTER verifiziert.
Das Detektor-Kühlsystem wird benötigt, da die spektrale Auflösung des Detektors von der Temperatur abhängig ist. Um die Detektortemperatur im niedrigen Erdorbit stabil zu halten, ist der Detektor mit einem eigens entwickelten
Latentkältespeicher (LCS) verbunden, der ein Phasenübergangsmaterial enthält.
Der LCS ist über eine Heat pipe mit einem Radiator verbunden, so dass das gesamte System komplett passiv arbeitet. Alle Komponenten des Thermalsystems
sind erfolgreich entwickelt, gefertigt und getestet worden.
Die Teleskopstruktur wurde analysiert, gefertigt und mit Massendummies in einem Vibrationstest getestet, um die Lastaufnahme und die Stabilität der Struktur
zu verifizieren.
Das Detektormodul inklusive des optischen Filters wurde designed, gefertigt
und in einer Vakuumkammer getestet, um die Belastbarkeit der Filterfolie und
die thermischen Eigenschaften des Detektorgehäuses nachzuweisen.
Die Elektronik, die für die Signalaufnahme vom Detektor und die weitere Datenprozessierung benötigt wird, wurde entwickelt und mit mehreren Breadboard Modellen getestet, um die Funktionalität nachzuweisen. Ein abschließender Röntgentest mit einer 55 Fe Quelle zeigte das spektrale Auflösungsvermögen des kombinierten Detektor-Elektronik Systems.
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1. Introduction
1.1. Project Description
The µROSI1 miniature X-ray telescope was developed at the Max-Planck-Institut
für extraterrestrische Physik (MPE) as the primary payload for the SouthTyrolean amateur satellite Max-Valier (MVS: Max-Valier Satellite). The project
was initiated by a group of amateur astronomers from the Max Valier observatory (AMV: Amateurastronomen Max Valier ) and ambitious teachers from the
Gewerbeoberschule Max Valier located in Bolzano, Italy (GOB).
GOB found a range of project partners that contributed to the project. Among
them the Gewerbeoberschule Oskar von Miller in Merano (GOM), as well as the
Bremen based space company OHB System AG (OHB), that offered technical
support for the satellite development and also secured the launch with a VEGA
rocket from Kourou scheduled for 2014.
The MVS concept was first published in 2009 at the IAC Congress (Orgler et al.,
2009). The satellite, announced as a nanosatellite of ∼ 10 kg, has in fact a total
mass of 16 kg. According to the widely accepted2 small satellite classification (see
table 1.1), it could be also referred to as a microsatellite. However, within the
scope of this work we will keep referring to it as a nanosatellite.
Figure 1.1 shows a 3D-model of the MVS nanosatellite with µROSI payload.
The satellite is based on the Quadsat platform developed by the University of
Applied Sciences, Bremen. The spacecraft consists of solar panel and a cubic
main structure that houses the satellite’s electronics and serves as the structural
interface to the launcher. The µROSI X-ray telescope is mounted to the side of
the main structure. The satellite is three-axes stabilized with one flywheel and
magnetorquers.
Apart from the µROSI miniature X-ray telescope the MVS payload comprises
an AIS3 experiment and a CMOS imaging camera.
The MVS primary mission objective is to perform an all-sky survey in the soft
1

micro ROentgen Satellite Instrument
See, for example, Fortescue et al. (2003) or Wikipedia:
http://en.wikipedia.org/wiki/Miniaturized_satellite
3
AIS: Automatic Identification System, a marine vessel identification system
2
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Wet Mass
1
0.1
1
10
100
500

– 100 g
– 1 kg
– 10 kg
– 100 kg
– 500 kg
– 1000 kg
> 1000 kg

Classification
Femtosatellite
Picosatellite
Nanosatellite
Microsatellite
Minisatellite
Medium satellite
Large satellite

Table 1.1.: Small satellite classification. The term small satellite refers to satellites < 500 kg.
X-ray bandwidth searching the whole sky for bright X-ray sources with an angular
resolution of 1◦ . The X-ray data will be evaluated by the AMV together with
students of the participating South Tyrolean schools GOB and GOM.

1.2. Scope of this Work
The objective of this thesis is the development of the µROSI miniature X-ray
telescope. The final result of this work should be a working piece of flight hardware
which is ready for launch. This document attempts to give the reader a thorough
understanding of the µROSI payload, its design and the rationales that led to the
final design. My role in this project has been manifold and truly interdisciplinary,
ranging from optical, thermal, mechanical and MAIT4 engineering to systems
engineering and general project management.
The tasks I had to perform included the definition of scientific objectives for the
µROSI telescope and the elaboration of a basic instrument concept. Based upon
this basic concept, the satellite mission had to be defined in close co-operation with
the project partners GOB, GOM and OHB. This included the baseline selection
of a suitable orbit and attitude control modes for the all-sky survey.
On the telescope system level, the basic optical parameters needed to be defined, so that the instrument meets the scientific objectives without exceeding the
allocated mass and power budgets. Design decisions concerning the key components of the X-ray telescope had to be made: The detector had to be selected
as well as the technology for the manufacturing of the X-ray focusing mirrors.
4

2

MAIT: Manufacturing, Assembly, Integration and Testing

1.3. Thesis Structure
Before entering the detailed design phase, system level requirements for the telescope had to be formulated and subsystem level requirements had to be deduced.
All components had to be designed in full detail according to the requirements
and, finally, the system components had to be manufactured and verified with
development tests.

1.3. Thesis Structure
This thesis starts with a short introduction to X-ray astrophysics in chapter 2
describing in brief its history, significant X-ray astronomy missions and celestial
X-ray sources. Chapter 3 describes in detail how the MVS spacecraft performs
the all-sky survey. This includes a description of the selected sun-synchronous
orbit (SSO) and the spacecraft rotation required for scanning the whole sky.
Chapter 4 gives an overview of X-ray instrumentation, i.e. focusing mirrors and
detectors for X-ray detection. Based on the existing instrumentation technology, a
concept for the µROSI telescope is presented in chapter 5. This includes the basic
system design, the requirements, and the model philosophy. Then, the µROSI
subsystems are described in detail: the µROSI detector (chapter 6), the mirror
module (chapter 7), the structure (chapter 8), the thermal control subsystem
(chapter 9) and the electronics (chapter 10). Chapter 11 draws the conclusion of
the previous chapters and outlines the steps necessary to make MVS and µROSI
ready for launch.

1.4. Contributions by Others
Developing an X-ray telescope requires expert knowledge in mechanical, optical,
thermal and electronics engineering. Numerous people at the MPE have contributed to the development of µROSI. Without their effort, this project would
never have been possible. Elias Breunig started working on the µROSI project
when writing his study thesis about the development and qualification of the optical bench (Breunig, 2011b) (see section 8.2). Afterwards, he wrote his master’s
thesis about the superpolishing of the mandrels, which are essential for the manufacturing of the µROSI mirror shells (Breunig, 2011a) (see section 7.4). The
testing of the first mirror shell (section 7.5) was conducted at the MPE PANTER
X-ray test facility by Vadim Burwitz and his team. Maria Fürmetz contributed
to the thermal control subsystem (chapter 9) with her thermal analyses and her
work on heat pipe filling and testing (Fürmetz, 2012). The electronics subsystem
(chapter 10) has been designed, developed and tested by the MPE electronics
group, namely Walter Kink, Diogo Coutinho, Siegfried Müller and Ziliang Zhang.
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(a) Top left view

(b) Bottom left view

Figure 1.1.: 3D-Model of the Max-Valier Satellite in launch configuration mounted
on the release adapter plate with four separation bolts (3D-model
provided by GOB/OHB).
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2. A Brief Introduction to X-Ray
Astronomy
2.1. X-Rays in the Electromagnetic Spectrum
X-rays are a form of electromagnetic radiation just as infrared (IR), visible light
(VIS), ultraviolet (UV) or gamma-radiation. While IR represents the cold, low
energetic end in this sequence, X-rays are at the hot, high energetic end. The
boundaries of the aforementioned bandwidths can be characterized by their wavelength λ, frequency f , energy E or temperature T . The relation between energy,
frequency and wavelength are given by the Planck relation (see eq. (2.1)).
E=hf =

hc
λ

(2.1)

The associated temperature can be derived with Wien’s displacement law:
λT =b

(2.2)

where
c = 299, 792, 458 ms
h = 6.62606957 · 10−34 J · s
= 4.135667516 · 10−15 eV · s
b = 2.8977685 · 10−3 m · K

Speed of light
Planck constant
Wien’s displacement constant

Figure 2.1 shows a fraction of the electromagnetic spectrum from ∼ 10 µm
infrared to gamma-radiation. While the boundaries of the visible light are well
confined, the boundaries between the other regimes are rather blurred. For instance, the transition between highly energetic ultraviolet and X-ray radiation is
often called extreme ultraviolet (EUV or XUV). When describing IR, VIS or UV
radiation, it is common to use the wavelength as characteristic dimension. For
X-rays and gamma-rays, it is more convenient to use the energy level in electron
volts [eV ].
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103 K

104 K

105 K
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108 K

109 K

1010 K
Temperature

10 µm
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100 nm

10 nm

1 nm
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10 pm
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Wavelength

VIS

Soft x-rays

IR
0.1 eV

UV
1 eV

10 eV

100 eV

Gamma rays

Hard x-rays
1 keV

10 keV

100 keV

1 M eV

Energy
10 M eV

Figure 2.1.: X-ray radiation in the electromagnetic spectrum
X-ray radiation ranges from ∼ 120 eV to ∼ 200 keV . X-ray radiation itself is
subdivided into low energetic soft X-rays and high energetic hard X-rays. The
boundary between soft and hard X-rays is typically considered to be at ∼ 10 keV
and in the scope of this work this value will be used to discern soft from hard
X-ray radiation.
However, this is not a clearly defined convention. More important for the distinction of hard and soft X-rays than the energy level are the methods required
for detecting them. The wavelength of hard X-rays is in the order of (or smaller
than) an atomic diameter. Thus, hard X-rays have considerably higher penetration depths than soft X-rays. In effect, they cannot be focused by refraction or
reflection. Instead, collimators or coded masks were required to achieve spatial
resolution for energies > 10 keV 1 .
Looking at the temperature scale in fig. 2.1, it becomes clear that soft Xray radiation corresponds to temperatures from 1 to several tens of million K.
X-ray astronomy thus reveals astrophysical processes involving extremely high
temperatures.

2.2. X-Ray Astronomy History and Missions
X-rays were first discovered by Wilhelm Conrad Röntgen in 1895 when experimenting with vacuum tubes. The X-rays produced a visible image on a photosensitive plate and the photography depicting his wife’s hand (see fig. 2.2) immediately suggested the practical use of X-rays for medical diagnosis. Röntgen’s
breakthrough discovery won him the very first Nobel Prize in physics in 1901.
1
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Multi-layer mirrors, such as the one used for the NuSTAR telescope, are capable of focusing
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Figure 2.2.: X-ray photography of Mrs. Röntgen’s hand taken by Wilhelm Conrad
Röntgen in 1895 showing her bones and her wedding ring (source:
NASA).
In 1908, Rutherford, Geiger, and Harling published “An Electrical Method of
Counting the Number of α -Particles from Radio-Active Substances” introducing
the first technique to measure ionizing radiation with a gaseous detector (Rutherford et al., 1908). Subsequently, ionizing radiation was measured in 1912 in the
atmosphere by Hess and his team during several balloon experiments (Hess, 1912).
The radiation was later identified as cosmic rays and Hess was awarded the Nobel
Prize in physics in 1936 for his work.
The first X-ray experiments detecting X-ray radiation from the Sun was
launched in 1949 under the direction of the U.S. Navy with a V2 rocket from
White Sands missile range. In 1962, Scorpius X-1 was the first extrasolar X-ray
source discovered by an X-ray detector mounted on an Aerobee 150 rocket which
was originally intended to measure X-ray emissions from the Moon.
The UHURU mission conducted the first all-sky survey in the early 1970s. With
its proportional counter detector behind a collimator, it was capable of measuring
339 X-ray sources. The next big leap was the use of focusing optics, so-called
Wolter-1 telescopes (refer to section 4.1 for details about X-ray focusing optics)
to increase the effective area. The HEAO-2 mission, later renamed Einstein, was
soft and hard X-rays using special multi-layer coatings.
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the first mission featuring an imaging X-ray telescope. Its survey yielded almost
7000 X-ray sources with unprecedented angular resolution.
Mission
UHURU
OSO-7
HEAO-1/A1
HEAO-1/A2
HEAO-1/A4
HEAO-23
ROSAT
ASCA
RXTE
SRG4

Year

Energy

Sources

Reference

1970–1973
1971–1973
1977–1979
1977–1979
1977–1979
1978–1981
1990–1999
1993–2000
1995–2012
2014–

2–6
1–60
1–20
0.2–2.8
13–180
0.2–20
0.1–2.4
0.7–10
3–20
0.1–10

339
184
842
114
40
6816
145,060
104
294
> 3 106

Forman et al. (1978)2
Markert et al. (1979)2
Wood et al. (1984)2
Nugent et al. (1983)2
Levine et al. (1984)2
Harris (1990)
Voges et al. (1999)
Ueda et al. (1998)
Revnivtsev et al. (2004)
Predehl et al. (2010)

Table 2.1.: List of selected X-ray survey missions. Energy ranges given in [keV ].
ROSAT surpassed the results of Einstein by detecting some 150, 000 sources.
Its comprehensive sky coverage and precise measurement of the X-ray background
radiation are unmatched until today.
The ROSAT all-sky survey (RASS) and the following ROSAT pointed observation phase completed in 1999 generated the most comprehensive database of
X-ray sources. All detected sources are listed in “The ROSAT all-sky survey
bright source catalogue” (RASS-BSC: Voges et al., 1999) and “ROSAT All-Sky
Survey Faint Source Catalog (Voges+ 2000)” (RASS-FSC: Voges et al., 2000).
A recent review of the scientific achievements of the RASS is given by Watson
(2009) stressing the mission’s scientific achievements:
• mapping of the X-ray background,
• compilation of a large sample of clusters of galaxies enabling the assessment
of the large-scale structure of the universe,
• measurement of the space density of active galactic nuclei (AGN) providing
insight into their evolution processes,
2

Reference given in “The ROSAT all-sky survey bright source catalogue” (Voges et al., 1999)
Later renamed Einstein
4
SRG = Spectrum Röntgen Gamma
3
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• providing vast amount of X-ray emissions from stars throughout the H-R
diagram giving insights into fundamental stellar properties and emission
processes.
As of 2013, there are four large X-ray observatories in operation: Chandra,
XMM, Suzaku and NuSTAR (see table 2.2). None of the telescopes currently in
orbit performs an all-sky survey. The European XMM has the highest collecting area of all imaging X-ray telescopes and therefore allows to observe even the
faintest sources. Chandra has an unprecedented angular resolution of 0.5 arcseconds enabling it to discern the finest features in an observation. The Japanese
Suzaku mission has an extremely high energy range from low energetic soft Xrays up to gamma-rays. NuSTAR features a deployable mast to increase the focal
length. With its special multi-layer coating on the focusing mirrors, NuSTAR is
capable of achieving high resolution images up to energy levels of ∼ 80 keV .
In 2014, the Russian mission Spectrum-Roentgen-Gamma (SRG) with the German eROSITA telescope will be launched to, once again, perform an all-sky survey. The objective of this mission is to detect several millions of sources and
at least 100, 000 clusters of galaxies in soft X-rays. The vast amount of data is
needed to learn more about the large scale structure of the universe and to discern
theoretical models explaining the role of the dark energy in our universe. As SRG
is intended as an instrument for an all-sky survey, its optical design is optimized
for a high grasp, i.e. the product of FOV and effective area.

Launch year
Mass
Energy range
FOV
Best resolution
Max. eff. area
at
Focal length
Outer diameter
F -number

[kg]
[keV ]

[cm2 ]
[keV ]
[m]
[m]
[1]

Chandra

XMM

Suzaku

NuSTAR

SRG

1999
4800
0.1 - 10
310
< 0.500
525
1.5
10
1.2
8.333

1999
3800
0.2 - 12
300
∼ 600
1304
1.5
7.5
0.7
10.714

2005
1700
0.4 - 600
190
< 1.500
1600
1.0
4.75
0.4
11.875

2012
360
3 - 79
100
1800
∼ 1000
∼ 10
10.14
0.382
26.545

2015
3000
0.1 - 15
600
2500
1500
1.5
1.6
0.36
4.444

Table 2.2.: Comparison of current X-ray observatories (launch of SRG is scheduled
for 2015).
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Figure 2.3.: Diagram of the satellite layout of the HEAO-2 satellite, also known
as Einstein (source: NASA).

Figure 2.4.: The ROSAT satellite in flight configuration (source: MPE).
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Figure 2.5.: Illustration of the Chandra X-ray observatory (source: NASA/CXC/
SAO).
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Figure 2.6.: Artist’s impression of XMM-Newton (source: ESA).
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(a) Schematic view of the Suzaku satellite (b) Cross section of Suzaku after
in orbit.
EOB deployment.

Figure 2.7.: Schematics of the Suzaku X-ray observatory (source: Mitsuda et al.,
2007).
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Figure 2.8.: Diagram of the NuSTAR X-ray observatory in the stowed (bottom)
and deployed (top) configurations (Harrison et al., 2013).
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Figure 2.9.: SRG Scientific payload: eROSITA, SXC and ART-XC on the Navigator platform (source: Pavlinsky et al., 2008).

15
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2.3. Solar System X-Ray Sources
In our solar system, the Sun is the most predominant primary X-ray source. While
the Sun’s outer surface with its 6000 K is too cool to produce any X-ray radiation, the temperatures of the solar corona can reach several millions of degrees –
hot enough to produce soft X-ray radiation. Solar X-ray radiation is transient,
changing over timescales of decades (the solar cycle, see fig. 2.10) down to minutes with solar flares. Solar flares emit radiation over the full electromagnetic
spectrum, from radio wavelengths to gamma rays.

(a) Solar soft X-ray emissions.

(b) The 11-year solar cycle in X-rays.

Figure 2.10.: The Sun in X-rays. Images from the Japanese Yohkoh mission
(source: NASA).
The Sun also contributes to the luminosity of other solar system objects. X-ray
radiation and charged particles from the Sun, predominantly H-ions, He-ions and
electrons, are scattered or absorbed by almost any object in the solar system.
These objects are therefore visible in X-rays with comparable appearance as in
the optical. But as the overall X-ray radiation intensity of the Sun is considerably
lower than in the optical, the objects are much fainter.
For example, the ROSAT telescope observed the Moon in soft X-rays (see
fig. 2.11). According to Konrad Dennerl (in Trümper and Hasinger, 2008), this
image shows three separate phenomena:
1. Scattering of solar X-rays on the lunar surface at the Sunlit side
2. Shadowing of the diffuse cosmic X-ray background on the dark
side
3. Excess X-rays at the dark side due to X-ray emission from the
geocorona in the foreground
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Figure 2.11.: The Moon in soft X-rays. Image from the ROSAT mission, printed
in Trümper and Hasinger (2008), originally published in Nature
(Schmitt et al., 1991)
These findings show the following:
1. The sun is the predominant source of X-rays in the solar system.
2. Any object scatters X-rays in a similar way as it scatters visible light (a half
Moon in the visible also appears as a half Moon in X-rays).
3. There is a diffuse X-ray background radiation.
4. There is another background radiation source between Moon and Earth.
Other solar system objects, that have been observed in X-rays include Venus
(Dennerl et al., 2002), Mars (Dennerl, 2002; Dennerl et al., 2006), Jupiter (Metzger et al., 1983) and comets (Lisse et al., 1996) among others. Bhardwaj et al.
(2007b) give an overview of X-ray radiation from solar system objects.
The observation of comets (Lisse et al., 1996) in X-rays revealed the mechanism
of charge exchange, which plays an important role in all areas of high energy
astrophysics.
The Earth is also active in X-rays in several ways. The geocorona is visible in
X-rays due to charge interactions between the solar wind and hydrogen. This way,
the Earth’s outermost atmosphere contributes to the X-ray background that is
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visible from satellite platforms within the geocorona. This background radiation
is visible in fig. 2.11 in the dark Moon regions (Dennerl, 2008).
Another process that contributes to the Earth’s luminosity in X-rays is the
magnetosphere. Electrons that are accelerated by the Earth’s magnetic field emit
bremsstrahlung when decelerated in the upper atmosphere. This effect is particularly present in the polar regions as measurements with the POLAR Earth observation mission revealed, mapping the Earth aurora in X-rays with the PIXIE
instrument (Petrinec et al., 2000). The large X-ray observatory Chandra also
measured the polar regions in soft X-rays (Bhardwaj et al., 2007a).

Figure 2.12.: X-ray image of the aurora borealis from the POLAR mission taken
with the PIXIE instrument (source: NASA/GSFC).
The observation of Jupiter with the Einstein telescope between 0.2 and 3.0 keV
(Metzger et al., 1983) revealed the more complex interaction of the Jovian magnetosphere with the solar wind and its orbiting moons Io, Europa and Ganymede.

2.4. Extrasolar X-Ray Sources
Galactic stellar sources are ubiquitous and the type of source is manifold – from
cataclysmic variables (Verbunt et al., 1997; Ritter and Kolb, 2003), white dwarfs
(Fleming et al., 1996), neutron stars (“The X-ray luminosity of rotation-powered
neutron stars.”), OB-type stars (Berghoefer et al., 1996) to late-type giants and
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Figure 2.13.: Example of a galactic X-ray source: The crab nebula with its central
pulsar. Composite image from radio (green), optical (red) and X-ray
(blue) wavebands (source: Trümper and Hasinger, 2008).
supergiants (Hünsch et al., 1998). A cross-correlation of the RASS data with
nearby star catalogues was performed by Hünsch et al. (1999). The brightest
sources in our galaxy are accreting neutron stars and black holes, for example
“Low Mass X-ray Binaries” (LMXB), which transfer vast amounts of energy in
confined spaces. Supernova remnants (SNR) are the largest visible objects in the
X-ray sky. SNR are the only type of source that is not variable.
Among the extragalactic sources are active galaxy nuclei (AGN) of various
types (e.g., Bade et al., 1995), quasars and super-massive black holes in galaxy
centers. All these sources are variable, unlike the most distant objects visible in
X-rays, galaxy clusters (e.g., Briel and Henry, 1993; Vikhlinin et al., 1998; Rosati
et al., 2002). These objects comprise thousands of galaxies and are the largest
structures in the universe.
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3.1. Project Partners and Tasks
The Max-Valier Satellite (MVS) project is a co-operation of South-Tyrolean
schools Gewerbeoberschule Max Valier Bolzano (GOB), Gewerbeoberschule Oskar
von Miller Merano (GOM), the amateur astronomer’s club Amateurastronomen
Max Valier (AMV), the space company OHB System AG Bremen (OHB) and the
Max-Planck-Institut für extraterrestrische Physik, Garching (MPE). Figure 3.1
(Orgler et al., 2009) shows a map that shows the locations of the project partners. The Italian company Media Lario Technologies (MLT) contributes to the
project by delivering the X-ray mirror shells free of charge.
The tasks and responsibilities of each of the aforementioned project partners
are summarized below.
GOB:
• Power supply
• On-board data handling
• Attitude control electronics
• Structural manufacturing
• Operations
GOM:
• Telemetry and telecommand
• Antennas
OHB:
• Project management
• Systems engineering
• Project funding
• Structural and thermal design
• Launch
• Satellite integration
• Secondary payloads
– AIS receiver
– CMOS camera
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AMV:
• Astronomical data analysis
MPE:
• X-ray telescope
• Telescope integration
• Satellite environment testing
MLT:
• X-ray mirror shells

Figure 3.1.: Max-Valier Satellite project partners (Orgler et al., 2009).
OHB is not only responsible for the systems engineering and the project management, which includes the co-ordination of the project partners, but also covers
most of the funding. Each component is designed, developed and tested individually by the responsible partner. The complete satellite is integrated at the OHB
facilities in Bremen. However, in order to avoid contamination of the extremely
sensitive X-ray mirror surfaces, the µROSI X-ray telescope is transported only
if absolutely necessary. Thus, the satellite is integrated and transported to the
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MPE facilities without the X-ray telescope. In the MPE cleanrooms, the µROSI
telescope will be integrated after the satellite has been outgassed properly. Then,
the satellite undergoes the environmental tests at the MPE. These tests include
random vibration test, thermal cycling, thermal balance test as well as functional
tests.

3.2. Satellite Launch
The Max-Valier Satellite is scheduled for launch on a VEGA rocket in April
2014. The launch has been confirmed by Arianspace in June 2013 during the
Paris Air Show in Le Bourget (Arianespace, 2013). The MVS nanosatellite is
launched as one of two piggy-back payloads, the second being the Latvian Venta1 nanosatellite. Both satellites are based on the same Quadsat platform developed
by the University of Applied Sciences Bremen (Ventspils High Technology Park,
2012).
Figure 3.2 shows the accommodation of MVS and the Latvian Venta-1 satellite
within the VEGA payload fairing. MVS and Venta-1 are both mounted directly
on the conical section of the launch adapter underneath the adapter ring for the
primary payload.

Figure 3.2.: Accommodation of MVS and the Latvian Venta-1 satellite inside the
VEGA payload fairing (source: Arianespace, 2013). The primary
payload is not shown in this image.
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Due to the accommodation on the conical launch adapter, the piggy-back payload satellites are separated after the primary payload. The separation from the
launcher is performed with four separation bolts that release the satellite perpendicularly to the mounting plate. The orientation of the satellites on the conical
adapter has an impact on the final orbit of each satellite. Assuming that the
primary payload is released in a circular orbit, both piggy-back payloads will be
injected into an elliptical orbit due to the lateral orientation of the release adapter.
However, as of July 2013, the exact release sequence is still under investigation
by OHB and Arianespace.

3.3. All Sky Survey
Performing an all-sky survey means that the telescope scans the whole sky. For
this purpose the telescope needs to rotate with an angular velocity ωs (see fig. 3.3).
Thus, the telescope scans a swath with a width that matches its field of view
(FOV) Θ along one great circle of the sky. In order not to scan the same great
circle again and again, the scanning plane needs to precess with a precession rate
ωp so that, over time, the swaths cover the whole sky.
Figure 3.4a shows the exposure map of the ROSAT all-sky survey (RASS) in
equatorial coordinates. This map gives a distribution of the time spent observing
the sky. Clearly visible are the survey poles (bright blue regions) that are crossed
by every scanning swath. As a result, the survey poles were observed with longer
exposure time than the regions close to the ecliptic plane. The image also shows
some gaps on the map (dark spots) that were observed only briefly. This was due
to the fact that the ROSAT PSPC instrument was switched off when it crossed
the South Atlantic anomaly (Voges et al., 1999) to avoid damage due to higher
density of charged particles.
An ideal all-sky survey would equally distribute the exposure time over the
whole sky. But the areas of deep exposure coincide with the precession axis, and
the precession axis can not be changed arbitrarily. However, with a nutation of
the precession axis, the areas of deep exposure could be widened up and the effect
of high-lighted regions in the exposure map can be reduced.
Assuming that the telescope is firmly mounted to the satellite, it is the satellite
attitude control system’s task to perform the manoeuvres required for the allsky survey. The attitude accuracy is not required to be high. As the telescope
scans the whole sky, a brief deviation of the scan path is acceptable as long as the
actual orientation is known precisely. Thus, the spacecraft’s attitude sensors shall
be able to deliver information where the telescope was pointed with an accuracy
of half of the field of view angle as a minimum requirement.
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Survey pole

δ
ωp

ωs

φ

Figure 3.3.: All-sky survey geometry. The telescope boresight rotates around its
scan axis with the angular velocity ωs describing a great circle in the
sky for one full revolution. The scanning plane precesses around with
a precession rate ωp .
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(a) ROSAT exposure map

(b) ROSAT X-ray background radiation map

Figure 3.4.: X-ray background map (fig. 3.4b) and exposure map (fig. 3.4a) of the
ROSAT all-sky survey in equatorial coordinates (Englhauser (images
from 2001), Voges et al. (originally published by 1999)). The survey
poles were observed with longer exposure times (blue regions in the
exposure map), as they are crossed with every scanning great circle.
The X-ray background map does not show point sources. It could
be measured precisely due to the outstanding background rejection
capabilities of the ROSAT PSPC detectors.
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3.4. Sun-Synchronous Orbit (SSO)
Sun-synchronous orbits are a class of orbits that use the perturbations caused
by the Earth oblateness to maintain a constant angle between the orbit plane
and the Sun. This angle is often referred to as the β-angle. A constant β-angle
has the great advantage that the solar panels of three-axis stabilized spacecraft
continuously point towards the sun without the need for attitude changes or
solar panel movements. Another characteristic of SSOs is that each geographical
latitude is always crossed at the same local time.
In order to achieve a constant β-angle, the orbit plane needs to precess around
the Earth with the same speed in which the Earth circles around the Sun. Expressed in figures, the orbit is perturbed so that the orbit plane precesses with an
angular velocity of 0.9856◦ per day, summing up to a total 360◦ in one year.
If the β-angle is zero, the spacecraft ground track coincides with the day-night
border. The ascending node is either passed at 0600 local time or at 1800 local
time. As the spacecraft never enters the Earth’s shadow, solar panels can work
continuously. The temperatures of the spacecraft remain rather stable as it never
enters the Earth shadow.
A SSO with an ascending node at 1200 or 2400 local time crosses the day-night
border perpendicularly. The spacecraft is exposed to the Sunlight during a first
day phase of the orbit and enters the Earth shadow during the eclipse phase of
the orbit. Depending on the orbit altitude, the first phase comprises some 55
to 75% of the orbit time. The rapid change between the two phases is a major
challenge for the thermal control of the spacecraft.
Other popular SSO orbits cross the ascending node at 0900 or 2100 local time,
the so-called dusk-dawn orbits. They are particularly suited for Earth observation missions as the Earth below is illuminated by the Sun with low incidence
angles. Objects on the ground cast long shadows which is helpful for certain
Earth observation methods.
The deviations of the Earth from a perfect sphere is usually described in geopotential models. These models give an analytical approach do describe the actual
gravitational field of the Earth with various terms Ji , Ci , Si . The most dominant
is the J2 term that specifies the oblateness of the Earth1 . In effect, the gravitational forces on the satellite are larger at the equator than at the poles. This
perturbation can be expressed as a momentum with the momentum vector originating in the Earth center and going through the ascending node. Due to the
momentum of inertia of the satellite, the resulting perturbation is a precessing
rotation with an angular velocity Ωorbit of the orbit plane.
1

The diameter of the Earth at the equator is 12756 km and 12714 km at the poles.
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and assuming a circular orbit where p = a, eq. (3.1) can be rewritten with
Ω [rad/s]
Ωorbit
P
7
3 J 2 a− 2
cos i
=− √
2 µE

Ω=

(3.3)
(3.4)

Introducing the orbit altitude horbit = a − RE and equalizing eq. (3.3) with the
angular velocity of the Earth around the Sun
ΩE = 1.99106 · 10−7

rad
2π
≈
s
365 days

(3.5)

the relation between the orbit altitude and the inclination can be expressed
7
√
2 ΩE µE (horbit + RE ) 2
(3.6)
cos i = −
3
J2
Figure 3.5 shows inclinations and orbit altitudes for circular SSOs. The inclination is strictly higher than 90◦ which means that the spacecraft trajectory is
retrograde towards the Earth rotation. SSOs exist theoretically for orbit altitudes
of up to 6000 km, but the most common SSOs are at altitudes between 600 and
1000 km.
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Figure 3.5.: Orbit altitude as a function of the inclination for Sun-synchronous
orbits.

For the Max-Valier satellite mission, a SSO is the orbit of choice for two reasons.
First, the solar panels can continuously generate electrical power without attitude
changes. Secondly, the orbit precession helps to perform a full all-sky survey, if
the scanning axis points towards the Sun (see section 3.5).
A small satellite mission such as Max-Valier is hardly able to select the orbit
it is flying in. Instead, it is more likely to fly as a piggy-back payload and the
prime customer determines the orbit. However, SSO have significant advantages
for many satellite missions and chances are good to get a lift to a SSO.
The local time of the ascending node of the SSO is not relevant for the science
case of the µROSI telescope on board MVS. But, the local time has an impact
on the thermal environment and on the availability of electrical power. The
spacecraft and the telescope therefore should be designed for all types of SSOs.
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3.5. Scanning Rotation
The solar panel, which is firmly mounted to the spacecraft, determines the attitude of the whole spacecraft. As the solar panel should always be pointed
towards the Sun, the only degree of freedom for the spacecraft attitude is the
rotation around the Sun vector. This rotational degree of freedom is used for the
scanning rotation ωs (as shown in fig. 3.3).
The scanning rotation can be performed with almost any angular velocity. However, it should not be too fast so that observed X-ray sources in the sky do not get
“smeared”. And it should also be not too slow so that the orbit precession creates dark streaks in the exposure map. An angular velocity that equals the orbit
period is probably the most obvious selection. This way, the telescope could be
continuously zenith pointed (see fig. 3.6a). The Earth would never be in the field
of view, which is good for maximum time spent for observing the sky. However,
the secondary mission goal requires observation of the Earth’s upper atmosphere
in soft X-rays. This implies that the telescope should spin around the scan axis
so that Earth horizon observations are possible.
Figure 3.6 shows the orbit plane and the telescope orientation during one orbit for different scanning rates. Figure 3.6a shows the above mentioned zenith
pointing mode with a scan rate of one prograde revolution per orbit. In this
mode no Earth horizon observations can be made. Figure 3.6b shows the same
scanning velocity, but with retrograde rotation. This way, the Earth crosses the
telescope’s field of view two times with four possible horizon observations. Increasing the scanning rotation velocity to two revolutions per orbit increases the
number of possible Earth horizon observations to two for prograde rotation and
six for retrograde rotation (see figures 3.6c and 3.6d).
For the zenith pointing mode the position of the Sun and the Earth, both the
most dominant sources of thermal radiation, are stable as seen from the spacecraft.
The Sun continuously shines on the solar panel and the Earth is always in the
opposite direction of the telescope boresight. All other options depicted in fig. 3.6
yield varying view factors for the Earth. This circumstance has to be taken into
account by the thermal analysis of the telescope.
The scanning rotation has an important influence on the telescope’s thermal
environment. It does not determine whether or not the spacecraft enters eclipse,
but it determines which parts of the spacecraft are pointed to Earth. However,
as the final orbit is not yet fixed, precise recommendations can not be given as to
how and when to change the scanning rotation.
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(a) 1 revolution per orbit, prograde, zenith
pointing

(b) 1 revolution per orbit, retrograde

(c) 2 revolutions per orbit, prograde

(d) 2 revolutions per orbit, retrograde

Figure 3.6.: Scanning rotation of the µROSI telescope in the orbit plane. The
dashed lines indicate possible Earth horizon observations.
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4.1. X-Ray Focussing Mirrors
In the middle of the 20th century, X-ray detectors had been in use for several
decades in particle physics research. But, X-rays still could not be focussed imposing severe limits on X-ray telescope sensitivity. The main problem is that classical
optical components used in the VIS and IR bandwidths, such as lenses, filters and
mirrors, do not work in X-rays. Since optical material properties are functions of
the wavelength, optical designs for X-ray telescopes are very different from visual
telescopes. Section 4.1.1 gives a brief introduction to optical properties of X-rays.
In 1952, Wolter published his solution for focussing X-ray radiation (Wolter,
1952). Although his publication was specifically aimed at X-ray microscopy, the
optical geometry he had proposed could also be used for X-ray astronomy. The
Wolter geometries are described in detail in section 4.1.2.

4.1.1. How To Focus X-Rays
For optical or infrared bandwidths, numerous configurations of focussing optics
exist. For X-rays, however, the situation is more complicated. Most materials are
transparent to X-rays and refraction can be hardly observed. But there is a way
to focus X-rays using total external reflection at small incidence angles.
The complex refraction index n helps to understand this phenomenon.
n = 1 − δ − iβ
n
δ
β

[1]
[1]
[1]

(4.1)

Complex refraction index
Phase change coefficient
Absorption coefficient

The optical “constants” β and δ are in fact functions of the wavelength. For
materials with high atomic number Z, values for β and δ are typically positive
and in the order of 10−6 . . . 10−3 . This means that the real part of n is slightly
smaller than unity and refraction does not occur.
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1 − δ := 1 in vacuum

1 − δ < 1 for matter
In fig. 4.1, the optical properties of gold are shown for energies from 0.1 keV
to 30 keV for different incidence angles.

Figure 4.1.: Optical properties of gold for different grazing incidence angles between 0.1 keV and 30 keV (Trümper and Hasinger, 2008).
An effective and efficient way to focus X-ray radiation is to make use of total
reflection under small incidence angles. Consider a plain boundary between two
materials with different refractive indices with 1 − δ1 > 1 − δ2 as shown in fig. 4.2.
When radiation hits the boundary, it is refracted. Under a certain small angle αt ,
however, radiation is refracted in such a way that it travels along the boundary.
For smaller, grazing incidence angles α < αt , total reflection occurs. The critical
grazing incidence angle αt can be calculated using eq. (4.2).
1 − δ = cos αt
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Figure 4.2.: The critical grazing incidence angle αt .

4.1.2. The Wolter Geometry
The publication of Wolter in 1952 presented for the first time a practical solution
to focus X-ray radiation. Wolter could show that it is possible to focus X-rays
compliantly with Abbe’s sine condition using a mirror system with an even number of mirrors. He also suggested three possible configurations with two mirrors
each (Wolter, 1952) of which the Wolter-1 configuration is most commonly used
for X-ray astronomy.
The major advantage of the Wolter-1 configuration is that mirror shells can be
nested coaxially to increase the effective area of the mirror system. If effective area
is less critical, e.g. for solar X-ray telescopes, the more compact Wolter-2 configuration may be advantageous. Classical Wolter-1 and Wolter-2 configurations
consist of a parabolic and a confocal hyperbolic mirror shell. Wolter-3 configurations consist of a paraboloid and an ellipsoid, but did not find any application in
astronomy so far.
The most important properties can be summarized as follows: Wolter-1 optics
consist of a parabolic primary mirror and a hyperbolic secondary mirror. Incoming radiation is reflected at small grazing incidence angles α ≤ αt . The aperture
of a Wolter optic is a ring surface, i.e. the projected surface of the primary mirror
normal to the optical axis. In the following, the Wolter-1 configuration will be
investigated in more detail.

35

4. Instrumentation

Figure 4.3.: Schematic of Wolter-1 optics (Trümper and Hasinger, 2008).

4.1.3. Mathematics of Wolter-1 Mirrors
Figure 4.4 shows a cylindrical coordinate system (r, z) with the origin in the
focus and the z-direction along the optical axis. The intersecting circle between
the primary and secondary mirror is described by the coordinates (r0 , z0 ). The
angles α and β are the slope of the primary and secondary mirror respectively in
(r0 , z0 ). The incidence angle α for each mirror shell should not exceed the critical
grazing incidence angle αt (see eq. (4.2)).
With the focal length f = z0 and the mirror radius r0 , the F -number is defined
as follows:
z0
f
=
D0
2 r0
The aperture area A of the mirror is given by eq. (4.4).
F =

A = π ra2 − r02



(4.3)

(4.4)

The largest deflection takes place at the smallest radius of the primary mirror at
(z0 , r0 ). Thus, the incidence angle α is defined here. The best reflecting efficiency
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Figure 4.4.: Wolter-1 geometry variables definition
is achieved, when the ratio of grazing angles ζ equals 1; in other words: when the
reflecting angle of the primary and the secondary mirror are equal.
α
β−2 α
ζ=1
⇒β=3α
ζ=

(4.5)
(4.6)
(4.7)

With this constraint the total deflection of the incoming radiation is 4 α. Thus,
α, r0 and z0 are related by eq. (4.8).
tan (4 α) =

r0
z0

(4.8)

With α, β known, the shape of the Wolter-1 mirrors are well defined for given
(r0 , z0 ). The only free parameter is the length of the mirror shell given by eq. (4.9).
l = za − z0 = z0 − zb

(4.9)
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The length of the mirror shell l has no effect on the shape function. It is merely
a cut-off value where the shape function ends.
Although the mirror shape is fixed, the assumptions made above are only valid
for incident radiation that is parallel to the optical axis, i.e. for on-axis point
sources.
There are numerous ways to define a suitable surface function depending on the
selected science case (i.e. bandwidth, energy resolution, image resolution, on-axis
versus off-axis properties etc.) as an optimum solution for the whole FOV. One
possible general parametrization is given in eq. (4.10) (Burrows et al., 1992) for
the primary mirror and eq. (4.11) for the secondary mirror.
ra2

=

r02

·

N
X


ai ·

i=0

rb2

=

r02

·

N
X
i=0


bi ·

z − z0
r0

i

z − z0
r0

i

(4.10)

(4.11)

The parameters ai , bi for usage in eqs. (4.10) and (4.11) for the classical Wolter-1
paraboloid-hyperboloid mirror shapes are:

N
a0
b0
a1
b1
a2

=2
=1
=1
= −2 tan α
= −2 tan β
=0
tan β
b2 = 2 r0
z0 + tanr02α

The classical paraboloid-hyperboloid Wolter-1 mirrors have perfect on-axis
properties, but worsening off-axis imaging properties. van Speybroeck and Chase
give an empirical formula to estimate the off-axis RMS blur circle σ as a function
of the off-axis angle θ (van Speybroeck and Chase, 1972).
σ=
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ζ + 1 l 2 tan2 θ
+ 4 tan θ tan2 α
10 f tan α

(4.12)
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Depending on the F -number and the FOV, off-axis errors are dominated either
by spherical abberation or coma. Burrows et al. suggest a numerical approach to
optimize higher order parameters ai , bi for N > 2 to minimize the RMS spot size
over the whole FOV (Burrows et al., 1992).
An effective, yet simple, way to improve the blur over the whole FOV is to
move the detector slightly towards the mirror. This increases the on-axis blur,
but reduces blurring over the total FOV. This solution has found practical use in
various Wolter-1 optics, for example in the XMM telescope.

4.1.4. Mirror Performance
All mirror performance parameters are functions of the energy. For example, the
energy dependence of the reflectivity is shown in fig. 4.1. It is therefore useful to
evaluate mirror performance parameters for discrete energies. Refer to table A.2
for a list of spectral lines.
The point spread function (PSF) characterizes the ability of the mirror to focus
a point source in the detector plane. Incident radiation from a point source
is scattered due to errors of the mirror surface from macroscopic figure errors
to small scale errors in the micro roughness. The PSF is therefore a critical
parameter for the spatial resolution. It is usually given for the half energy width
(HEW) and/or the full width half maximum (FWHM) in units arc seconds.
Figure 4.5 shows the on-axis PSF for the three different instruments of the
XMM-Newton X-ray telescope.

Figure 4.5.: On-axis point spread functions of the three XMM-Newton telescopes:
MOS-1 (left), MOS-2 (middle) and pn (right) (source: ESA, 2012b).
The off-axis PSF differs from the on-axis PSF. With increasing off-axis angle
θ the point source appears to be smeared. Figure 4.6 shows the off-axis PSF of
the XMM-Newton telescope depending on the position in the imaging field. The
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Figure 4.6.: Off-axis point spread functions of XMM-Newton (source: ESA,
2012b).

image is the result of calibration measurements conducted in the MPE’s PANTER
facility (refer to Burwitz et al., 2013, for more information about PANTER).

4.1.5. Double Cone Approximation
A major simplification of the mirror geometry is the double cone approximation
(see fig. 4.7). While Wolter-1 mirrors, in theory, have perfect on-axis imaging
properties, the focus of an on-axis point source is always a disk. The imaging
quality of double cone mirrors is therefore relatively poor compared to a Wolter
geometry, but they are still capable of focusing X-ray radiation onto a spot.
The slope of the mirror surfaces in the r0 , z0 coordinate system is constant with
the slope of the primary mirror given by eq. (4.8).
With zeta = 1 the slope of the secondary mirror is:

β=3α

(4.13)

The surface function of a double cone can be expressed with the following
parameters using eqs. (4.10) and (4.11):
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n=2
a0 = 1
b0 = 1
a1 = −2 tan α
b1 = −2 tan β
a2 = tan2 α
b2 = tan2 β

This is a rather complex expression. It may be beneficial when comparing
different shape curves, but a much more convenient way to describe the double
cone surface function is simply by two linear functions eq. (4.14).
(
r0 + tan 3α · (z − z0 )
; z ∈ [z0 − l; z0 ]
r(z) =
(4.14)
r0 + tan α · (z − z0 )
; z ∈ [z0 ; z0 + l]
The actual focal length f 0 of a double cone mirror differs from the nominal focal
length (see fig. 4.7) by the focal length offset ∆f .
∆f
+f
2
rb
∆f =
−f +l
tan 4α
The focus f 0 coincides with the smallest spot diameter dspot .
f0 =

dspot = ∆f · tan 4α

(4.15)
(4.16)

(4.17)

The resolution u of the double cone can be calculated with the spot diameter
and the actual focal length. The resolution u is usually given in units arcminutes
or arcseconds.


dspot
−1
u = tan
(4.18)
f0
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Figure 4.7.: Double cone approximation. Due to the constant slope angle of a
double cone, reflected X-rays are parallel. The focal length of the
double-cone is therefore longer by ∆f/2 and the focus is a disc with
diameter dspot .
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4.1.6. Nesting Mirror Shells
To increase the total area, several Wolter-1 mirror shells can be nested, so that a
Wolter-1 mirror system comprises several mirror shells. The total aperture area
of the mirror system is then the sum of the aperture areas of each mirror shell.
Nesting thin walled mirror shells allows for a good filling factor while keeping the
mirror system as compact as possible (see fig. 4.8 for examples of nested mirror
shells).
Another advantage of nesting mirror shells is that the inner shells serve as
aperture stops limiting the FOV and preventing single reflections (stray light
reflected by the secondary mirror only).

4.1.7. Established Mirror Manufacturing Technologies
As any other optical device, X-ray mirrors require high precision. The imaging
quality is determined by macroscopic errors (misalignment, roundness, and slope
errors) and micro-roughness. Since the wavelength of X-rays is shorter than visual
by two to three orders of magnitude, the micro-roughness needs to be equally
more precise. Improving the smoothness of mirror surfaces has long been the
main driver for mirror manufacturing technologies. Today, micro-roughnesses of
< 1 nm can be achieved with established polishing techniques.
Polished Glass Mirrors
Glass has long been the preferred material for optical surfaces. Thick glass is
ground, polished and coated to extremely smooth surfaces. The mirror of the
Chandra X-ray telescope made from Zerodur glass achieves the best angular resolution (< 1 arcsec). After polishing, the reflective coating is applied on the mirror
surface.
Electro-Galvanic Forming
Electro-galvanic formed (e-formed) mirrors are manufactured on a polished mandrel which is a negative form of the optical surface. The surface roughness of the
mandrel directly influences the surface properties of the formed mirror shell. The
mandrels are usually made from solid aluminium with a nickel surface.
First, the optical surface coating material (typically gold) is vapor deposited on
the mandrel. Then the mirror shell material (nickel) is deposited onto the gold
in an electro-galvanic bath. By adjusting the currents in the galvanic bath and
the time spent, the thickness of the mirror shells can be controlled. The finished
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(a) The ROSAT mirror module consists
of four nested Wolter-1 mirrors made
from polished Zerodur glass with gold
plating (image : MPE).

(b) One of the three XMM mirror modules
comprising 58 nested mirror shells made
from e-formed nickel (image : MPE).

Figure 4.8.: Examples of different X-ray mirror systems.
mirror shell is finally released from the mandrel and can then be integrated into
a mirror support structure.
One major advantage of this process is that the mandrel can be used several
times to replicate identical mirror shells. This way, telescopes may increase the
total effective area by using several identical mirror modules.

4.2. X-Ray Detectors
Gaseous detectors were the first electronic instruments available for detecting
X-rays. Large achievement in this area were made in the early and mid 20th century, primarily in the field of nuclear physics research. Proportional counters are
gaseous detectors with a signal output that is proportional to the photon energy
of the incidence radiation. They were originally developed for particle physics
research and later specifically designed for space applications with great success.
Imaging gas proportional counters used for instance on the X-ray satellites Einstein and ROSAT had a moderate energy resolution, good position resolution
and still unexcelled time resolution and background rejection efficiency. With
the upcoming of silicon based detectors, the use of gaseous detectors for high
energy astronomy has practically come to an end. Large CCDs are now used on
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all X-ray satellites delivering vast amounts of data with high spatial and spectral
resolution.
Silicon has been used as detector material since the 1950s. One advantage
of silicon is that an energy of only 3.7 eV is needed to create an electron-hole
pair making it an ideal base material for detecting photons and particles over a
wide bandwidth with high sensitivity. Today, fully depleted p-n junction silicon
is the current state-of-the-art in X-ray detector technology. The working principle of fully depleted silicon detectors for X-ray detection was first published by
Gatti and Rehak (Gatti and Rehak, 1983). Although the article concentrated on
drift detectors (see section 4.2.3), the same basic principle applies for all silicon
semiconductor detectors, such as CCDs.
Semiconductor detectors have some intrinsic advantages compared to gaseous
detectors. Higher density of detector material (ρSilicon /ρGas ≈ 103 ) yields higher
quantum efficiency and lower required energy for generating an electron hole pair
yields better energy resolution. However, gaseous detectors have an excellent
background noise rejection capability with the application of anti-coincidence
measures.

4.2.1. pnCCDs
The first space mission with a CCD for X-ray astronomy was the Japanese ASCA
satellite launched in 1993. Chandra and XMM-Newton following in 1999 were
also equipped with several CCD detectors as focal plane instruments. Other
missions with CCDs are, for example, SWIFT and SUZAKU. CCDs for X-ray
detection are used in many different areas, such as particle physics, quantum
optics or material analysis. The typical bandwidth covered by CCD detectors
is 0.1 . . . 15 keV , although pnCCDs are sensitive up to 30 keV with still ∼ 20%
quantum efficiency.
Like CCDs for optical bandwidths, different architectures are possible: full
frame, frame transfer or backside-illuminated with the same intrinsic advantages
and disadvantages for each mode.
Full frame CCDs are highly sensitive devices with a simplistic, compact architecture. However, read-out and integration can only be conducted sequentially. With read-out times of ∼ 2.6 seconds (full-frame mode of XMM Epic MOS
camera), full-frame CCDs are prone to pile-up if X-rays are detected during the
read-out.
Frame transfer CCDs push the integrated charge to a dedicated read-out register and thus mitigate the problem of pile-up. However, the extra register makes
the CCD larger, heavier (the read-out register must be shielded from irradiation),
more complex and more sensitive to charge transfer losses.
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Backside-illuminated CCDs receive the radiation from the side that does not
have the pixel structure. Thus, the radiation is transported deep inside the bulk
silicon, as seen from the illuminated side. Backside-illuminated CCDs are therefore less susceptible to radiation damages due to soft X-ray background radiation.
In fig. 4.9, the schematics of a backside-illuminated, fully depleted pnCCD
is shown. CCDs of this type in frame-transfer configuration are used for the
upcoming eROSITA X-ray telescope on board the SRG satellite.
Figure 4.9 shows the schematic cross-section through a CCD wafer along one
read-out channel. The wafer consists of bulk n-silicon with both surfaces covered
with a p+ boron implant. The read-out anode is an n+ phosphorous implant with
an ohmic connection to the silicon bulk. Adjusting the voltages of the p+ layers
sets the depth of the potential minimum (shown on the right in fig. 4.9). Charges
generated by incoming radiation are collected at the potential minimum (pixel
well) close to the front side of the wafer with the pixel structure nearby. As the
charges are transported in a depth of ∼ 10 µm, pnCCDs have good radiation
hardness.

4.2.2. Detector Noise
Detector noise has an impact on the energy resolution and is therefore a key
parameter for the overall detector performance. The total noise is the squared
sum of all equivalent noise charge contributions.
The Fano noise describes the effect that monochromatic radiation does not
appear as a straight spectral line, but is rather visible as a narrow gaussian curve
in the spectrum. It therefore imposes a hard limit to the energy resolution of
the detector. Since Fano noise is proportional to the incident photon energy, it
becomes dominant for energies > 1 keV (see fig. 4.10).
Transmission noise describes the effect that each time the charge is transferred
from one pixel to the next towards the read-out channel, a small fraction of that
charge is lost due to inefficiencies. As charges are transported over the length
of the CCD channel, charge transfer losses are dependent of the number of pixel
transfers and the charge transfer efficiency (CT E) . Pixels that are further away
from the read-out anode will have higher transmission noise levels as these charges
are transferred over more pixels. In effect, the transmission noise is not constant
over the area of the CCD. With (1 − CT E) ≈ 10−5 , transmission noise becomes
relevant for large detectors with several hundreds of pixels per read-out channel.
Furthermore, charge transfer efficiency degrades significantly over time.
Electronic noise takes into account the noise generated by the analogue frontend electronic components. It can be reduced by minimizing the read-out anode
capacitance, lowering the leakage current and by optimizing the shape time con-
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Figure 4.9.: Schematic of a frame-store pnCCD (Trümper and Hasinger, 2008; Meidinger et al., 2003).
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Figure 4.10.: Energy resolution as a function of the photon energy for low (1e- )
and high (5e- ) electronic noise. The fano noise contribution is
dominant for high energies, the electronic noise for lower energies
(Trümper and Hasinger, 2008).
stant and filter function. Another important contribution to the electronic noise
comes from the detector temperature. State-of-the-art pnCCDs have electronic
noise of ∼ 2 e− at readout speeds of < 1 µs and operating temperatures of −60 ◦ C.

4.2.3. Silicon Drift Detectors
The concept of modern fully depleted silicon drift detectors (SDDs) was first
introduced by Gatti and Rehak in 1983 (Gatti and Rehak, 1983). This publication
anticipated the lateral charge transfer through semiconductors parallel to the
sensitive area. This concept is used in SDDs as well as in thick CCDs.
Figure 4.11 shows the basic configuration of a SDD with integrated FET amplifier. It consist of monolithic n- silicon with high resistance. An electric field
parallel to the detector surface transport charges generated by incoming X-ray
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Figure 4.11.: Silicon Drift Detector working principle (Eggert et al., 2003).
photons to the anode, which is located in the center close to the on-chip amplifier.
Due to the centered read-node concept, the capacitance is not dependent on
the sensitive area size. Thus, high read-out frequencies and excellent spectral
resolutions can be achieved with SDDs. Equipped with a peltier element for
cooling, SDDs can be operated at or close to room temperature with good energy
resolution (see fig. 4.12). However, this requires additional electrical power for
cooling.
The most recent generation of SDDs are the so-called Silicon Drift Detector
Droplets (SD3 , see fig. 4.13). To reduce background noise, the position of the onchip amplifier is shifted from the center towards the rim of the SDD. By placing
a circular collimator in front, the amplifier is protected from direct irradiation.
The peak to background ratio is thus increased significantly. Due to its shape,
the capacitance of the amplifier can be optimized, additionally reducing the noise
(Lechner et al., 2004).
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Figure 4.12.: SDD energy resolution versus temperature and shaping time (source:
PNSensor GmbH, http://www.pnsensor.de)

Figure 4.13.: Silicon Drift Detector Droplet (SD3 ) (Lechner et al., 2004). The
black region is the readout anode with on-chip amplifier.
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4.3. Instrumentation for Small Satellites
Since the launch of HEAO-2 (Einstein), the use of Wolter-1 grazing incidence
focusing mirrors is common practice. Over the past 40 years this has led to a
constant increase in effective area of X-ray telescopes. One major design driver
for X-ray instruments is the mirror substrate material. The material directly
influences the thickness and the optical precision of the mirror shell. While polished glass mirrors achieve the best precision (e.g. Chandra), their relatively high
thickness limits the effective area. Additionally, the mass of a thick glass mirror is
significantly higher than that of thinner e-formed nickel shells. Current research
in mirror manufacturing technology for X-ray telescopes concentrates on silicon
pore optics (Collon et al., 2010; Willingale et al., 2013) and slumped glass foils
(Friedrich et al., 2006; Ghigo et al., 2012). The major difference to “conventional”
technologies is that X-ray mirrors from silicon pore optics or slumped glass are
always segmented. This means that several mirror sectors are assemble to form
an axially symmetric mirror. However, both technologies require more research
until being ready for usage in a space mission (estimated TRL ≤ 4)1 .
Since the introduction of CCD detectors into X-ray astronomy instrumentation,
the development of gaseous detectors has de facto come to an end. They have
been replaced by CCD detectors that deliver high spatial and spectral resolution.
SDDs are based on the same working principle as CCDs enabling them to deliver
spectral resolution comparable to current state-of-the-art CCDs. SDDs have been
used on Mars and Lunar rovers for mineral analysis. Both detector types can be
therefore considered space-proven (estimated TRL ≥ 8)2 .
Due to their high spatial resolution, CCDs are the first choice if the focusing
optics is capable of delivering enough photons with sufficiently small point spread.
Presuming that small satellite X-ray telescopes have limited effective area, they
are hardly able to work well with high resolution CCDs. Thus, SDDs are well
suited for small X-ray telescopes as they do not require high throughput focusing
optics and are less complex electronically.
The selection of the optical components for the µROSI telescope has been
limited to established technologies with high TRLs in order to save development
time and costs. The µROSI mirror is therefore made from e-formed nickel using
the same technology that is currently used for the eROSITA mirror shells. The
infrastructure required for the manufacturing and measurement of the shells is
available and has demonstrated its effectiveness. More importantly, the company
1
2

Component and/or breadboard validation in laboratory environment, compare table A.3
Actual system completed and “Flight qualified” through test and demonstration (ground or
space), compare table A.3
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Media Lario Technologies (MLT), who is responsible for the eROSITA mirror
manufacturing, agreed to provide the mirror shells for µROSI free of charge.
Presuming that the telescope will not have a high aperture area, a commercially available SDD is selected for the µROSI telescope. With just one pixel,
the read-out electronics is much more simplistic and requires less power than a
CCD solution. Relinquishing spatial resolution also allows to use the double cone
approximation instead of a real Wolter-1 shape.
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Telescope
5.1. Introduction
The miniature X-ray telescope µROSI on board the Max-Valier Satellite opens
up a window to the high energy universe for amateur astronomers. It is the
first X-ray telescope specifically designed for a nanosatellite in the 10 kg class.
This circumstance makes it a novelty and at the same time imposes some serious
constraints in terms of mass, power consumption and budget.
The primary mission objective of the Max-Valier Satellite already has been
mentioned in section 1.1 (p. 1):
The MVS mission objective is to perform an all-sky survey in the soft
X-ray bandwidth searching the whole sky for bright X-ray sources
with an angular resolution of 1◦ .
This definition is the starting point for designing the µROSI telescope. For the
µROSI telescope design process, the following approach has been used. Before
detailing the scientific objectives, the size of the telescope is determined using
a similarity approach (see section 5.2). From the similarity we can also deduce
a preliminary simulation of the sources that are observable during the all-sky
survey (see section 5.3). In the following, the scientific objectives are defined
in more detail (section 5.4). Then, the subsystems of the µROSI telescope are
defined (section 5.5) and the requirements for all subsystems are established (section 5.6). The chapter concludes with the final design description (section 5.7)
and the presentation of the model philosophy used for developing the telescope
(section 5.8).
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5.2. Telescope Sizing
The telescope size is mainly driven by the focal length f and the F -number,
which is the relation between f and the aperture diameter D0 (see eq. (4.3) on
p. 36). The focal length defines the distance between the Wolter mirrors and the
detector and is therefore a reference for the overall telescope dimensions, while
the F -number is a key parameter for the telescope design.
Most X-ray telescopes have F -numbers around 10 and a FOV around 300 (see
table 2.2). In order to achieve a higher FOV, the F -number needs to be lower.
For example, the SRG satellite with the eROSITA telescope has an F -number of
4.4 and a FOV of 600 . But the F -number not only influences the FOV. It also has
an impact on the energy range of the telescope. This is due to the difference in
the reflecting angle. Using eqs. (4.3) and (4.8) (see p. 36), the relation between
the F -number and the reflecting angle α is given.
2F =

1
tan (4α)

(5.1)

Equation (5.1) shows that larger F -numbers yield lower reflecting angles α.
The reflecting angle always needs to be smaller than the critical grazing incidence
angle αt (see section 4.1.1). Lower energies allow for higher reflecting angles (lower
F -number), while higher energies require lower angles (higher F -number).
In summary, the F -number needs to be selected carefully to match the specific
science case. An all-sky survey requires a larger FOV and therefore a lower F number than a pointed observation with high spatial resolution. Concentrating
on the low energy range of the soft X-ray bandwidth allows for very low F numbers. For instance, ROSAT had an F -number of 3 for its all-sky survey in
the energy range 0.1 − 2.4 keV (see table 2.1), while SRG with F = 4.44 targets
for 0.1−10 keV for its survey. However, choosing the F -number as low as possible
has some very practical advantages. Higher angles yield higher aperture areas per
shell length and also increase the pitch between nested mirror shells.
A simple way to determine the telescope size is to use the F -number of a
previous space mission with similar scientific objectives in terms of FOV and
energy range. The telescope size, i.e. the focal length f and the aperture diameter
D0 , then can be derived by applying a scale factor SF . f and D0 scale linearly
with SF .
F1 = F2
D1
f1
=
= SF
f2
D2
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(5.2)
(5.3)

5.2. Telescope Sizing
The scale factor is also useful to roughly estimate some more telescope parameters. Assuming that the aperture area scales with the diameter, the effective area
scales with SF 2 . Furthermore, assuming a similar telescope mass per volume, the
telescope mass can be estimated with SF 3 .
Aef f1
≈ SF 2
Aef f2
M1
≈ SF 3
M2

(5.4)
(5.5)

Now, the X-ray telescope which serves as a template needs to be chosen and
the scale factor SF needs to be set.
The ROSAT telescope was chosen for several reasons. First, the ROSAT allsky survey (RASS) is the most comprehensive database of X-ray sources in the
sky. This has the advantage that the existing data set of the RASS-BSC (Voges
et al., 1999) can be used as a basis for comparative studies. Secondly, the ROSAT
energy range is well suited for small telescopes. The ultra-soft X-ray bandwidth
allows for small F -numbers which in turn yields larger effective areas per mirror
shell making the mirror system more compact and lightweight.
Scale

ROSAT

µROSI

F-number
Aperture
Focal length
Effective area

1
10
10
102

Mass

103

3
80 cm
240 cm
1000 cm2
500 cm2
400 cm2
350 cm2
2400 kg

3
80 mm
240 mm
∼ 1000 mm2
∼ 500 mm2
∼ 400 mm2
∼ 350 mm2
∼ 2.4 kg

at
at
at
at

0.1 keV
0.28 keV
1.0 keV
1.25 keV

Table 5.1.: µROSI initial design parameters derived from scaling down the
ROSAT telescope by a factor of SF = 10 using eqs. (5.2) to (5.5).
ROSAT effective area values taken from (Briel et al., 1996).
The scale factor was set to SF = 10. With this value, the initial design
parameters for the µROSI telescope can be determined using eqs. (5.2) to (5.5).
The results are listed in table 5.1.
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The effective area of the µROSI telescope can be estimated to be ∼ 400 mm2
compared to ROSAT’s 400 cm2 maximum effective area at 1.0 keV (Briel et al.,
1996). These values are, of course, very coarse estimates. They do not take into
account any differences in mirror manufacturing technique which might yield even
higher effective areas. Nevertheless, these values can be considered a minimum
estimate.
The µROSI mass is estimated to be ∼ 2.4 kg. For a 10 kg nanosatellite like
MVS, a mass fraction of ∼ 25% for the main payload seems to be reasonable
value. As with the effective area, the mass estimation is only a rough estimate.
At this early stage, it is hard to predict, whether the final mass of the telescope
is higher or lower than this estimate. Thus, this figure should be used with a
margin of at least 25% resulting in a mass estimation of 3.0 kg including margin.

5.3. Preliminary Observation Simulation
With the relation between µROSI and ROSAT given, it is already possible to
roughly predict the capabilities of the µROSI telescope. The RASS-BSC lists all
bright X-ray sources with their respective count rates. With the relation between
the effective areas given, and assuming equal detector quantum efficiency, the
count rates can be scaled to the µROSI dimensions. Figure 5.1 shows the result
of this initial simulation. Even though the influence of the detector has been
neglected in this first simulation, it shows that the µROSI telescope is capable of
detecting > 100 X-ray sources. Moreover, the brightest extra-solar X-ray source
in the sky, Scorpius X-1, that was too bright to be observed by ROSAT, can now
be detected with µROSI. This, however, is not shown in the simulation, since Sco
X-1 is missing in the ROSAT data.
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Figure 5.1.: Simulated map of µROSI all-sky survey (Aitoff projection in galactic coordinates). Blue color indicates hard X-rays, red color indicates soft X-rays. Intensities are not normalized to the exposure time,
so that the observation poles appear brighter. Exposure times are assumed as shown in fig. 3.4a.

5.3. Preliminary Observation Simulation
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5.4. Objectives
Since the basic dimensions of the µROSI telescope are determined and a first
simulation confirmed that the instrument is able to observe > 100 bright sources,
the mission objectives need further specification.
The simulation outlined in fig. 5.1 shows that the amount of observable targets
is > 100 and this figure shall be the minimum goal for the MSV all-sky survey
with the µROSI telescope.
The color coding in fig. 5.1 is consistent with the energy resolution provided
by the RASS-BSC. ROSAT’s PSPC instrument used for the all-sky survey had a
FWHM energy resolution of 24% at 1.0 keV and around 27% at 1.5 keV (Briel et
al., 1996). The approximation for the PSPC energy resolution is given in eq. (5.6).


−0.5

E
∆E
= 0.43
(5.6)
E F W HM
0.93 keV
With a suitable detector, the µROSI telescope could enrich the all-sky map with
a finer energy resolution. With state-of-the-art semiconductor detectors energy
resolutions of < 3% are possible when operated at low temperatures (Strüder and
Meidinger, 2008). The low temperature required for operating the detector needs
to be stable and should be achieved by passive cooling only.
A detector with good energy resolution grants the opportunity to measure
spectra and possibly detecting some elementary absorption line in the soft X-ray
bandwidth (see table A.2 on p. 165 for a list of spectral lines). The scanning
geometry outlined in section 3.5 allows for observing the Earth horizon during
the all-sky survey, possibly measuring the O2 line at 0.5 keV in the ionosphere.
The all-sky survey takes half a year to complete. During six months, the
scanning axis (refer to section 3.3 p. 24) precesses by 180◦ and the observed
great circles cover the whole sky. However, a full year is allocated for the all-sky
survey to allow for covering possible blank streaks that were missed out in the
first half year. Reasons for missing out a streak can be numerous, e.g. obstruction
due to the proximity of the Earth, satellite safe modes due to solar flares, delays
in sending data to the ground station etc. After finishing the survey, the telescope
can be used for pointed observations. Long exposure times on a specific target
can reveal transient sources (refer to sections 2.3 and 2.4), possibly alerting larger
X-ray telescopes to observe unexpected events.
Apart from its scientific purpose, µROSI is also used as a technology demonstrator. In order to achieve the low operational temperature of the detector with
minimum of power consumption, a passive cooling system similar to the camera
cooling system originally designed for the eROSITA telescope (Fürmetz et al.,
2008; Tiedemann et al., 2008) is anticipated. During its first development phase,
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eROSITA was scheduled to fly in a low Earth orbit (LEO). In order to achieve
the operational temperature of the X-ray detector CCDs of −90◦ C a passive cooling system was designed. The X-ray cameras were connected to the radiators by
specifically developed low power, low temperature heat pipes. To keep the low
temperature stable, a latent cold storage (LCS) filled with a phase change material (PCM) was included in the cooling system. In the course of the eROSITA
project, the mission scenario changed from a LEO orbit to a quasi-halo orbit
around the Lagrangian point L2 rendering the LCS obsolete. However, early
tests with laboratory LCS containers were promising and µROSI was identified
as an ideal platform for in-orbit testing of such a passive cooling system.
In brief, the objectives of the µROSI project can be summarized as follows:
1. µROSI is planned to perform an all-sky survey in the soft X-ray bandwidth.
2. The system shall be capable of detecting at least one hundred bright X-ray
sources.
3. The energy resolution of the detector shall be sufficient to measure spectra
and discern absorption lines in the soft X-ray bandwidth.
4. The scan geometry of the all-sky survey allows to investigate X-ray absorption in the Earth’s ionosphere in soft X-rays as secondary mission goal,
potentially observing the O2 line at 0.5 keV .
5. The telescope can be used for pointed observations of selected targets in a
second mission phase, potentially detecting transient sources and being able
to alert large X-ray telescopes for further investigation.
6. The telescope detector is cooled by a completely passive cooling system that
ensures low, constant temperature using a phase change material to enhance
energy resolution for technology demonstration.

5.5. µROSI Subsystems
The key components of any X-ray telescope are the detector unit and the X-ray
focusing optics. The fundamentals governing those two subsystems have been
discussed in chapter 4 and some constraints applying specifically to the µROSI
X-ray focusing optics have been mentioned in this chapter. However, an X-ray
telescope requires more than just a detector and a focusing mirror. The detector
requires electrical power, and the detector signals need to be processed. For
this purpose, an electronics subsystem is required. Additionally, the detector
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performance is temperature dependent and it therefore requires a thermal control
subsystem. Finally, all the aforementioned components need to be mounted into
a structure that also provides a mechanical interface to the satellite. In summary,
the µROSI telescope design is broken down into the following subsystems:
1. The mirror module
2. The detector module
3. The structure or optical bench
4. The thermal control subsystem
5. The electronics subsystem
All these subsystems are described in full detail in chapters 7 to 10.
Figure 5.2 shows the µROSI system block diagram visualizing the interfaces
between the subsystems and the environment. The interface types are labelled as
follows:
E Electrical interface
M Mechanical interface
R Thermal radiation
Electrical and mechanical interfaces both include thermal conduction.

5.6. Requirements
Before detailing the design, a list of requirements is needed. Table 5.3 contains
the requirements for each subsystem. The last column contains information on
the verification method for each requirement. The meaning of these abbreviations
is listed in table 5.2.
Verification

Description

A
D
I
T

Analysis
Design
Inspection
Test

Table 5.2.: Abbreviations for requirement verification methods used in the Verification column in the requirements list (table 5.3).
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Figure 5.2.: µROSI system block diagram with interface identifiers.
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Table 5.3.: List of requirements.
No.

Requirement
Parameter / Description

Req. 1

Mirror Module Requirements

Req. 1.1

Focal Length
f = 240mm

Req. 1.2

Nominal Aperture
Dmirrornominal = 80mm

D

Req. 1.3

Number of mirror shells
Nshells = 12

I

Req. 1.4

Mirror surface material
The mirror surface shall be made of gold (Au)

I

Req. 1.5

Mirror shell material
The mirror shells shall be made of Nickel (Ni)

I

Req. 1.6

Mirror shell thickness
The mirror shell thickness shall be tmirror = 0.3mm
for all mirror shells.

I

Req. 1.7

Surface roughness
The root mean square surface roughness shall be
smaller than 1.0nm RMS

T

Req. 1.8

Mirror shell manufacturing method
The mirror shells shall be manufactured by electrogalvanic forming

D

Req. 1.9

Effective area
The effective area of the mirror system shall be >
30cm2

A, T

Req. 1.10

Field of View
Θ = 1◦

T

Req. 1.11

Half energy width
0.5◦

T
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A, T

5.6. Requirements

No.

Requirement
Parameter / Description

Verif

Req. 1.12

Mirror shell shape
The primary and secondary mirrors shall be conical. Primary and corresponding secondary mirror are
made of one piece.

Req. 2

Detector Module Requirements

Req. 2.1

Energy resolution
The energy resolution of the detector at 0.3keV shall
be < 200eV

T

Req. 2.2

Detector sensitivity bandwidth
The detector shall be sensitive in a bandwidth from
0.1keV . . . 10keV

T

Req. 2.3

Detector Type
The detector shall be a Silicon Drift Detector (SDD)

D

Req. 2.4

Optical filter
The detector shall be equipped with an optical filter.

D

Req. 2.5

Filter material
The filter shall be made of 200nm polyimide (PI) foil
and shall be coated with 100nm aluminium (Al).

D

Req. 2.6

Straylight
The detector housing shall be designed to prevent
optical straylight from reaching the detector.

T

Req. 2.7

Venting
The detector housing shall be designed to allow venting when exposed to vacuum without damaging the
filter foil.

D

Req. 2.8

Cleanliness
The detector and all components close to the detector
shall be handled in clean environment corresponding
to a cleanroom class 1000 or better.

I

I
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No.

Requirement
Parameter / Description

Req. 3

Structure Requirements

Req. 3.1

Mechanical interfaces
The structure shall provide mechanical interfaces between all major components and to the satellite structure.

D

Req. 3.2

Mechanical loads
The structure shall provide sufficient load capability
for...
• static loads
• thermal loads
• sinusoidal loads
• random vibration loads
• shock loads

A, T

Req. 3.3

Structure is optical bench
The structure serves as optical bench. It shall maintain the focal length under all circumstances.

D

Req. 3.4

Accommodation of electrical interface
The structure shall provide a feed-through for the
electrical interface between the telescope and the
satellite.

D

Req. 3.5

Thermal insulation
The structure shall be thermally insulated from the
spacecraft and from the surrounding environment.

A, T

Req. 3.6

Mass
The total mass of the telescope shall not exceed
MT otal <= 3.0kg

A, I

Req. 3.7

Center of gravity
The center of gravity shall be within the optical
bench structure and within the spacecraft interface
mounting points.

A
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5.6. Requirements

No.

Requirement
Parameter / Description

Verif

Req. 4

Thermal Control Subsystem Requirements

Req. 4.1

Nominal detector temperature
Tdetectornominal ≤ −12 ◦ C

A, T

Req. 4.2

Detector temperature stability
The operational detector temperature shall be stable
within ±0.5 ◦ C.

A, T

Req. 4.3

Latent cold storage (LCS)
The detector temperature shall be maintained stable
under all circumstances by a latent cold storage.

D

Req. 4.4

Phase change material
The latent cold storage shall be filled with a phase
change material (PCM). The phase change temperature shall of the selected PCM shall be consistent
with req. 4.1.

D

Req. 4.5

Heat capacity
The heat capacity of the PCM shall be large enough
to maintain the required detector temperature over
one full orbit under all circumstances.

A, T

Req. 4.6

LCS heater
The LCS shall be equipped with a resistive heater.

I

Req. 4.7

Mirror heater
The mirror system shall be equipped with a resistive
heater.

I

Req. 4.8

Radiator
Heat dissipation shall be achieved by a radiator surface.

D

Req. 4.9

Radiator insulation
The radiator shall be thermally insulated from the
structure and all other components except for the
heat pipe.

A, T
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No.

Requirement
Parameter / Description

Req. 4.10

Heat pipe
The radiator shall be thermally connected to the LCS
by a constant conductance heat pipe (CCHP).

D

Req. 4.11

LCS insulation
The LCS shall be thermally insulated from the structure.

A, T

Req. 4.12

Temperature sensors
The temperature of critical components shall be measured in-orbit and included in the house-keeping
data.

D

Req. 4.13

PCM compatibility
The phase change material (PCM) shall be compatible with the selected container (LCS) material, i.e.
it shall not degrade or alter its physical properties or
chemical composition due to contact with the container walls, and it shall not change alter the container material or surface.

D

Req. 4.14

PCM safety
The phase change material (PCM) shall be safe
to handle under normal laboratory conditions with
standard laboratory equipment, i.e. it shall not be
toxic, explosive or hazardous.

D

Req. 5

Electronics Requirements

Req. 5.1

Temperature sensors
The electronics subsystem shall provide interfaces to
the temperature sensors of the Thermal Control Subsystem

D

Req. 5.2

Heaters
The electronics boards shall provide means to control
the heaters of the Thermal Control Subsystem.

D
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5.7. Design Description

No.

Requirement
Parameter / Description

Verif

Req. 5.3

Flexlead
The detector shall be connected to the main board
with a flexlead cable.

D

Req. 5.4

Shielding
The power converters on the Power Board shall be
shielded with a metal casing.

D

Req. 5.5

Power consumption
The total power consumption of the system shall be
PT otal <= 3.0W .

D

Req. 5.6

Satellite interface
The electronics subsystem shall provide an electrical
interface to the satellite.

D

Req. 5.7

Housekeeping Data
The electronics subsystem shall provide means to
store housekeeping data and transmit these data to
the satellite.

D

Req. 5.8

Scientific Data
The electronics subsystem shall provide means to
store scientific data and transmit these data to the
satellite.

D

Req. 5.9

Telecommand
The electonics subsystem shall be able to receive
and process commands via the satellite interface (see
req. 5.6)

D

5.7. Design Description
The preliminary design of the µROSI telescope had a structure with a square
cross-section with the mirror module and the detector module mounted to both
sides of the structure (see fig. 5.3). The detector is cooled by a latent cold storage
(LCS) which is connected to a radiator with a heat pipe. The electronics are
mounted inside the structure.
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Figure 5.3.: Preliminary design of the µROSI telescope. The basic configuration
of the telescope and all major components remained unchanged until
the final design.

The basic configuration of the telescope remained unchanged throughout the
project, but the design details were updated several times. At this point, the final
design of the µROSI telescope is anticipated, before presenting each subsystem
in full detail in the subsequent chapters.
Figure 5.4 shows an explosion view of the telescope design. The 12 nested
mirror shells are mounted on a titanium mechanical interface and screwed on top
of the optical bench. The optical and thermal baffle, a CFRP tube, prevents
stray light from entering the mirror system and reduces thermal losses due to
radiation. On the bottom side of the telescope is the detector module, which
is mounted on the latent cold storage (LCS) for thermal stability. The LCS is
mounted to the optical bench with a glass filled PEEK insulator. The aluminium
heat pipe provides the thermal interface to the radiator, which is mounted on the
back side of the telescope on thermally insulating bushings. The front side of the
optical bench is the side that is mounted to the satellite with four M5 screws.
A removable cover provides access to the inside of the optical bench, where the
electronics is accommodated.
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Figure 5.4.: Explosion view of the µROSI telescope. The 12 nested mirror shells
are protected against optical stray light with a CFRP baffle. The
radiator is mounted with thermal insulators facing into space away
from the satellite. A heat pipe connects it to the LCS unit on which
the detector is mounted. The electronics is mounted inside the structure and is accessible via a removable cover plate. The structure is
made of solid aluminium.
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5.8. Model Philosophy
In the course of the µROSI project various models are used for different purposes.
The model philosophy corresponds to many large space missions with different
models for qualification and flight. The reason for this effort is that the QM and
EM model can be later used in the MPE X-ray test facilities. Table 5.4 lists the
model types for all subsystems.
Model

Description

MD
SM
BB
EM
QM
FM

Mass Dummy
Structural Model
Breadboard Model
Engineering Model
Qualification Model
Flight Model

The final goal is to manufacture, integrate and test the final Flight Model
(FM) of the whole telescope system. That is the real hardware that is actually
integrated into the satellite and then flown into space. The FM test program
includes the whole range of environmental test (i.e. vibration test, shock test,
thermal balance and thermal cycling test), functional and performance tests.
The Qualification Model (QM) is identical to the FM. The QM is a demonstrator model that shows the capabilities of the overall system. With successful
completion of the QM test campaign the telescope system design is completely
verified. The test programs of the QM and FM are identical. However, the QM
test levels are higher than those used for the FM to give the whole design some
extra margin. The QM may also serve as a flight spare model after completing
the QM test program.
The Engineering Qualification Model (EQM) is rather a work in progress than
a fix set of parts assembled together. The purpose of the EQM is to conduct
functional tests and to check all subsystem interfaces. Then, it is being upgraded,
so it becomes the QM. The idea of the EQM is that critical parts, such as the
Detector or the Mirror are integrated as non-critical Engineering Models (EM)
first. And, after completion of all functional tests, are replaced by the fully flightlike QM models. For example, the Electronics EM is used for integrated system
tests in the EQM before being replaced by the QM.
The Structural Qualification Model (SQM) is used for the structural verification of the overall system design. It includes mostly Structural Models (SM) or
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Mass Dummies (MD). Section 8.2 gives more details on this model. SM are mechanically similar to the final design, whereas MD usually are aluminium blocks
milled to match the mass properties.
Breadboard Models (BB) are used for development and evaluation tests on
subsystem or component level only. Special focus is on the evaluation of the
electronics with various BB models.
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Structure
Optical Bench
Cover
Detector
Silicon Drift Detector
Filter Foil
Detector Housing
Mirror
Mirror Shells
Spider
Baffle

SM
SM

EM
EM
EM

EM

BB
BB

SM
EM
EM

MD
SM
SM

FM test campaign

QM FM
QM FM
QM FM

QM FM
EM QM FM
QM QM FM

MD QM QM FM
SM QM QM FM
SM QM QM FM
SM QM QM FM

SM

EM
EM
EM

Table 5.4.: µROSI test matrix.
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QM test campaign

QM QM FM
QM QM FM

MD

Thermal Control System
Latent Cold Storage
EM
Radiator
Heat pipe
LCS-Interface
Electronics
Flexlead Cable
Main Board
Power Board

EQM functional tests

Component

SQM vibration test

Development tests

5. μROSI Miniature X-Ray Telescope

QM FM
QM FM
QM FM

6. µROSI Detector
The requirements for the µROSI telescope were formulated in such a way, that
the telescope can perform its designated scientific mission with only an angular
resolution of 1◦ (see reqs. 1.10 to 1.11). For the detector this means that only one
“pixel” is needed. Thus, the detector type is easily chosen. CCDs can be ruled
out, as we do not need the angular resolution given by large number of pixels and
for their complexity. Gaseous detector are also not suitable, as they do not have
the high energy resolution required for the µROSI telescope.
The detector used for the µROSI miniature X-ray telescope is a commercial offthe-shelf (COTS) product provided by the Munich based company pnDetektor.
This company is a spin-off of the Max-Planck-Institut semiconductor laboratory
which has a world-wide reputation for its scientific X-ray detectors. The SDDs
offered by pnDetektor are used for scientific or industrial applications and have
space heritage being used on the NASA Mars rovers Spirit and Opportunity and
on ROSETTA (Klingelhöfer et al., 2007).
For the µROSI project, and for later use in test facilities at the MPE, a total
number of six silicon drift detectors (SDD) of type SD3-20-128pnW were delivered. Two of them feature a Beryllium entry window and four have an open cap.
Table 6.1 lists the basic properties of the SDDs.
The sensitive area is restricted by an internal collimator to a circular area with
4.6 mm diameter. This circumstance yields rather comfortable requirements for
the mirror system. The full field of view needs to be focussed on the sensitive
area, but there is no need to match a certain pixel size except the collimator area.
The SDD is operated in single-photon-counting mode. This means that the
detector is read out every 1 µs. Photons that are detected during one read-out
cycle are transmitted to the electronics as analogue signal. The electronics is then
responsible for analogue-digital converting and data processing.
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Type
Material
Active thickness
Active area
Chip area
Entrance window
Mounting
Collimator
Housing cap
Depletion voltage
Back voltage
Energy resolution

SD3-20-128pnW
High ohmic ultra-pure FZ-Silicon
450 ± 20 µm
20 mm2
64 mm2
pn Window
TOX housing
internal
open / 8 µm Be DB+ window
−110 V
−97 . . . − 107 V
128.0 eV
at Mn-Kα (5.90 keV )
T = −20 ◦ C
Signal-to-noise ratio 14 · 103
at Mn-Kα (5.90 keV )
2 · 103 Counts per second
Parallel beam on 4.6 mm collimator
Table 6.1.: µROSI SDD detector properties.
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6.1. Filter Selection
As the SDD is sensitive in the visible spectrum (VIS), the built-in entry window
serves as a filter to prevent optical (stray-) light from reaching the detector surface.
The SDDs without an entry window need to have a custom filter. This needs to be
developed especially for this purpose, but has one critical advantage: the freedom
to choose a suitable material or combination of materials for the intended X-ray
energy bandwidth.
The optimum filter material has a high transmission rate in the X-ray bandwidth and a low transmission in the visible spectrum. The following materials
were investigated:
• Beryllium (Be), 8 µm thickness
is the standard entry window material used in SDD production by pnDetector.
• Polyimide (PI, C22H10N2O5), 0.2 µm thickness
is available in extremely thin foils that can be coated with a thin Aluminium
coating for optical opacity.
• Aluminium (Al), 0.1 µm thickness
is a thin coating on a PI substrate foil.
• Polyimide 0.2 µm + Aluminium (Al) 0.1 µm
is used as filter material for the eROSITA mission. A thin layer of aluminium
is vapour deposited on a polyimide substrate.
Henke et al. provide a comprehensive online database where transmission values
for different materials can be retrieved (see fig. 6.1). The values for the aluminium
coated polyimide foil are obtained by multiplying the values for polyimide 0.2 µm
and aluminium 0.1 µm. Table 6.2 lists the result for selected spectral line energies.
Table 6.2.: Transmission of selected filters for different energies.
0.28

Photon energy [keV ]
0.93
1.25
1.49
1.74

2.98

PI 0.2µm + Al 0.1µm 0.3891 0.8740 0.9424 0.9638 0.9017 0.9755
Be 8.0µm
0.0000 0.3331 0.6367 0.7622 0.8449 0.9686
PI 0.2µm
0.9202 0.9090 0.9588 0.9743 0.9835 0.9965
Al 0.1µm
0.4229 0.9616 0.9829 0.9892 0.9169 0.9788
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Figure 6.1.: Transmission of selected filter materials. Data for Be, polyimide and
Al retrieved from Henke et al. (1993).
The aluminium coated polyimide foil is the best choice for the µROSI filter. It
allows good transmissions in the relevant spectral lines while still being opaque
in the visible spectrum.

6.2. Detector Assembly Design Description
The µROSI detector assembly is shown in fig. 6.2. The SDD detector (Pos. 8)
comes packaged inside a TO-8 metal casing with a M4 bolt thread at the end.
The flexlead cable connects the SDD’s 16 pins with the main board via a Harwin
miniature plug connector. The detector mounting plate (Pos. 2) can be rotated
to adjust the lateral alignment of the flexlead after the detector is screwed into it.
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The retainment ring (Pos. 5) then clamps the detector mounting to the detector
shroud (Pos. 3) and prevents further rotation. An o-ring (Pos. 9) is placed
around the SDD’s TO-8 casing for lateral centering and light sealing. A venting
light seal ring (Pos. 6) is placed on top and holds the o-ring in position. The
filter foil (Pos. 1) is adhered into the filter cap (Pos. 4) which is screwed on top of
the detector shroud pressing the light seal onto the o-ring. The venting light seal
is black anodized and features a groove that allows air to escape from between
the SDD and the filter foil without allowing light to reach the detector. This is
an extremely important feature, since the filter foil is likely to rupture during the
rocket start phase, if the enclosed air could not escape freely.

Figure 6.2.: Explosion drawing of the µROSI detector assembly.
The complete detector assembly is mounted on top of the latent cold storage.
The detector mounting has a fit that ensures centered alignment. It also provides a large contact surface and short distance to the detector for best thermal
conduction.
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Figure 6.3.: µROSI detector assembly with dummy detector and filter cap. The
SDD dummy made from solid aluminium is already mounted in the
casing (left). The filter was cut out from a larger filter foil (center
top) and adhered inside the filter cap (right).
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The mirror module, together with the detector, is the heart of the whole telescope.
Since the detector is a “one-pixel” silicon drift detector (SDD), the mirror only
needs to focus as much X-ray radiation onto the detector surface as possible. Of
course, scattering needs to be low to mitigate losses. But there is no requirement
for good imaging properties to match a specific pixel size.
The µROSI mirror module therefore comprises N = 12 nested double-cone
mirror shells. It is shown later, that this simplification is sufficient.
The mirror shells themselves are made of Nickel by electro-galvanic forming (or
e-forming) using the same manufacturing process as the mirror of the large X-ray
telescope eROSITA. Choosing this process has several critical advantages:
• Technology readiness
The manufacturing process is well understood and is currently ongoing for
the eROSITA mirror shells at the facilities of the Italian company Media
Lario. Since the XMM mirror shells were also manufactured by e-forming,
the TRL level of 7 can be assessed (compare table A.3, p. 166).
• Quality
The produced mirror shells have excellent imaging properties with a resolution down to 15 arcsec.
• Knowledge
The persons involved in the eROSITA mirror manufacturing and verification
process are either working for the MPE or for a sub-contractor.
Although mirror shells made of slumped glass are currently under development
at the MPE, this technology needs more research and development to supply a
first demonstrator mirror system.
The development of the µROSI mirror subsystem foresees a mirror engineering
model (EM) (see section 7.5). The EM consists of one mirror shell #06 that
is manufactured and tested in the X-ray test facility PANTER (see Freyberg et
al., 2008, for information about the PANTER capabilities) to verify the manufacturing process from the very start to the final X-ray measurement. Optical
measurements support the process, but cannot be used for the verification due to
the huge difference in wavelength between optical and X-ray.
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Figure 7.1.: Section view of nested µROSI mirror shells.
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7.1. Mirror Parameters
The mirror design parameters, chiefly the focal length f and the nominal diameter
D0 define the basic dimensions as well as the optical performance. From these
basics, the dimensions for each mirror shell is derived.
The µROSI mirror module has the same F -number as the successful ROSAT
space telescope. Its nominal aperture diameter D0 and focal length f are reduced
by a factor of 10:
f = 240 mm
D0 = 80 mm
⇒F =3
The reason for choosing this specific F -number can be understood when looking back at eq. (4.8). The grazing incidence angle α is only dependent on the
F -Number. At the same time, the reflectance for larger angles α significantly decreases and is a function of the photon energy (see fig. 4.1). Thus, the F -number
has a direct influence on the observable energy bandwidth.
As µROSI and ROSAT are both performing an all-sky survey in the soft X-ray
bandwidth, choosing the same F -number guarantees that the data of the µROSI
telescope can be well compared to and correlated with the ROSAT database.
The mirror shell thickness t should be as small as possible in order to reduce
the area shaded by the mirror shell itself. This parameter is dominated by the
manufacturing process and the required mirror shell stability. When the electrogalvanically formed Nickel shell is released from the mandrel, the shell with
the previously deposited gold surface needs to be separated from the mandrel.
The release is facilitated by cooling the aluminium mandrel so that the difference in thermal expansion between aluminium (λAl = 23.1 · 10−6 K −1 ) and nickel
(λN i = 13.4 · 10−6 K −1 ) eases the separation of mandrel and mirror shell. During this process, a lot of stress is induced on the shell, potentially leading to a
deformation of the mirror shell.
Experience from Media Lario as the supplier for the eROSITA mirror shells
have revealed, that a thickness of t = 0.3 mm proved to be a good compromise
between low shell thickness and mechanical stability. However, for small diameter
mirror shells like the inner µROSI mirror shells, even a shell thickness of 0.2 mm
is feasible without deformation upon release. Thus, the base mirror shell thickness
for the outer six out of twelve mirror shells was set to t = 0.3 mm and for the
remaining inner six shells a thickness of 0.2 mm was selected.
The mirror shell length l of the µROSI mirror shells is constant. Other X-ray
telescopes have non-constant mirror shell lengths to increase the geometric area
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#

α [◦ ]

01
02
03
04
05
06
07
08
09
10
11
12
P

2.366
2.260
2.159
2.061
1.968
1.878
1.792
1.709
1.630
1.554
1.481
1.411

r0 [mm] ra [mm] rb [mm] t [mm] A [mm2 ]
40.000
38.186
36.448
34.781
33.184
31.653
30.185
28.779
27.431
26.139
24.901
23.714

41.652
39.765
37.956
36.221
34.558
32.965
31.437
29.973
28.569
27.224
25.935
24.699

35.020
33.430
31.907
30.447
29.047
27.706
26.421
25.189
24.009
22.877
21.793
20.754

0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.2

366.35
331.67
300.01
271.11
244.75
240.61
217.79
196.97
177.99
160.68
144.91
138.00
2790.84

Table 7.1.: µROSI mirror shell parameters. The calculated area A takes into
account shaded areas from the mirror mounting structure.
of the inner shells. This approach requires a sloped mechanical interface and is
therefore not supported for the µROSI mirror module. Table 7.1 lists the shape
parameters for all 12 µROSI double cone mirror shells.
Now that the mirror parameters are fixed, the double-cone approximation can
be checked using eqs. (4.15) to (4.18). The values for the spot diameter dspot , focal
length offset ∆f and the resolution u are calculated for each mirror shell. The
value for all mirror shells is obtained with a weighted average using the effective
area values from table 7.1.
Table 7.2 shows the results of the µROSI double cone approximation parameters. The focal length is larger by ∆f/2 = 5.08 mm. Thus, the focal length of the
µROSI mirror module is f 0 = 245.08 mm.
The spot diameter is dspot ≤ 1.69 mm and approximately 1.38 mm for all mirror
shells. This value is sufficiently small as the µROSI detector has an aperture
diameter of 4.6 mm. The double cone approximation is therefore compatible
with the selected detector.
The resolution of the double cone mirror system is 19.36 arcmin. This value is
smaller than the specified 30 arcmin that are required in req. 1.11.
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# ∆f [mm] dspot [mm] u [arcmin]
01
02
03
04
05
06
07
08
09
10
11
12

10.12
10.11
10.10
10.09
10.08
10.08
10.07
10.06
10.06
10.05
10.05
10.04

1.69
1.61
1.53
1.46
1.39
1.33
1.27
1.21
1.15
1.09
1.04
0.99

23.66
22.57
21.52
20.52
19.56
18.64
17.77
16.93
16.13
15.36
14.62
13.92

10.08

1.38

19.36

Table 7.2.: µROSI double cone focus parameters calculated with eqs. (4.15)
to (4.18). Values for all mirror shells are obtained with a weighted
average using the effective areas from table 7.1.
The calculated values prove that the double cone approximation is sufficient
for the µROSI telescope.

7.2. Effective Area
As already discussed in section 4.1.4, the effective area is an important parameter
to quantify the mirror performance. The effective area is calculated for each
mirror shell. Vignetting is neglected, which means that the calculated effective
area is only valid for on-axis observations. Thus, the incidence angle is also fixed.
The aperture area for each mirror shell is already given in table 7.1. The only
parameter left is the reflectivity for the selected surface material as a function of
the energy and the incidence angle.
The reflectivity ρ has to be multiplied by 2 to take into account both reflections,
at the primary mirror and the secondary mirror. The telescope was designed so
that the incidence angle of the primary mirror equals the angle on the secondary.
Thus, the effective area is calculated with eq. (7.1)
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Aef f = 2 · ρ · A

(7.1)

Figure 7.2 shows the reflectivity of gold for selected energies and an assumed
surface roughness of 1.5nm RM S as a function of the incidence angle. The
second plot shows the incidence angle for each mirror shell (compare α-values
in table 7.1). The next plots show the resulting reflectivity and the calculated
effective area for the same spectral lines as above. The results are also summarized
in table 7.3. The effective area depends on the observed energy. Table 7.3 and
fig. 7.2 show how large mirror shells hardly contribute to the total effective area
for high energies despite their larger geometric area. This effect is directly linked
to the incidence angle and the reflectivity. The total effective area for all 12
mirror shells is > 1000 mm2 for C-K (0.28 keV ) and still > 400 mm2 for Si-K
(1.74 keV ).

#

0.277

Photon Energy [keV ]
0.930 1.254 1.487 1.740

01
02
03
04
05
06
07
08
09
10
11
12
P

121.39
115.71
109.95
104.14
98.34
100.91
95.17
89.52
83.98
78.58
73.35
72.18

69.21
69.34
68.82
67.75
66.20
70.03
67.87
65.43
62.76
59.92
56.96
57.00

56.73
60.30
62.58
63.72
63.89
68.94
67.83
66.15
64.02
61.53
58.78
59.04

31.16
39.16
45.60
50.34
53.48
60.19
61.12
61.04
60.16
58.65
56.66
57.40

3.54
7.68
14.80
23.74
32.20
42.35
47.60
50.90
52.62
53.08
52.58
54.28

0.0002
0.0004
0.0010
0.0025
0.0059
0.0146
0.0326
0.0706
0.1487
0.2996
0.5738
1.0801

1143.22

781.29

753.52

634.96

435.37

2.2298

2.984

Table 7.3.: Calculated effective areas of µROSI mirror shells in mm2 . The total
effective area is > 1000 mm2 for C-K (0.28 keV ) and still > 400 mm2
for Si-K (1.74 keV ). For energies > 2 keV the effective area significantly decreases.
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Figure 7.2.: Reflectivities and resulting effective areas for the µROSI mirror shells.
The discontinuity in the effective area curve is due to the step in the
mirror shell thickness from 0.3 mm for shells #01-06 and 0.2 mm for
#07-12.
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7.3. Mirror MAIT Process
The manufacturing, assembly, integration and testing of the mirror module is one
of the most critical processes in the whole project. The process involves many
different sub-processes making it very complex, and thus, prone to errors. If the
output of the process does not comply with the requirements, i.e. the mirrors
do not perform as planned, the whole scientific mission is endangered. In order
to reduce the risk of failure in the long chain of processes, it was attempted to
use established sub-processes and rely on suppliers with proven good practice
experience wherever possible.
The mandrel manufacturing was done by the company LT-Ultra that also provides the mandrels for the eROSITA mirror shells. The mandrel polishing could
not be outsourced easily without significant costs, so that this sub-process was
performed at the MPE (see section 7.4).
The mirror shell production was left to the company Media Lario that also
manufactures the eROSITA mirror shells. The mirror shell integration again
would be completed at the MPE (see section 7.6).
Finally, the testing of the integrated mirror is done at MPE’s PANTER Xray test facility which has the technical equipment and the experience to reliably
conduct X-ray tests.
The complete electro-galvanic manufacturing process is a sequence with the
following sub-processes:
1. Mandrel manufacturing
a) Double-cone lathing from aluminium
b) Nickel coating
c) Diamond lathing to optical precision
2. Mandrel polishing
a) Coarse polishing
b) Fine polishing
3. Mirror shell production
a) Gold depositing on mandrel
b) Nickel depositing on gold coating
c) Mirror shell separation from mandrel
4. Mirror shell integration
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a) Adjustment of shell to optical axis
b) Focal length adjustment
c) Adhesive bonding to mirror spider
d) Outgassing
5. Mirror system testing
a) Measurement of effective area
b) Measurement of point spread function
c) Focal length measurement
Figure 7.3 shows the first mirror shells #01 through #06 after transport to the
MPE. For transportation the shells were stacked upside down and retained inside
a stainless steel container.
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(a) Container used for mirror shell transportation
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(b) Mirror shells retaining device

(c) Stacked mirror shells #01-06 with the retaining rod in the center

Figure 7.3.: Mirror shells #01-06.

7.4. Mandrel Manufacturing and Polishing

7.4. Mandrel Manufacturing and Polishing
The mandrels are the key components of the whole mirror manufacturing process.
They determine the dimensions of the final mirror surface from its largest scales
(shape) down to the smallest scales (micro roughness).
The first step in the manufacturing process of the mandrels is done by the
German company LT-Ultra. It has vast experience in manufacturing mandrels for
X-ray telescopes, e.g. for the large X-ray telescope eROSITA. First, the mandrels
are lathed from solid aluminium to double-cone shape. Then, they are coated with
pure nickel. Finally, the nickel surface is diamond-lathed to optical (VIS) precision
in shape and roughness. The micro-roughness now is smaller than Rq < 15 nm
as guaranteed by LT-Ultra.
The second and most critical step is the polishing of the mandrels. The mandrels are polished by the MPE with a special polishing machine that has been
developed for this purpose by Elias Breunig (see fig. 7.4). Within the scope of
his work he could show that the mandrel polishing process achieved good surface
micro roughness and developed a method for quantifying the micro roughness of
the mandrels with an interferometer.
Figure 7.5 shows the surface of mandrel #06 after diamond lathing. The image
is the result of an interferometric measurement which was used to quantify the
surface roughness of the mandrels throughout the polishing process (see Breunig,
2011a, for details). The vertical structure is the typical groove pattern for lathed
surfaces. The actually measured surface roughness of Rq = 9.2 nm is well below
the specification.
Figure 7.6 shows the same mandrel surface after coarse polishing. The diamond
lathing groove pattern is just still visible, but does not contribute much to the
overall roughness. Instead, grooves made by the polishing tools themselves are
dominant. This is a clear signal to begin fine polishing.
Figure 7.7 shows the surface after fine polishing. The surface looks much more
even and the measured roughness of Rq = 0.8 nm corresponds to this impression.
The following fig. 7.8 shows four smaller sample areas of the same mandrel to
evaluate the micro roughness on smaller area scales.
Using an optical interferometer is an effective way to pre-characterize the roughness of the mandrels. This way, it is possible to monitor the polishing process
effectively with the same measurement method. However, the method has its
intrinsic disadvantages. As the optical wavelength of the interferometer is by a
factor of 1000 larger than the required micro-roughness, the measurement device is physically at its limits. Another disadvantage is that the interferometric
measurement does not yield absolute values.
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Figure 7.4.: The µROSI superpolishing device (source: Breunig, 2011a).
A: Linear axes portal with attached polishing head and rotation unit
with mounted mandrel.
B: Feed pump for the polishing agent.
C: Control computer with LabView software.
D: Achromatic distance sensor for machine adjustment.
E: Electronics rack with power supply and control electronics.
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Figure 7.5.: Mandrel #06 initial state after diamond lathing, Rq = 9.2 nm.

Figure 7.6.: Mandrel #06 after 10 h polishing with pitch, Rq = 1.8 nm.

Figure 7.7.: Mandrel #06 after fine polishing Rq = 0.8 nm.
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Figure 7.8.: Mandrel #06 after fine polishing, smaller sample areas. Measured
RMS surface roughness Rq = 1.3nm, 1.4nm, 1.5nm, 1.8nm (topleft, top-right, bottom-left, bottom-right).
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7.5. Mirror EM Test
The objective of the Mirror EM test is to verify the optical properties of the
µROSI X-ray mirror shells and the complete production process. This includes
everything from manufacturing the mandrels, polishing of the mandrels, electrogalvanic replication of the mirror shells to integrating the shell into the test
adapter. For this purpose the mandrel #06 was polished to 1.7 nm RMS roughness and a first single mirror shell was replicated from it by Media Lario.
The reason for selecting mirror shell #06 is simply because it is right in the
middle in terms of size and effective area and for this reason is best representative
for all other mirror shells. Figure 7.9 shows the first EM mirror shell #06/01
before integration into the test adapter.

Figure 7.9.: Mirror shell #06/01 before integration into X-ray test adapter.
After integrating the mirror shell into the test adapter, its X-ray optical properties were tested in the X-ray test facility PANTER. The following tests were
performed:
• Focus search
• In-focus measurements at Mg-K and Al-K
• Effective area measurements
• Deep in-focus measurement at Al-K and C-K
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• Off-axis in-focus measurements
These tests address all mirror requirements that are verified by testing listed
in req. 1 (see p. 62). Refer to Menz et al., 2012 for a full test report. In the
following, the most important results from this test are summarized here.

7.5.1. Test Set-Up
Figure 7.11 shows the mirror shell #06 in the PANTER test facility before testing.
This unique facility features a vacuum chamber with a length of more than 130 m.
On one end of the evacuated tunnel, a radioactive source is placed in front of a
target. Depending on the target’s material, X-ray radiation of specific spectral
lines travel through the long chamber. Table A.2 contains the X-ray emission
lines of selected materials.
On the other end of the PANTER tunnel, a large vacuum test chamber is
situated where the test specimen is placed in front of a set of X-ray cameras. The
mirror and the cameras are placed on separate manipulators to allow for various
test set-ups.

Figure 7.10.: Schematics of the mirror test set-up in the PANTER facility (source:
Menz et al., 2012).
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Figure 7.11.: Mirror shell #06 mounted in PANTER (source: Menz et al., 2012).
The mirror shell (right) and the X-ray cameras (left) are mounted
on separate manipulators.

7.5.2. Focus Search
After coarse positioning the mirror shell on the manipulator with regard to focus
and optical axis the focus can be determined more precisely. The test beam on
the end of the 130 m long evacuated tunnel simulates an on-axis point source.
Now, the manipulator with the PIXI X-ray camera and the manipulator with the
mirror shell are moved relatively so that the point spread function (PSF) of the
resulting image is minimum (see fig. 7.12). This way, the focus of the mirror shell
#06/01 was determined as f06/01 = 246 ± 2 mm.

7.5.3. PSF Measurement
The point spread function (PSF) of a mirror shell is a measure to quantify the
ability of the X-ray optics to focus a point source onto a point in the focal plane.
One important parameter of the PSF isH the half energy width (HEW). The
HEW is determined by the ring integral (r) as a function of the radius r in
which 50% of the incident energy is detected in the focal plane (top diagram
in figs. 7.13 and 7.14). Together with the focal length, the ring integral radius
is then converted into an angle measure given in arc seconds or arc minutes.
Accordingly, the 90% width (90%W) can be obtained for the radius in which 90%
of the intensity is detected.
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Figure 7.12.: µROSI mirror shell #06 focus search results (source: Menz et al.,
2012).

Another important parameter of the
H PSF is the scatter fraction ψ. The scatter
fraction is determined using the
1
−
intensity diagrams (see bottom diagrams
H
in figs. 7.13 and 7.14). As the is a measure
how much intensity is concentrated
H
within the ring integral radius, the 1 − value is evidence for the intensity that
is not detected within the radius. It can be therefore used to analyse the scatter
fraction. The assumption is that scattering is determined by the surface roughness
and that it leads to large deflections. Figure 7.13 reveals that the intensity follows
an almost linear trend for radii > 1500 µm. Assuming that this linear trend is due
to a constant scattering, the intersection of straight trend line with the vertical
axis at r = 0 gives the percentage of scattering.
With the scatter fraction ψ known, the surface roughness can be estimated
using eq. (7.2). With the test results of the mirror shell #06, σ can be calculated
only for low energies, i.e. for C-Kα spectral line. As the PSF measurements for
higher energies were dominated by scattering (and not by reflection), these results
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could not be used to deduce the surface roughness.
s


λ
ψ
σ=
− ln 1 −
4π α
2
σ
λ
α
ψ

[m]
[m]
[rad]
[1]

(7.2)

Surface roughness
Wavelength of the X-ray measurement
Reflection angle
Scattering fraction

Spectral line
C-Kα
Energy
0.28 keV
HEW
698 arcsec
90%W
1746 arcsec
Scatter fraction
14.94%
Surface roughness 3 nm

Mg-Kα
1.25 keV
630 arcsec

Al-Kα
1.49 keV
510 arcsec
27.12%

Table 7.4.: Results of mirror shell #06/01 PSF measurements.
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Figure 7.13.: PSF analysis of mirror shell #06/01 at 0.28 keV (C-Kα ) (source:
Menz et al., 2012).
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Figure 7.14.: PSF analysis of mirror shell #06/01 at 1.49 keV (Al-Kα ) (source:
Menz et al., 2012).
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7.5.4. Supplementary Ray Tracing Simulation
It is common practice to simulate the X-ray tests with ray tracing software. This
helps to fully understand the results and to predict the mirror performance also
for energy levels which were not tested.
The first ray tracing simulation was conducted before the X-ray test campaign
in the PANTER facility. For this simulation, a surface roughness of 1 nm RMS
was assumed. Figures 7.15 and 7.16 show the results of the first simulation (left)
next to the PSF measurements (right). The color coding of the measurements
represents the intensity, while the colors of the simulation have a different meaning. One major advantage of ray tracing simulations is the knowledge of the path
of each individual photon. It is possible to separate photons by origin. Table 7.6
lists the color codings. Green dots in figures 7.15 and 7.16 represent “good”
photons that are reflected from paraboloid and hyperboloid. Other photons are
“bad” photons that are either single reflections or scattered. Single reflections
are deflected by different angles and are therefore not in focus. The result is a
characteristic ring artefact. Ray tracing simulations are very important for understanding measurement results, as the distinction of “good” from “bad” photons
is not possible for measurements. Another result of the ray tracing simulation is
the effective area. Table 7.5 lists the effective area results from ray tracing with
an assumed surface roughness of 1 nm RMS.
After the first PSF measurements were conducted with mirror shell #06, the
surface roughness was determined more precisely. Figure 7.17 shows a comparison of the simulation with the PSF measurements. The simulation assumed a
surface roughness of 3 nm RMS as it was deduced from the C-Kα measurements.
Simulation and measurement are well consistent. This simulation also takes into
account the installation orientation of the mirror shell: the test adapter is rotated
by 45.
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Figure 7.15.: Comparison of ray tracing simulation (left) and PSF measurement of
mirror shell #06 at 0.28 keV (C-Kα ). The simulation was conducted
before measurement with an assumed surface roughness of 1 nm
RMS.
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Figure 7.16.: Comparison of ray tracing simulation (left) and PSF measurement
of mirror shell #06 at 1.49 keV (Al-Kα ). The simulation was conducted before measurement with an assumed surface roughness of
1 nm RMS.
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Figure 7.17.: Updated simulation (top) and PSF measurements (bottom) of mirror shell #06 with measured surface roughness of 3 nm RMS.
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Photon energy [keV ]
0.93
1.25
1.49

#

0.28

1
2
3
4
5
6
7
8
9
10
11
12
P

125.70
117.97
112.22
106.47
98.89
93.67
88.22
81.17
75.80
70.52
66.12
60.18

88.83
89.04
86.97
84.26
80.19
77.38
73.69
69.78
66.19
63.33
57.63
54.26

76.74
79.70
80.78
80.34
79.36
76.60
73.24
70.69
66.34
62.86
59.00
54.50

1096.91

891.56

860.15

1.74

2.98

48.13
56.00
62.93
67.01
68.43
69.82
67.94
67.63
63.66
60.31
56.40
52.89

9.18
16.44
27.66
38.55
47.67
53.36
56.97
58.12
57.46
55.83
54.58
50.99

0.05
0.07
0.06
0.10
0.19
0.38
0.54
0.92
1.36
2.17
3.44
4.69

741.16

526.82

13.98

Table 7.5.: µROSI mirror shell effective areas in [mm2 ] from ray-tracing simulation calculated with 1nm RMS micro roughness.

Color coding

Description

Green
Double reflection
Dark yellow
Single reflection paraboloid
Bright yellow Single reflection hyperboloid
Red
Scattering

Angle
4α
2α
6α

Table 7.6.: Colour codings of ray-tracing simulation results (compare figs. 7.15
and 7.16).
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7.5.5. Effective Area of Mirror Shell #06
The effective area was determined first by several methods: calculation (section 7.2), simulation (section 7.5.4), and finally by X-ray measurement. Table 7.7
summarises the effective area for selected spectral lines. The measured values for
lower energies < 0.93 keV is higher than anticipated by calculation or simulation and is lower for high energies. This result is attributed to the high scatter
fraction that was observed for higher energies (27% for 1.49 keV compared to
15% for 0.28 keV , see figs. 7.13 and 7.14) in the X-ray test. The scattering is
also responsible for the relatively large deviation of calculation, simulation and
measurements.
Photon energy [keV ]
0.28 0.93 1.49 1.74
Calculation
Simulation
Measured

102.39 71.99 63.34
93.67 77.38 69.82
98.8 81.5 61.2

46.96
53.36
39.0

Table 7.7.: Mirror shell #06 effective areas in [mm2 ].

7.5.6. Results Summary
The test of mirror shell #06 at the PANTER X-ray test facility provided sufficient
data to evaluate the mirror shell. The measured focal length (req. 1.1) and HEW
(req. 1.11) coincide well with the predictions. However, the PSF measurements
show a scattering fraction of 15% at 0.28 keV and 27% at 1.49 keV . These
values are higher than expected and suggest that the surface roughness of the
mirror shell is not as low as expected. The scattering is likely responsible for the
reduction of effective area, especially at higher energies (compare table 7.7). The
fact that the effective area measured at 0.93 keV is higher than expected can not
easily be explained. However, this is a typical behaviour of the detectors used at
the PANTER X-ray test facility at 0.93 keV that has been observed many times
before (Burwitz and Menz, 2013).
In order to quantify the actual surface roughness of the mirror shell #06, the
ray-tracing simulation has been updated with an assumed surface roughness of
3.0 nm (fig. 7.17). These simulations are consistent with the measurements. The
optical interferometer measurements of the mandrel #06, however, suggested a
surface roughness of ∼ 1.5 nm (fig. 7.8). The discrepancy in surface roughness
has two potential sources:
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1. The mandrel surface and the mirror surface do not have the same roughness.
This means that the mirror does not one-to-one reproduce the mandrel
surface.
2. The measurements of the mandrel (VIS interferometry) and of the mirror
(X-ray) yield different results, due to the different wavelength used for both
measurements. It is possible that certain effects that are not observable
with the VIS measurements are “visible” in X-rays.
A possible way to resolve the aforementioned deviation in surface roughness
would be to measure the mirror shell and the mandrel with a profilometer as it
is used for characterizing the eROSITA mandrels at Media Lario (Vernani et al.,
2011). This instrument is capable of measuring the roundness, the profile accuracy
and the surface roughness in 2D and 3D. With a grid of measurement points for
the mandrel, ray-tracing simulations become very precise and it is possible to
evaluate the surface in the spatial frequency domain. This method potentially
reveals surface waves on the mandrel that need to be re-polished.
This diagnosis process is effective, yet time consuming and expensive as it involves many iterations of polishing, optical and X-ray measurements. A more
pragmatic solution is to improve the mandrel polishing with the existing measurement methods and this way try to minimize the surface roughness, and, as
result, also minimize the reduction in effective area. This would mean that the
surface roughness requirement (req. 1.7) has to be revised and additional effort
has to put into the mandrel polishing process.

7.6. Mirror Shell Integration
For the integration of all 12 mirror shells into the mirror module a special integration facility is required. Its main purpose is to verify the correct co-alignment
of all mirror shells and to determine the focal length. After aligning the mirror
shell it is then integrated permanently into the support structure, the so-called
spider. The design of the mirror module requires an integration order starting
with the largest mirror shell #01 down to the smallest #12.
For this purpose, a collimated light beam of > 82 mm is needed, as this is
the maximum diameter of the largest mirror shell. Parallel light is the only way
to simulate a light source with ∞ distance. In fig. 7.18 the working principle of
the vertical optical bench (VOB) is shown. The monochromatic laser light source
is dispersed and then collimated with optical lenses. Aperture masks are placed
in front of the mirror. There are separate aperture masks for the inner and the
outer diameter for all 12 mirror shells and each paraboloid and hyperboloid - 48
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Laser
Dispersion lense

Collimator lense

Aperture mask

Mirror shell
Spider
f

Optical camera

Figure 7.18.: Schematics of µROSI vertical optical bench (VOB).
masks in total. Combining one mask for the inner diameter and one for the outer
diameter, each mirror shell can be illuminated individually or in combination with
other neighbouring (already integrated) mirror shells. The optical camera is used
to determine the focal length of each mirror shell.
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8.1. Preliminary Design
The structure of µROSI is the linking element between all other subsystems. Its
main task is to provide the mechanical interface to the satellite and to maintain the
required alignment between the optical components - most importantly between
the mirror module and the detector unit. For this reason it is often also referred
to as the “optical bench” of the telescope.
During the preliminary design phase (refer to fig. 5.3), the configuration of the
telescope and the general dimensions have been determined. Yet, the materials
and manufacturing methods as well as the detailed dimensioning were still an open
issue. A study thesis conducted by Elias Breunig (Breunig, 2011b) identified the
frame plates to which the detector and the mirror are mounted as the design
drivers. For these, he elaborated different structural configurations:
• Solid aluminium
• Solid aluminium with milled recesses
• Aluminium sandwich
For the four side panels the options were:
• Solid panel plates
• Milled panels
• Aluminium sandwich panels
• CFRP sandwich panels
The evaluation of these options with regard to mass, ease of manufacturing,
precision and costs revealed that the best solution is a structure milled from a
solid block of aluminium in one piece (Breunig, 2011b). Although this approach
is more expensive and more time consuming to manufacture, it also has several
advantages. There are no mechanical interfaces in between any structural parts
that need to be designed and tested individually. And, more importantly, the
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interfaces for the mirror module and the detector assembly are co-aligned with
machine precision. No additional alignment procedure is required. The monolithic aluminium structure with its good thermal conductivity also guarantees low
thermal gradients over the whole telescope.

8.2. Structural Qualification Model (SQM)
For the structural qualification model (SQM), the findings of the preliminary design was used and a detailed design with mass dummies for all other telescope
components was created. The design was thoroughly analyzed using FEM software. Finally, the SQM was subjected to vibration testing with good results
(Breunig, 2011b). The vibration test proved that the structural design was capable to fulfill all mechanical requirements, particularly req. 3.2.
The mechanical loads applied on the SQM during vibration testing were derived
from the PSLV (the Indian Polar Satellite Launch Vehicle) input spectrum (see
table 8.2). This launcher was at that time the designated launch vehicle for the
Max-Valier Satellite.
Test

Load

Sinus low level
Sinus load run
Sinus low level
Random low level
Random load run
Sinus low level
Shock
Shock
Sinus low level

0.5
3.75
0.5
1.69
6.71
0.5
+50
−50
0.5

Frequency

Duration

g 5 . . . 2000 Hz
2 Oct/min
g 5 . . . 100 Hz
2 Oct/min
g 5 . . . 2000 Hz
2 Oct/min
g RM S see table 8.2 1 min
g RM S see table 8.2 2 min
g 5 . . . 2000 Hz
2 Oct/min
g
10 ms
g
10 ms
g 5 . . . 2000 Hz
2 Oct/min

Table 8.1.: SQM vibration test program.
Figure 8.2 shows a comparison of the frequency response measured during SQM
vibration testing and the prediction of the FEM model. The curve shows the
response of the SQM mirror module in Y-direction. The plot shows that the
measurements are in good correlation with the predictions.
With successful completion of the vibration test, the basic design of the structure was verified. However, Breunig mentioned two structure related issues that
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Figure 8.1.: The µROSI SQM model on the shaker during vibration testing. The
model and the test adapter are equipped with various accelerometers.
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Figure 8.2.: Comparison of simulation (red) and measured (black) frequency response of SQM mirror module
mass dummy (source: Breunig, 2011b).
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Frequency Load run
[Hz]
[g 2 /Hz]
20
110
250
1000
2000

0.002
0.002
0.034
0.034
0.009

Low level
[g 2 /Hz]
1.26 · 10−4
1.26 · 10−4
2.15 · 10−3
2.15 · 10−3
5.69 · 10−4

Table 8.2.: PSLV random vibration input spectrum used for SQM testing, duration: 120 s.
should be resolved:
• Review of interface screws between the µROSI telescope and the satellite
• Rework of the mechanical interface to electronics PCB
The review of the interface screws is a recommendation that is based on the
screw stability analysis conducted by Breunig. The analysis revealed that the four
M5 A2-70 stainless steel screws have a small margin of safety, so that the interface
to the satellite might not have sufficient contact pressure to maintain a friction
fit connection against shear stress. This suspicion could not be proven with the
vibration test and a review of the screw analysis revealed that very conservative
assumptions were made, i.e. pessimistic thread friction coefficients and shear
stresses were applied to only one screw instead of all four. Nevertheless, the
issue was addressed by using helicoil thread inserts to reduce thread friction and
replacing the stainless steel screws with high strength titanium screws to allow
for higher screw torque and, thus, for higher contact pre-tension. Additionally,
the screws are equipped with spring washers. The spring washers provide force
to the screw head to prevent loosening.
The mechanical interface of the PCB has been reworked completely. The problem was that the PCB was mounted to the cover of the optical bench - a relatively
thin aluminium plate that is screwed to the optical bench to gain access to the
inside of the optical bench. The resonance frequency of the cover and the PCB
were too close to each other, so that an interference of frequencies could possibly
yield too high loads on the PCB during launch or vibration testing. However,
a rework of the PCB interface was not only necessary from a mechanical point
of view, but also for reasons of electromagnetic compatibility. The power supply
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section of the electronics was removed from the PCB to a separate power supply
board. With two PCB boards on board µROSI instead of one, the mechanical
interface also needed to be changed. The solution was to mount the boards to
the inside of the optical bench on the two opposing sides. The side walls are very
stiff and provide a solid basis for mounting the PCBs. The side walls only needed
some additional screw threads and the PCB required some standoffs.
With these modifications, the final design of the structure was complete.

8.3. Final Design Description
The final design of the µROSI structure is almost identical to the SQM model (see
section 8.2). The mechanical interface to the satellite consists of four M5 screws
in a rectangular 197 × 113 mm pattern. The interface for the mirror module and
the detector assembly are very similar. Both have four M4 threads in a circular
pattern and two alignment pins to precisely mount the mirror and the detector.
As the structure is milled from solid aluminium, both interfaces are co-aligned
with machine precision.
The bottom side that is facing the satellite is closed by a cover plate. Removing
the cover plate allows for accessing the interior of the optical bench where the
electronics PCBs are mounted.
All aluminium parts are yellow chromated. Hard anodizing was deemed unfavourable as it makes the metal surface electrically isolating. Yellow chromated
aluminium parts are electrically conductive which is required for electrical grounding of all parts.
Another change to the SQM model has been made for the attachment of the
cover and the radiator. In the SQM model these attachments were through holes
with screw and nut. Now there are threads cut into the structure. All threads
of size M4 or larger are reinforced with Helicoil1 bronze thread inserts. These
inserts have the advantage of increasing the effective diameter of the thread and
thus reducing the resulting pressure in the surrounding material. The bronze
material has the advantage of reducing friction and wear on the thread surfaces,
especially when used in aluminium with stainless steel screws. The Helicoils used
in this project are not self-locking.
1

Helicoil is a trade name for a range of commercially available thread inserts distributed by
the company Böllhoff http://www.boellhoff.com
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8.4. Summary
The performed SQM vibration test showed that the structure is capable of providing the mechanical stability as required in req. 3.2 under static, sinusoidal,
random vibration and shock loads. Thermal loads and insulation (req. 3.5) are
tested in a thermal cycling test, which is planned within the scope of the qualification programme performed with the telescope QM model. The design changes
between the SQM and the telescope final design have been made ensuring the
validity of the SQM test. No masses were added to any components and the
design has been changed with care in order not to reduce mechanical stiffness.
The mass requirements (reqs. 3.6 and 3.7) have been analysed using the CAD
3D-model of the telescope. The masses of the mass dummies used in the SQM
have been designed with sufficient margin. However, the margin was not necessary
as the final design mass is 2.5 kg, which is well below the required 3.0 kg. The
center of gravity and moments of inertia have been communicated to GOB/OHB
for the development and testing of the spacecraft attitude control system. After
vibrating the SQM, the model was shipped to GOB for fit checks with the satellite
structure.
The detailed design of the structure has been checked in a design review which
concluded that all design requirements (requirements marked with “D”, reqs. 3.1,
3.3 and 3.4) are fulfilled. The mechanical interfaces (req. 3.1) are documented
in the manufacturing drawing and tolerated according to their needs. The coalignment of the mirror module and the detector module mounted on opposite
sides of the structure is ensured by dowel bolts to meet req. 3.3. The position
tolerance of these bolts is very low (< 0.02 mm) and depends only on the machine
precision of the milling machine. An additional adapter ring between the mirror
module and the structure allows to adjust the focal length, if this should be
required (see section 4.1.5 for an explanation, why the focus is not very precise).
The interface to the satellite has been reviewed in more detail (see p. 113). The
design change included replacing the stainless steel screws by titanium screws of
the same size and adding spring washers to increase the contact pressure. The
applied changes have been accepted without further testing, since the vibration
test already has been successful. The structure also provides an opening for the
electric cable feedthrough (req. 3.4).
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(a) Optical bench

(b) Cover

Figure 8.3.: The µROSI optical bench and cover after yellow chromating.
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9.1. Thermal Requirements
The µROSI Thermal Control Subsystem (TCS) manages the temperatures of all
telescope components. The main task is to maintain the temperatures in the
specified limits.
Component

Operating
min max

Non-operating
min
max

Structure
Mirror Module
Detector
Electronics

+10
+10
−18
+15

−100
+10
−40
−40

+35
+35
−14
+35

+80
+35
+50
+50

Table 9.1.: Temperature limits of µROSI components.

9.2. TCS Design Description
The most critical components in the telescope when it comes to temperatures are
the detector and the mirror. The components of the thermal control subsystem
are:
• Radiator
• Heat pipe
• Latent cold storage
• Multi-layer insulation foil
• Heaters
• Temperature sensors PT-100
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The detector requires low, very stable temperatures to achieve best spectral
resolution. The detector is therefore cooled passively with a dedicated radiator.
The radiator is mounted on the optical bench with thermal insulating spacers.
The outward surface is painted white, the inward surface is covered with multilayer-insulation (MLI) foil.
Heat is transported to the radiator via a constant conductance heat pipe. The
heat pipe tube is an extruded aluminium profile with grooves. The profile was
developed by the MPE for the eROSITA camera cooling system (Fürmetz, 2012).
Several heat pipes have already been manufactured and tested at the MPE during
the eROSITA qualification campaign. However, using the same heat pipe profile
for µROSI and flying the heat pipe in space would again raise the technological
readiness of this product before the eROSITA telescope is launched. Thus, the
small miniature X-ray telescope serves as a technology demonstrator for the fullsize eROSITA telescope.
A latent cold storage (LCS) provides the thermal/mechanical interface between
the heat pipe and the detector to provide the necessary temperature stability at
the detector while the radiator temperature changes during the spacecraft orbit.
A heater is applied on the LCS to prevent the PCM from complete freezing.
The mirror is subject to thermal stress and deformation with its high view
factor to the cold space background. One resistive heater is applied on the mirror
interface structure to heat the mirror shells in case the temperature is too low.
Figure 9.1 shows an explosion view of the µROSI TCS subsystem. The LCS
is a cylindric container that is mounted to the optical bench with a thermal
insulator. It provides a screw interface for the detector assembly. The bent heat
pipe connects the LCS thermally to the radiator. The radiator has a cut-out to
allow the heat pipe to over-shoot. This is necessary to bypass the optical bench
structure (not shown in fig. 9.1). In this configuration the µROSI TCS can be
completely assembled and tested including the detector assembly, if required. For
testing, the whole assembly can be tilted so that the bended heat pipe can be
tested horizontally to avoid gravitational effects within the heat pipe.
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Figure 9.1.: Explosion view of the µROSI thermal control subsystem.
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9.3. Latent Cold Storage (LCS)
9.3.1. Storing Heat
A latent heat storage is basically a container filled with a phase change material
(PCM) that has a phase change at the desired stable temperature (see fig. 9.2).
Excessive heat can be stored using the latent heat of fusion ∆H during a phase
change from liquid to solid at temperature TS . The material used in a LCS is
called a phase change material (PCM). During the phase change the temperature
remains constant until the material has completely changed its state. And the
stored energy then is:
QS = mP CM · ∆H
TS
QS

(9.1)

[K]
Phase change temperature
[kJ]
h i Stored energy
kJ
kg

∆H
mP CM

[kg]

Latent heat of fusion

PCM mass

Figure 9.2.: Temperature-heat diagram during phase change.
Latent heat storages are widely used in space applications with operating temperatures typically ranging from +20 ◦ C to +50 ◦ C. Typical PCMs for these
temperatures are:
• Paraffins
• Salts
• Fatty acids
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In 2008 a concept for a cooling system for the eROSITA cameras at −80 ◦ C
was published at the ICES conference in San Francisco (see Fürmetz et al., 2008;
Tiedemann et al., 2008) which included a latent cold storage (LCS) 1 . At that time
eROSITA was still planned as a LEO mission. This implied high temperature
changes at the radiators while the camera temperature was required to be stable
within ±0.5 ◦ C. The µROSI telescope was intended as a technology demonstrator
for a low temperature LCS. Meanwhile, the eROSITA mission is scheduled for a
flight to Lagrangian point L2 some 1.5 · 106 km from Earth opposite from the
Sun. With no Earth albedo radiation and very stable thermal conditions the LCS
concept is obsolete.
However, for any LEO mission with high temperature differences due to Earth
shadow, albedo and direct Sun exposure on the one hand, and stable low temperature requirements on the other hand, latent cold storages might be the thermal
component of choice. The advantages are stunning:
• Temperature stability
Temperature stability of TS ± 0.5 ◦ C are feasible.
• No power
A LCS requires no electrical power to maintain a stable temperature.
• Scalability
The stored thermal energy is proportional to the PCM mass.
• Reversibility
The phase change is 100% reversible without degradation.
• Unlimited lifetime
Low leak rates provided, the lifetime of a LCS is practically unlimited.
The silicon drift detector used for µROSI also requires stable, low temperatures
in order to achieve a good spectral resolution. And, as the available power on
board a micro satellite is always a rare asset, it was decided to design the µROSI
telescope with a LCS cooling system.

1

The term latent cold storage is physically not quite correct. To be precise, it should be named
latent heat storage. But, as the operating temperature of this specific device is below 0 ◦ C,
it is more intuitive to speak of a latent cold storage.
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Figure 9.3.: Schematics of heat fluxes in a latent cold storage.

9.3.2. LCS Design
A good LCS Design should satisfy the following requirements:
• Vacuum-tight PCM containment with low leak rates
• High internal volume
• Low heat losses
• Two separate mechanical interfaces
• Minimum thermal conduction between mechanical interfaces
• Maximum heat exchange between mechanical interfaces and PCM
The demand for low losses and high internal volume would suggest a spherical
shape. A sphere always has the lowest surface area per unit volume. But realizing
a mechanical interface on a sphere is rather difficult, so that a cylindrical shape
seems to be the best compromise.
Figure 9.3 shows the heat fluxes in a LCS container. To achieve good thermal
conduction between the flat interface surfaces and the PCM, fins protrude from
the top and bottom. Heat flux through the cylinder wall Q̇W all should be minimized to improve the heat exchange between the interface plates and the PCM.
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This can be achieved by reducing the wall thickness or increasing the cylinder
length.
The width and height of the fins should be designed to not inhibit thermal
conduction. A baseline for this criteria can be formulated by relating the heat flux
through the fin Q̇F in and the heat flux through the PCM Q̇P CM and introducing
a margin of safety M S ≥ 0.
Q̇P CM
= MS + 1 ≥ 1
Q̇F in

(9.2)

For space applications, natural convection effects in the heat transfer between
fin and PCM can be neglected. With the thermal conductivities λF in and λP CM
of the fin material and the PCM respectively, Q̇F in and Q̇P CM can be calculated
as follows:
w·l
∆T
h
h·l
= λP CM
∆T
s

Q̇F in = λF in
Q̇P CM

(9.3)
(9.4)

where h is the fin height, w is the fin width, l is the fin length and s is the
spacing between one pair of opposing fins. Inserting the equations above into
eq. (9.2) yields a first estimate for fin sizing:
r
λF in · s
h
= (M S + 1)
(9.5)
w
λP CM · w
Figure 9.4 shows the main parts of the first latent cold storage prototype made
from aluminium AlMgSi1. The plates and fins were milled in a single piece to
achieve optimum thermal conductivity. The 100 mm cylinder wall is only 1 mm
thick and was welded to the plates. Threaded through holes in one plate could
be used for filling and venting. Screw caps with teflon PTFE washers were used
for sealing the filling holes. This way, different PCMs could be tested easily. The
LCS was equipped with heaters and temperature sensors.
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Figure 9.4.: First LCS container prototype before welding.

9.3.3. Selecting and Testing the PCM
Any PCM for use in a latent heat storage has a long list of requirements to fulfill:
• Melting temperature
The melting temperature TS of the PCM should be compliant with thermal
control subsystem requirements.
• High latent heat of fusion
∆H should be high to keep the required PCM mass mP CM low (eq. (9.1)).
• Good thermal conductivity
The thermal conductivity λP CM should be high for good temperature exchange and quick response.
• High nucleation rate
High nucleation rate means quick initial freezing without the need for supercooling below TS .
• Complete reversibility
Freezing and melting shall be reversible over many cycles without degradation of TS or QS .
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• Chemical stability
The PCM shall be chemically stable in space environment (e.g. no polymerization due to radiation).
• Non-hazardous
The PCM shall be easy and safe to handle (e.g. non-toxic, non-flammable,
non-explosive).
• Material compatibility
The PCM shall be compatible with the container material (i.e. non-corrosive, non-reactive).
The required melting temperature of −15 ◦ C limited the choice of possible
PCMs dramatically. The only promising candidate with a suitable melting temperature is 1-Octanol. Other possible materials would require changes in the
latent cold storage working temperature. Thus, 1-Octanol would be the first
choice if it proves the other requirements can be met as well. A strong emphasis is on testing the material for its planned purpose, which means testing it
with a latent cold storage in the laboratory and verifying its properties and good
freezing/melting properties.
Figure 9.5 shows the test setup with µROSI LCS laboratory version. The LCS
is mounted onto a cold plate which is cooled with a stirling cooler (not visible).
On top of the LCS are two temperature sensors PT-100 and a resistive heater.
The LCS is wrapped with MLI before closing the vacuum chamber to minimize
parasitic temperature losses due to radiation. The mean PCM temperature is the
arithmetic mean of top and bottom LCS plate temperatures due to the symmetric
thermal conductivities.
The PCM was deemed suitable if the melting temperature could be verified
and the material showed the expected behavior. The heating curve should ideally
resemble the plot in fig. 9.2.
Evaluation step

Cooler

Heater

Temperature

Initial cooling
const.
off
gradual decline
Freezing
const.
off
discontinuity
Melting
off
const.
discontinuity
Phase Transition varying varying const.
Table 9.2.: PCM evaluation plan and expected behaviour of suitable PCM.
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Figure 9.5.: PCM test setup in vacuum chamber with LCS laboratory version.
The LCS is mounted onto a cold plate which is cooled with a stirling
cooler (not visible). On top of the LCS are two temperature sensors
PT-100 and a resistive heater.

The latent heat of fusion ∆H can be measured by completely freezing the
PCM and heating the LCS with constant heater power P . The time required to
completely melt the PCM times the heater power then equals ∆H.
Figure 9.6 shows the freezing of 1-Octanol with the test configuration as shown
in fig. 9.5. The PCM is initially melted and cooled by the stirling cooler. The
freezing process starts where the LCS temperature shows a small local minimum.
The temperature of this local minimum is slightly below the nominal phase change
temperature. Once the freezing process starts, the temperature recovers to the
melting temperature and remains almost constant until the material is completely
frozen.
This hysteresis effect is widely known as supercooling. It is a common behaviour for most pure substances (Sharma and Sagara, 2005). The hysteresis
in the temperature curve can be used to determine precisely the point of initial
freezing. The supercooling temperature is approximately −1.3 ◦ C, which is suf-
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Figure 9.6.: Freezing curve of 1-Octanol.
ficiently low for the µROSI LCS performance. During the freezing process the
temperature remains stable within 1 ◦ C. In summary, 1-Octanol is chosen as the
phase change material in the µROSI thermal control subsystem. The following
tables 9.3 and 9.4 list the physical properties of 1-Octanol.
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Property

Symbol

Chemical formula
Melting temperature
Molar mass
Latent heat of fusion
Density

Value
C8 H18 O
258 K (a)
g (b)
130.23 mol
kJ (c)
25.13 mol
kg (b)
830 m
3

Tm
M
∆H
ρ

Table 9.3.: Properties of 1-Octanol. (a) measured data,
van Miltenburg et al., 2003).

T
[K]
170
180
190
200
210
220
230
240
250
258

cp,s


J
mol K

147.0
152.9
158.8
165.1
171.7
178.1
184.6
191.1
197.6
203.1



T
[K]
258
260
270
280
290
298
300
310
320
330

(b)

Wikipedia,

(c)

(source:

cp,l


J
mol K



274.9
276.0
283.0
290.6
300.0
308.1
310.1
320.6
331.9
343.5

Table 9.4.: Heat capacities of 1-Octanol cp,s for the solid phase and cp,l for the
liquid phase (data from: van Miltenburg et al., 2003).
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9.4. Radiator
The purpose of the radiator is to provide a heat sink for the detector cooling
system. It is connected to the LCS by a constant conductance heat pipe (see
section 9.5). The radiator is mounted to the optical bench on six thermally
insulating PEEK bushings on the side opposite of the satellite interface. The
heat pipe is mounted on its back side, facing the optical bench. The outward
surface is coated with white paint MAP SG121FD. It has a good α/ε value while
providing less absorption than black paint. These optical properties ensure that
the radiator temperature remains below 30 ◦ C even if the radiator was exposed
to direct Sunlight.
Property

Value

Surface area
266 cm2
α
0.2
ε
0.88
Average thickness 2 mm
Table 9.5.: Radiator properties.

9.4.1. Radiator Optimization
The radiator back side has milled recesses to reduce the mass of the radiator while
providing good mechanical stiffness. In the preliminary design the radiator had
a constant thickness of 2 mm. For the final design a benchmark analysis of the
radiator panel without the mounted heat pipe was conducted. The goal of this
benchmark was to find a geometry for the recesses that provides a smooth temperature distribution comparable to the constant thickness design, with roughly
the same mass, but with higher mechanical stiffness to vibration loads.
Table 9.6 gives a brief summary of the results of the benchmark analysis. Two
design iterations were completed, but only the first and the final analysis results
are shown here. The overall thickness of the radiator increased by 50% while the
mass was raised only by 4 g (¡2.8%) due to the milled recesses.
To evaluate the temperature distribution across the radiator surface, both designs were subjected to the same thermal loads. The average temperature across
the radiator surface changed only by 0.5 ◦ C from the preliminary version to the final version. Figures 9.7a and 9.7b show the temperature distribution with isother-
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mal lines. Both distributions show similar patterns with a maximum temperature
difference of < 1 ◦ C across the radiator surface for both designs.
An eigenfrequency analysis was conducted to compare the dynamic behaviour
of both designs. Figures 9.7c and 9.7f show the first two modes of the initial
design and the final design respectively. The first eigenfrequency of the final
design is 650 Hz compared to 543 Hz for the initial design, which is an increase
by 20%. Similarly, the second eigenfrequency of the final design is 22% higher
than the initial design. Eigenmodes 1 and 2 contribute to > 70% of the effective
masses. This percentage remains constant for both preliminary and final design
(see figures 9.7g and 9.7h). The effective mass fraction of the second eigenmode
could nonetheless be reduced to < 6%. This means that for the final design less
than 6% of the radiator mass which means only about 9 g of material contribute
to the second eigenmode. In effect, the number of critical eigenmodes with a mass
fraction of > 10% could be reduced to one.

Thickness
Recesses
Mass
Mean temperature
Heat pipe influx
Structure heat influx
Eigenmodes > 10%

Preliminary design

Final design

2 mm
no
139 g
−32.2 ◦ C
1.7 W
1.0 W
54% / 543 Hz
19% / 619 Hz

3 mm
yes
143 g
−31.7 ◦ C
1.7 W
1.0 W
66% / 650 Hz
6% / 754 Hz

Table 9.6.: Results of radiator benchmark analysis.
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Preliminary design

Final design

(a) Temperature distribution

(b) Temperature distribution

(c) Mode 1 at 543 Hz

(d) Mode 1 at 650 Hz

(e) Mode 2 at 619 Hz

(f) Mode 2 at 754 Hz

(g) Effective mass fractions

(h) Effective mass fractions

Figure 9.7.: Radiator benchmark analysis comparing the preliminary design (constant thickness, left) with the final design (with milled recesses, right).

131

9. Thermal Control Subsystem

(a) Radiator backside with milled recesses

(b) Radiator front side before painting

Figure 9.8.: Photography of the µROSI radiator after yellow chromating and before painting with white paint MAP SG121FD.
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9.5. Heat Pipe
The heat pipe connects the radiator with the LCS container. It is made from
an extruded aluminium profile with internal grooves (see fig. 9.11a). This profile
was designed for the eROSITA camera cooling system. The experience gathered
with the design, manufacturing and testing of the eROSITA heat pipes is very
important for successfully designing, manufacturing and testing the heat pipe for
the µROSI telescope.

9.5.1. Working Principle
Heat pipes are closed tubes filled with a working fluid. They are capable of
transporting heat over large distances with minimum temperature gradients by
using phase transition heat transfers. The working fluid at the hot side of the
heat pipe is evaporated and condensed at the cold side. The hot and cold sides
are therefore called the evaporator and the condenser respectively.
Evaporator

Qin

Adiabatic section

Condenser

Qout

wick

Figure 9.9.: Heat pipe working principle.
The working fluid inside the heat pipe is in a saturated state and strictly follows
its saturation pressure curve. The gaseous phase flows from the evaporator to the
condenser and the condensed phase flows in the opposite direction. The µROSI
heat pipe has small capillary grooves that transport the condensed phase with
capillary pressure.
This process works only under certain conditions. In the following, a brief summary of the limitations are explained. Detailed explanation along with analytical
methods to calculate each limitation can be found in Faghri, 1995.
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Capillary Limit
The capillary pressure in the heat pipe grooves is the driving force for the fluid
flow inside the heat pipe. It needs to be higher than the sum of all pressure drops
along the liquid-vapor path. Pressure drops occur at the liquid-vapor interfaces
and along the path due to fluid friction, wall friction and gravity.
The capillary pressure pcap determines the ability of the heat pipe to “pump”
the liquid phase of the working fluid against the wall friction or gravity.
2σ cos θ
ref f
2σ
=
ref f

pcap =
⇒ pcap,max

(9.6)
(9.7)

where
pcap
σ
θ
ref f

[P a]
N 

Capillary pressure
Surface tension
m
[rad] Wetting angle
[m]
Effective pore radius

While the effective pore radius is determined by the heat pipe geometry, the
surface tension of ethane is temperature dependent. Faghri (1995) give a comprehensive overview of how to determine the effective pore radius for different heat
pipe types. To estimate the maximum capillary pressure pcap,max , the wetting
angle θ can be neglected.
Boiling Limit
If the wall temperature is too high, the fluid might boil in the wick. This can
severely affect the fluid flow. In extreme cases the wick might even dry out locally
causing a local pressure increase which counteracts the normal fluid flow. Thus,
the boiling limit is typically a steep curve at the right edge in the Q / T diagram.
Sonic Limit
If the flow rates in the liquid or in the vapor reach sonic speeds, the fluid flow
friction increases drastically. In effect, the fluid flow is slowed down due to friction.
The sonic limit can be reached at frozen startup conditions due to the temperature
dependence of the speed of sound.
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Entrainment Limit
The heat pipe is limited by entrainment when high vapor velocities lead to a
significant interaction with the liquid phase. Liquid is torn into the vapor stream
and does not reach the evaporator.
Viscous Limit
The viscous limit can be observed for heat pipes that operate below their normal
operating temperatures. The vapor flow in the heat pipe is dominated by viscous
forces and the vapor pressure at the end of the condenser drops to zero. The
viscous limit is therefore also known as the vapor pressure limit.

Figure 9.10.: Limitations of the µROSI heat pipe. Calculated by Fürmetz (2012,
p. 43) for the eROSITA camera heat pipes.
The extruded aluminium profile used for the µROSI is the same that is used for
the eROSITA camera heat pipes which has been thoroughly tested and comprehensively evaluated by Fürmetz (2012) with the working fluid ethane. Figure 9.10
shows the theoretical limitations (i.e. the maximum transferable heat power) of
the eROSITA / µROSI heat pipe as a function of the working temperature. The
µROSI heat pipe is capillary limited over the whole temperature range. This is
chiefly due to the relatively low
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Other limitations that are not shown in fig. 9.10 are briefly described in the
following.
Condenser Limit
Heat pipes are condenser limited when the condenser is not able to provide enough
cooling power. Non-condensable gases in the heat pipe can also limit the condenser cooling capability. Non-condensable gases like nitrogen are used in variable
conductance heat pipes (VCHP). If the condenser temperature rises, the N2 in the
condenser expands and blocks a larger fraction of the condenser. Thus, VCHPs
have a passive, automatic cooling power adjustment (see Fürmetz, 2012, for an
example of a VCHP design).
Continuum Flow Limit
Micro heat pipes or heat pipes that are operated at extremely low temperatures
can be limited when the vapor is in the free molecular state.
Frozen Startup Limit
If the heat pipe temperature is below the working fluid freezing temperature, the
working fluid sublimates from frozen to vapor state. It may occur that the vapor
re-sublimates in the adiabatic section. In effect, the evaporator dries out, as there
is no fluid circulation.

9.5.2. Heat Pipe Manufacturing
The main body of the µROSI heat pipe consists of the heat pipe tube (see
fig. 9.11a). This tube needs some end caps to keep the working fluid inside.
Then, the working fluid needs to be filled into the heat pipe. For this purpose,
a thin capillary tube is welded into one of the two end caps. The capillary tube
is equipped with a standard Swagelok 1/4” fitting2 for connecting it to the filling
station. When the heat pipe is filled, the capillary tube is squeezed, cut and
welded tight.
The following list gives a brief overview of how complex the manufacturing
process is. The heat pipe profile used for the µROSI heat pipe was developed
for the eROSITA camera cooling system and has been tested successfully. The
complete manufacturing and testing process is known and all tools and facilities
required are available.
2

Swagelok is a manufacturer of fluid and gas fittings.
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(a) µROSI heat pipe tube before welding
the end caps and capillary tube.

(b) µROSI heat pipe with capillary tube and swagelok fittings before filling.

Figure 9.11.: µROSI heat pipe.
1. Profile manufacturing (aluminium extrusion)
2. Tube manufacturing
a) Removing superfluous flanges (milling)
b) Tube bending
c) Precise milling of remaining flanges
d) Drilling of flange bores
e) Drilling bores for end caps
3. End cap manufacturing
4. Cutting to length of capillary tube
5. Cleaning of parts
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6. Gluing Swagelok 1/4” fitting to capillary tube
7. Laser welding tube, end caps and capillary tube
8. Helium leakage test
9. Surface treatment (yellow chromating)
10. Installing the heat pipe into the filling station
11. Filling with working fluid
a) Evacuating heat pipe
b) Weighing heat pipe
c) Filling with working fluid
d) Weighing heat pipe with working fluid
12. Heat pipe testing
13. Squeezing the capillary tube tight
14. Cutting and welding the capillary tube
15. Acceptance testing
Figure 9.11b shows the µROSI heat pipe flight model after yellow chromating
and before filling. The assembly underwent helium leak testing with a measured
leak rate of 1.1 · 10−10 mbar l s−1 . The Swagelok fitting at the end of the thin
capillary tube will be connected to a hand-operated shut-off valve to keep the
working fluid inside the heat pipe after filling. After successfully testing the heat
pipe, the capillary tube is squeezed, cut and welded tight. This process has been
developed for the eROSITA camera heat pipes using the same heat pipe profile.

9.5.3. Working Fluid
The working fluid used in the µROSI heat pipe is the same that is used for the
eROSITA camera heat pipes: ethane. Table 9.7 lists the physical properties of
ethane.
Other ethane properties are defined as parametrized function eq. (9.8). The
parameter values ai can be obtained from table 9.8.

F (T ) = exp a0 + a1 T + a2 T 2 + a3 T 3 + a4 T 4 + a5 T 5
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Property

Symbol

Chemical formula
Molar mass
Melting temperature
Boiling temperature
Vapor pressure

Tm
Tb
pv

Value

Condition

C2 H6
g
30.07 mol
89.9 K
184.6 K
38.453 bar

1 atm
1 atm
21.1 ◦ C

Table 9.7.: Properties of ethane.
Ethane versus Ammonia
In Faghri (1995, Table 1.1, p.21) ethane is listed as a common heat pipe fluid with
a useful temperature range from 150 . . . 240 K. The nominal working temperature
of the µROSI heat pipe is −15 ◦ C = 258 K which is determined by the latent cold
storage. The temperature range is −30 . . . + 30 ◦ C = 243 . . . 303 K. Now, one
could ask why ethane was selected when the nominal operating temperature range
is not within the useful temperature range of the working fluid. Ammonia seems
to be the better option since it has a useful temperature range of 213 . . . 373 K.
Figure 9.12 also seems to favour ammonia over ethane. It shows the surface
tension ethane and ammonia as a function of the temperature. The surface tension
is critical for the capillary pressure in the heat pipe (see eq. (9.6)). It is the
driving force to overcome the pressure drops in the heat pipe. Both working fluids
have increasing surface tension with lower temperatures, but the temperature
range is different. In the range between 243 . . . 303 K ammonia has a higher
surface tension than ethane. This means that the expected capillary pressure is
higher and the capillary limit allows for a wider temperature range, especially to
higher temperatures. The heat transfer capability (i.e. the maximum transferable
heat Qmax [W ]) is expected to be higher, and the efficiency (i.e. the temperature
gradient ∆T ) is expected to be lower for ammonia. So again, if ammonia is
expected to have a higher Qmax and better efficiency, why would you not use
ammonia instead of ethane?
First, Qmax is irrelevant for the µROSI heat pipe. With a maximum transferable
heat power of < 2 W the µROSI heat pipe is low power heat pipe. Ethane and
ammonia both can transport this little amount of heat at the designated working
temperature of 258 K (refer to fig. 9.10). Qmax is high enough and there is no
need for more.
Second, the efficiency of the heat pipe is almost irrelevant. Ammonia would be
able to transport the same amount of heat with less temperature gradient or with

139

9. Thermal Control Subsystem

Property
pv
hf g
ρl
ρv
µl
µv
λl
λv
σ
cp,l
cp,v

105 · P a

Unit

a0

a1

a2

−1.6186e − 6
−3.8474e − 6
−5.7691e − 7
1.6498e − 6
5.1235e − 7
−3.3600e − 7
−4.5965e − 7
−8.7918e − 7
−1.8129e − 5
−7.0981e − 7
−3.3084e − 8

a3

1.1732e − 8
−2.9487e − 8
−4.0348e − 9
1.8172e − 8
2.7979e − 9
−3.8411e − 9
−6.1947e − 9
−1.1320e − 8
−9.1194e − 8
−6.2492e − 9
−3.3254e − 10

a4

−1.6900e − 10
−1.9064e − 11
−8.7290e − 13

a5

10−3 ·

W
m·K
W
m·K

10−7 ·
10−7 ·

kJ
kg
kg
m3
kg
m3

−2.0481e − 4
−2.6378e − 4
−5.4609e − 5
−1.0357e − 5
5.8535e − 5
−1.6045e − 5
−2.1420e − 5
−2.4476e − 5
−1.7344e − 3
−3.4135e − 5
9.9616e − 7
N
m

1.9164e − 10
−8.7228e − 11
−1.1902e − 11
1.0060e − 10
−3.7143e − 12
−1.3189e − 11
−2.4827e − 11

2.5604e − 2
−1.3766e − 2
−5.5940e − 3
2.9745e − 2
−6.1186e − 3
3.6435e − 3
−7.0141e − 3
7.0307e − 3
−9.3444e − 2
1.0319e − 3
2.2657e − 3
Ns
m2
Ns
m2

3.2181
5.7153
6.0252
3.8345
6.4915
4.4479
−2.5644
−3.9900
1.9473e − 1
1.2471
5.0629

kJ
kg·K
kJ
kg·K

Table 9.8.: Coefficients ai for ethane properties as a function of the temperature for use with eq. (9.8) (values
taken from Faghri, 1995, Table A.42, p.824).
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Figure 9.12.: Surface tension of ethane (red, solid) and ammonia (blue, dotted)
as a function of the temperature (Temperature functions according
to Faghri, 1995, Appendix A).

the same gradient, but with a smaller heat pipe. Well, a smaller heat pipe sounds
great as this would mean less mass, but designing a smaller heat pipe profile is by
far too expensive and time-consuming. However, a smaller temperature gradient
would be a nice benefit indeed. But, at 2 W the temperature gradient is ≈ 1 K
even with ethane (Fürmetz, 2012). Thus, reducing the ∆T simply has no large
impact for low power heat pipes.
Third, ethane stops working at exceedingly high temperatures. As can be
seen in fig. 9.12, the surface tension of ethane is close to zero at 290 K. This
means that ethane can not provide capillary pressure for temperatures higher
than 290 K. This can also be seen in fig. 9.10 where the capillary limit curve
suggests a maximum working temperature of slightly more than 300 K. In other
words, the µROSI heat pipe will not work for temperatures significantly higher
than room temperature whereas the same heat pipe filled with ammonia would
continue to work even to temperatures around 370 K. Using ammonia as a
working fluid, higher temperatures at the radiator would heat up the latent cold
storage more than with ethane. Ethane provides a natural power-off switch when
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the radiator temperature exceeds 300 K, but it allows lower temperatures and
that is exactly what we want for the µROSI detector cooling system.
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9.5.4. Heat Pipe Modelling
Modelling phase transitions, velocities, pressure gradients and capillary pressure
effects in heat pipes in full detail is a very complex task. For the µROSI thermal
model a more simple approach is used.
The model as shown in fig. 9.13 consists of an evaporator node (E), a condenser
node (C) and a vapour node (V). The nodes along the heat pipe are wall nodes
that represent a cross section of the heat pipe. The vapour node is massless and
connected to all wall nodes by a linear thermal resistance that simulates the heat
exchange due to condensation or evaporation. The wall nodes are connected to
their neighbours to take into account the thermal conductivity of the heat pipe
tube. The evaporator and the condenser are connected to wall nodes with a
thermal conductivity representing the temperature gradient across the heat pipe
section to the mounting flanges which are the thermal-mechanical interfaces.

V

E

C

Figure 9.13.: Schematics of the µROSI heat pipe thermal model. (E) evaporator
node, (C) condenser node, (V) vapour node.

The thermal modelling of the interaction between the vapour node and the wall
nodes is crucial for predicting the heat pipe performance. The thermal coupling
here represents the heat exchange due to condensation or evaporation which is
the key feature of any heat pipe. Faghri, 1995 gives a formula to estimate the
heat transfer coefficient hδ at the liquid-vapour interface.

qδ
hδ =
=
Tv − Tl



2α
2−α



h2f g
Tv vf g

r

Mv
2π Ru Tv



pv vf g
1−
2 hf g


(9.9)
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hδ
qδ
Tv
Tl
α
hf g

 W 
2 K
m

W
m2

[K]
[K]
[1]
h i
J
kg

vf g

h

Mv
Ru
pv

 kg 
 molJ 

m3

i

kg

mol K

[P a]

Heat transfer coefficient at liquid-vapour interface
Heat exchange per unit area
Vapour temperature
Liquid temperature
Empirical filling factor
Latent heat of evaporation
Change of specific volume from liquid to vapour
Molar mass
Universal gas constant
Vapour pressure

9.5.5. Heat Pipe Testing
The µROSI heat pipe uses the same aluminium cross-section that is used the
eROSITA camera cooling heat pipes. The heat pipe was designed for operation
at very low temperatures with ethane as a working fluid.
Figure 9.14 shows the test setup for the µROSI heat pipe. The condenser is
mounted horizontally on an adapter plate to exclude gravitational effects. The
adapter is mounted onto a cold plate inside a vacuum chamber for testing. The
evaporator is equipped with a resistive heater that simulates the thermal load.
During the test, the cold plate is temperature controlled with a stirling cooler and
resistive heaters. The evaporator heater power is stepped up from 0 W in +1 W
steps until the heat pipe power transport capability is reached.
Figure 9.15 shows the logged temperature curves at a cold plate temperature of
250 K. This test has been repeated for several different cold plate temperatures.
It shows that the heat pipe is capable of transporting up to 5 W of heat power
with a temperature gradient ∆T < 9 K and the temperature gradient for the
calculated heat load of 1 W (detector dissipation plus parasitics) is ∆T < 2 K.

9.6. In-Orbit Simulation
In order to verify the design of the µROSI thermal control subsystem, an in-orbit
thermal analysis was conducted. Figure 9.16 shows the temperature distribution
of µROSI telescope in the planned sun-synchronous low Earth orbit. The orbit
plane normal is assumed perpendicular to the Sun vector (β-angle is 90◦ ). This
orbit is the worst-case orbit for the TCS, as the temperature gradients on the
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Figure 9.14.: Test setup for the µROSI heat pipe test. The heat pipe is mounted
horizontally inside a vacuum chamber to exclude gravitational effects
(Tiedemann et al., 2013).

µROSI radiator are most extreme. This is due to the fact that the satellite
spends more time in eclipse than in other SSO orbits.
The Max-Valier satellite is modeled assuming a stable temperature of 20 ◦ C.
However, shading effects of the solar panel are taken into account as well as
parasitic heat loads within the µROSI telescope. The detector heat dissipation
was assumed to be 0.5 W and the electronics heat dissipation 1.5 W .
As a result, the radiator temperatures vary between −5 ◦ C and −30 ◦ C, which
equals −17.5 ± 12.5 ◦ C. This allows a medium temperature gradient of 2.5 ◦ C
between the radiator and the LCS in order to maintain the stable temperature
of −15 ◦ C. The simulation has shown that this temperature gradient provides
enough heat rejection for the detector thermal load and parasitics.
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Figure 9.15.: Temperature curve of test with µROSI heat pipe at a stable condenser temperature of 250 K
(Tiedemann et al., 2013).
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9.7. TCS Summary
The principal purpose of the thermal control subsystem is to ensure the detector
temperature remains stable at the specified temperature (reqs. 4.1 and 4.2). In
order to achieve this with a minimum of electrical power, a completely passive
system has been designed following a passive, low power design philosophy.
The LCS (req. 4.3) provides the temperature stability by means of a PCM
(req. 4.4), which was selected to meet the desired temperature. A temperature
difference of ∼ 2 ◦ C between the PCM melting temperature and the detector operating temperature has been foreseen to allow some margin for thermal interface
resistance and parasitic heat loads.
The LCS has been designed, manufactured and tested with 1-Octanol to verify that the desired interface temperature is achieved and remains stable within
the specified limits. The PCM melting temperature has been measured to be
−15 ◦ C as indicated by the data sheet. The measured temperature stability at
the detector interface of the LCS was ≤ 1.0 ◦ C fulfilling req. 4.2 which required
±0.5 ◦ C.
PCM safety (req. 4.14) is ensured as long as precautions indicated by the safety
data sheet are observed. The compatibility of the PCM with the container material (req. 4.13) has been verified with a separate dummy container that showed no
deterioration of the internal surface after containing the PCM for more than one
year. Additionally, the PCM used in the laboratory version of the LCS has been
re-tested after one year of storage without any degradation of melting temperature
or temperature stability around the melting point.
The radiator (req. 4.8) provides the heat sink for the detector cooling system.
Its design has been optimized for best mechanical stability and low mass while
ensuring a smooth surface temperature distribution (see section 9.4.1). The radiator insulation (req. 4.9) is provided by composite bushings between the structure
and the radiator panel. However, the radiator insulation has not yet been verified
by testing as required in req. 4.9. The complete TCS will be tested during the
telescope qualification test campaign. The same applies to the LCS insulation
(req. 4.11).
The heat pipe that connects the LCS with the radiator (req. 4.10) has been
tested successfully so that the medium temperature difference between the radiator and the LCS is < 2 ◦ C. The heat pipe showed that it able to transport up to
5 W of heat which provides sufficient margin as the nominal heat load is 1.5 W
including parasitics.
The complete TCS has been analysed with an in-orbit simulation in fulfil-
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ment of all requirements demanding analytical verification (reqs. 4.1, 4.2, 4.5, 4.9
and 4.11). The analysis shows that the TCS is capable of maintaining a stable,
cold detector temperature in the assumed sun-synchronous orbit. The heat capacity of the PCM provides enough margin even in the SSO that has the largest
temperature gradients.
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Figure 9.16.: In-orbit simulation of the Max-Valier Satellite with the µROSI Xray telescope. The color coding shows the temperature distribution
over one orbit (Tiedemann et al., 2013).
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10. Electronics
The µROSI electronics consists of two separate PCBs, the Power Board and the
Main Board. The Power Board is connected to the satellite with a standard DSUB connector. Only four pins are used, 2 for the power supply and 2 for the
UART interface.
1. +14V power supply
2. power return
3. UART TX
4. UART RX

10.1. Electronics Breadboard Model
The first version of the µROSI electronics was the Breadboard (BB) model. Its
purpose was to verify the energy resolution capability of the detector. The most
challenging task in this context is the analogue detector signal processing. The
BB comprises four separate boards for different purposes:
• The high voltage board
converts 12V input voltage to −130V high voltage for the detector.
• The power supply board
converts 12V input voltage to voltages required by all other components
(+6V, −6V, +5V, +10V, −15V ).
• The sensor board
provides the electrical interface to the detector unit and pre-processes the
analogue detector output signals.
• The processor board
converts analogue sensor signals to digital and processes them.
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Figure 10.1.: µROSI EM electronics block diagram.
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10.1. Electronics Breadboard Model
Implementing the different tasks on separate boards allowed for redesigning one
component without the need to change the other components. Likely, the power
supply and high voltage supply board were implemented once and were operated
with all revisions of the detector board.
The detector board experienced the most design changes. The first version
featured the charge sensitive pre-amplifier, a critical part for the charge detection.
The second version already featured a signal shaper and a peak-and-hold detection
circuitry.
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(a) High voltage board

(b) Power supply board

(c) Processor board

(d) Sensor board version 1

(e) Sensor board version 2

(f) Sensor board version 3

Figure 10.2.: Development boards of the electronics BB model.
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10.2. Breadboard Test
The purpose of the detector breadboard test was to demonstrate the energy resolution capabilities of the electronics.
Figure 10.3 shows the test setup with the electronics BB model with the detector
breadboard model. Not shown in the image is the power supply board and the
high voltage board. The detector is cooled down to −20 ◦ C with gaseous nitrogen
and exposed to an iron-55 (55 Fe) radioactive source for X-ray detection. The test
was conducted in the electronics laboratory at the MPE inside a stainless steel
box.

Figure 10.3.: Test setup with sensor board version 3.
At this time, the software for digitally processing the measured data was not
yet fully implemented. As previously mentioned, the main focus of this test was
to verify the analogue signal processing in the signal chain from the SDD detector
to the AD converter on the breadboard electronics. The test data were obtained
from oscilloscope measurements. The test data showed clearly two well shaped
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peaks in the spectrum (see fig. 10.4). Two gauss curves were generated to best fit
to those peaks. With the energies of the peaks known (they are predetermined
by the 55 Fe source), the x-axis could then be transformed to energy values. The
result of the gauss fit curves together with the measured data is shown in fig. 10.5.
The general formula used for the gauss fit curves is given by eq. (10.1). Best
fit parameters are obtained numerically by minimizing the sum of the squared
errors.
1 x−µ 2
P eak
(10.1)
f (x) = √ · e− 2 ( σ )
σ 2π
With the curve parameters the full width half maximum F W HM value of each
peak can be calculated using eq. (10.2). The F W HM is a measure for the energy
resolution of the detector and electronics system.

√
F W HM = 2 2 ln 2 σ

(10.2)

The results are summarized in table 10.1.

Parameter

Energy
5.9 keV 6.5 keV

µ
σ
P eak
F W HM
F W HM [eV ]

297.360
3.570
39000
8.407
158

328.817
3.888
8003
9.155
172

Table 10.1.: Detector breadboard best fit parameters for gauss fit curves and
F W HM values.
In summary, the electronics BB model proved the capability of the analogue
circuitry to obtain signals from the detector and process them accordingly. The
detector was able to measure X-ray radiation and delivered good energy resolution
together with the electronics BB. The system’s energy resolution was measured
with 158 eV and 172 eV at 5.9 keV and 6.5 keV respectively. These values are
well below the required 200 eV . The digital post-processing of the measured data
still needs to be implemented and tested with the engineering model.
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Figure 10.4.: Photography of multichannel analyzer output during detector breadboard testing (logarithmic y-axis).

Figure 10.5.: Detector breadboard test data with a gaussian fit curve (linear yaxis).
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10.3. Electronics Engineering Model
The electronics engineering model (EM) is the first model with flight-like electronics. Its main purpose is to test the circuitry together with the detector and
to improve the layout for the final design iteration.
The power supply board now incorporates the converters for all required voltages, including the detector high voltage supply. The main board comprises the
whole signal processing chain from analogue to digital. The detector is connected
to the main board with a flexible flat cable. Both boards are four layer PCBs
manufactured with the same high standards as the qualification and flight model
PCBs.

Figure 10.6.: Electronics EM boards during testing.
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11. Conclusion
Within the scope of this work, a fully functional miniature X-ray telescope has
been designed. The design has been verified so that the telescope can successfully
fulfill its scientific mission. The µROSI project, started in early 2008, is still not
completely finished. However, most of the project goals have been accomplished.
• The structural design has been verified by vibration testing.
• The final design of the telescope is complete.
• The detector has been tested successfully with the BB electronics.
• The thermal design has been verified by analysis.
• The hardware for the thermal control subsystem has been developed, manufactured and tested successfully.
• The electronics design has been verified by functional testing.
• The manufacturing of the mirror shells has been completed including the
self-developed mandrel polishing process.
• The mirror properties have been verified by X-ray testing one sample mirror
shell.
The manufacturing of the mirror shells was one of the most important milestones in this project. Attaining the surface smoothness corresponding to the ultra
short wavelength of X-rays requires an elaborate polishing process (section 7.4).
The polishing of the eROSITA mandrels is carried out by the company Media
Lario Technologies. However, in order to reduce time and costs, the polishing
process has been successfully established at the MPE by Elias Breunig (Breunig,
2011a, diploma thesis).
The X-ray measurement of the sample mirror shell #06 (section 7.5) was the
final verification of the surface quality. Although the surface roughness of the
mandrels has been verified beforehand by optical (VIS) measurements, the results
of these measurements can never replace the “real” X-ray test due to the huge
difference in wavelength between VIS and X-ray. Thus, the X-ray test finally
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proved that the polishing process at the MPE and the following e-forming at
Media Lario delivered good mirror shells.
The structure of the µROSI telescope (chapter 8) was designed as a lightweight
aluminium structure milled from a monolithic block. This design was the result
of a trade-off analysis and structural FEM analysis conducted by Elias Breunig
(Breunig, 2011b). A structural qualification model has been manufactured and
tested on the vibration table. For the test, all subsystems were simulated by mass
dummies that were mounted to the structure at their designated interfaces. The
test showed that the structure itself has sufficient load capability to support all
subsystems under the specified test conditions. However, two design improvements were implemented as a result of this test campaign:
1. The mounting of the electronics PCB has been relocated to the side walls
instead of the cover. This was necessary to avoid resonance effects between
the cover and the PCB and the decision to use two separate PCBs with a
dedicated power board instead of a single PCB.
2. The material of the four M5 satellite interface screws has been changed from
stainless steel A2-70 to high strength titanium alloy TiAl6V4 in order to
increase the screw torque and the interface contact pressure. Helicoil thread
inserts and additional spring washers support this effort.
The µROSI thermal control subsystem (chapter 9) is another key element that
is essential for the detector performance. With the specifically developed latent
cold storage (LCS) the system is capable of effectively compensating huge temperature difference as they are experienced in a low Earth orbit (LEO) keeping
the detector temperature stable at −15 ◦ C. All components are working passively
with a minimum of electrical power and without any consumables ensuring an
unlimited life time. The novelty is not the use of a phase change material as a
thermal capacitor, but the temperature range it has been designed for. As far as
my research has revealed, this LCS is the first phase change capacitor for temperatures below 0 ◦ C designed for a space mission. The LCS can be used for any
device in a LEO that requires a cold and stable temperature, like star trackers
or optical sensors for Earth observation. The LCS can be easily scaled in size to
meet the requirements of any other device.
The heat pipe used in the thermal control subsystem uses the same cross section
and manufacturing process developed by myself for the eROSITA cameras. The
eROSITA CCD camera is operated even at a much lower temperature of −95 ◦ C,
so that the heat pipe is filled with ethane as a working fluid. Although the

160

eROSITA heat pipes have undergone extensive testing, operating the µROSI heat
pipe successfully in space prior to the eROSITA launch would add the TRL 71 .
The extra confidence is much appreciated, because the testing of the eROSITA
camera cooling system with its seven cameras, two radiators and a total number
of 13 heat pipes has proven to be extremely difficult on ground due to gravity
effects (Fürmetz, 2012).
The µROSI electronics (chapter 10) has been developed specifically for the
needs of the SDD detector. In order to operate the SDD in single-photon counting
mode, the electronics needed to provide analogue signal processing capabilities as
well as digital data handling and housekeeping.
The electronics follows a modular design philosophy featuring a power supply
board and a main board. The power supply is critical for the detector performance
as it provides the high voltage for the detector. The analogue signal processing
and data handling is located on the main board. This setup allowed for design
iterations on the analogue section while reusing the power supply. Consequently,
the third electronics breadboard model BB3 has been tested successfully with
a detector and a radioactive X-ray source. This test proved that the complete
subsystem comprising the electronics and the detector is capable of delivering the
required energy and timing resolution.
Currently, there is work in progress and more things to do in order to prepare
the µROSI telescope ready for flight:
• Integrate the mirror shells into the mirror spider and conduct X-ray test of
the integrated mirror module.
• Finalize electronics EM testing.
• Redesign electronics QM and FM, if required (depending on EM test results).
• Conduct X-ray test with EM electronics and detector.
• Conduct thermal balance and cycling test with the integrated thermal control subsystem.
• Assemble and test the telescope QM with qualification test levels (functional
test, vibration test, thermal test, X-ray test).
• Assemble and test the telescope FM with acceptance test levels.
• Integrate the telescope and test with the satellite.
1

System prototype demonstration in a space environment, compare table A.3
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These activities are presumably finished in autumn 2013. The telescope then is
ready to be integrated into the Max-Valier Satellite. After integration and testing
the satellite with the telescope at the MPE, the satellite can be shipped to the
launch site. The launch is scheduled for April 2014 with a VEGA rocket from
Kourou.
The µROSI EM and QM models remain at the MPE and are later used in Xray test facilities for measuring spectra. The EM does not have the same cooling
system for the detector as the QM and the flight model, as it can be cooled by a
chiller that is already used in the test facilities for various purposes.
The preliminary simulation conducted in section 5.3 suggests that the µROSI
is capable of meeting its primary scientific objective of measuring spectra of at
least 100 X-ray sources during its all-sky survey. However, the simulation is based
on the ROSAT all-sky survey data and the images produced by µROSI will yield
different results. Besides the higher angular resolution of the ROSAT images, the
ROSAT PSPC detector had a superb background rejection whereas µROSI excels
in spectral resolution. With the good time resolution of the detector, µROSI will
be able to resolve some bright transient sources, and, perhaps also measure the
O2 in the upper Earth atmosphere.
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A.1. Thermal Modeling
Thermal capacity
dT
Q̇ = m · Cp ·
dt
Z
Q̇
⇒T =
dt
m · Cp

(A.1)
(A.2)

Thermal conductivity
Q̇1→2 = k (T1 − T2 ) =

λ·A
(T1 − T2 )
l

(A.3)

Ambient radiation
Q̇1→2 = σ F1→2 A1 ε1 T14 − T24



(A.4)

Surface to surface radiation

Q̇1→2 = σ F1→2 A1

−1

1
1
+ −1
T14 − T24
ε1 ε2

(A.5)

Phase Change Material Modeling
The phase change material (PCM) used in the latent cold storage needs to be
modelled precisely to predict the behaviour of the resulting temperatures. Three
different states have to be modeled: solid, liquid and phase transition. The PCM
temperature is composed of partial temperatures:
TP CM = Ts + Tl + Tm

(A.6)

where TP CM is the total temperature of the phase change material, Ts is the
partial temperature of the solid phase, Tl of the liquid phase and Tm is the PCM’s
melting temperature.
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The internal energy stored in the PCM is obtained by
U = Q = m (∆h · x + cp,s · Ts + cp,l · Tl )

(A.7)

where x ∈ [0 . . . 1] is the fraction of the melted phase in the PCM. The time
derivative of U then yields


dx
dTs
dTl
Q̇ = m ∆h + cp,s
+ cp,l
(A.8)
dt
dt
dt
Table A.1 shows the value ranges for different states. The internal energy level
U in this model equals zero when x = 0. That is the case when the PCM is
completely frozen and at melting temperature.

Ts
Tl
TP CM
x
U

Solid

Phase transition

Liquid

<0
0
< Tm
0
<0

0
0
= Tm
0...1
>0

0
>0
> Tm
1
>0

Table A.1.: Value ranges for different states in PCM modeling.
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A.2. Spectral Lines
Table A.2 lists spectral lines of some elements in the soft X-ray bandwidth.
z-Number

Element

6
7
8
12
13
14
25
29
47

C
N
O
Mg
Al
Si
Mn
Cu
Ag

Kα1

Kβ1

Lα1

0.277
0.3924
0.5249
1.25360 1.3022
1.48670 1.55745
1.73998 1.83594
5.89875 6.49045 0.6374
8.04778 8.90529 0.9297
22.16292 24.9404 2.98431

Lβ1

0.6488
0.9498
3.15094

Table A.2.: X-ray emission lines of selected elements in keV (values from Bearden,
1967, published on http://www.med.harvard.edu).
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A.3. Technology Readiness Levels
Table A.3 lists the technology readiness levels (TRL) as they are defined unanimously by NASA (Mankins, 1995) and ESA (ESA, 2012a). TRLs can be used
for assessing the maturity of any kind of technology, e.g. components, software,
materials or manufacturing processes.
TRL
1
2
3
4
5
6
7
8
9

Description
Basic principles observed and reported
Technology concept and/or application formulated
Analytical & experimental critical function and/or characteristic proof-of-concept
Component and/or breadboard validation in laboratory
environment
Component and/or breadboard validation in relevant environment
System/subsystem model or prototype demonstration in
a relevant environment (ground or space)
System prototype demonstration in a space environment
Actual system completed and “Flight qualified” through
test and demonstration (ground or space)
Actual system “Flight proven” through successful mission operations

Table A.3.: Technology Readiness Levels as defined by NASA (Mankins, 1995)
and ESA (ESA, 2012a).
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A.4. Parts List
Table A.4.: µROSI parts list. Subsystems and subassemblies are emphasized with
bold font.
Level

Number

Part Name

[1]
[1.1]
[1.1.1]
[1.1.1.1]
[1.1.2]
[1.2]
[1.3]
[1.3.1]
[1.3.2]
[1.3.3]
[1.3.4]
[1.3.5]
[1.3.6]
[1.3.7]
[1.3.7.1]
[1.3.7.2]
[1.3.7.3]
[1.3.8]
[1.3.9]
[1.3.10]
[1.3.11]
[1.3.12]
[1.4]
[1.4.1]
[1.4.1.1]
[1.4.1.1.1]
[1.4.1.1.2]
[1.4.1.1.3]
[1.4.1.1.4]
[1.4.1.1.5]
[1.4.1.1.6]
[1.4.1.1.7]
[1.4.1.1.8]
[1.4.1.1.9]
[1.4.1.1.10]
[1.4.1.1.11]
[1.4.1.1.12]
[1.4.1.2]

554-0000-000
554-1000-000
554-1100-001
Böllhoff 4130 104 0006
DIN 7-3 m6 x 10
554-1200-001
554-2000-000
554-2000-001
554-2100-001
554-2100-002
554-2100-003
554-2100-004
554-2100-005
554-2300-000
554-2300-001
554-5300-101
Harwin M80-4001405
554-2300-002
O-Ring 15.0x2.0
Scheibe ISO 7089 2
ISO 14580 M2x3 A2-70
ISO 14581 M2x8 A2-70
554-3000-000
554-3200-000
554-3100-000
554-3100-001
554-3100-002
554-3100-003
554-3100-004
554-3100-005
554-3100-006
554-3100-007
554-3100-008
554-3100-009
554-3100-010
554-3100-011
554-3100-012
554-3401-002

µROSI
Structure
Optical-Bench
Helicoil M4x1.5d
Zylinderstift 3 m6 x 10
Cover
Detector-Assembly
Filter-Foil
Detector-Mounting
Detector-Shroud
Filter-Cap
Retainment-Ring
Venting-Light-Seal
Drift-Chamber-Complete
SDD
Flexlead-Cable
Harwin M80-4001405
SDD-Dummy
O-Ring 15.0x2.0
Scheibe ISO 7089 2
Zylinderschraube Torx M2x3
Senkschraube Torx M2x8
Mirror
Mirror-Module
Mirror-Shells
Mirror-Shell-01
Mirror-Shell-02
Mirror-Shell-03
Mirror-Shell-04
Mirror-Shell-05
Mirror-Shell-06
Mirror-Shell-07
Mirror-Shell-08
Mirror-Shell-09
Mirror-Shell-10
Mirror-Shell-11
Mirror-Shell-12
Spider

Material

AW-6061-T6
CuSN6
VA
AW-6061-T6
Polyimid
AW-6061-T6
AW-6061-T6
AW-6061-T6
AW-6061-T6
AW-6061-T6
Kupfer
Polyimid
AW-6061-T6
VITON
VA
A2-70
A2-70

Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Ti6Al4V

Mass

Qty

2.4596 kg
0.6465 kg
0.6446 kg
kg
0.1556
0.0502
0
0.0028
0.0104
0.004
0.0033
0.0011
0.0148
0.0119
0.0015
0.0013
0.0119
0.0003
0
0.0002
0.0002
0.5312
0.5501
0.3905
0.053
0.0506
0.0483
0.0461
0.044
0.0419
0.02
0.019
0.0181
0.0173
0.0165
0.0157
0.064

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

0
1
1
0
5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Level

Number

Part Name

Material

[1.4.1.2.1]
[1.4.2]
[1.4.2.1]
[1.4.2.2]
[1.4.3]
[1.4.4]
[1.4.5]
[1.5]
[1.5.1]
[1.5.2]
[1.5.3]
[1.5.4]
[1.5.4.1]
[1.5.5]
[1.5.6]
[1.5.7]
[1.5.8]
[1.5.9]
[1.5.10]
[1.5.11]
[1.5.12]
[1.6]
[1.7]
[1.7.1]
[1.7.1.1]
[1.7.1.2]
[1.7.1.3]
[1.7.1.4]
[1.7.2]
[1.7.2.1]
[1.7.2.2]
[1.7.2.3]
[1.7.2.4]
[1.7.3]
[1.7.3.1]
[1.7.3.2]
[1.7.3.3]
[1.7.3.4]
[1.7.3.5]
[1.7.3.6]
[1.7.3.7]
[1.7.3.8]
[1.7.3.9]
[1.7.3.10]

Böllhoff 4130 103 0045
554-3300-000
554-3300-001
554-3300-002
554-3401-001
Scheibe ISO 7089 3
ISO 4762 M3x6
554-4000-000
554-0401-001
554-4100-001
554-4100-003
554-4100-004
Böllhoff 4130 104 0006
554-4100-005
554-4300-000
Scheibe ISO 7089 4
Mutter M 4 DIN 934
ISO 14581 M4x10 A2-70
ISO 14581 M4x8 A2-70
ISO 4762 M4x8
Schnorr Spannscheibe D4
554-4100-002
554-5000-000
554-5100-000
554-5100-001
Harwin M80-5101405
Harwin M80-5101005
Harwin M80-5101805
554-5500-000
554-5100-002
554-5500-001
554-5500-002
Harwin M80-5100605
554-5300-000
554-5320-001
Harwin M80-4000605
Harwin M80-4001005
Harwin M80-4001805
554-5311-000
554-5312-000
554-5313-000
554-5314-000
CVM 207252 P 9P
Ty-Rap TC105

Helicoil M3x1.5d
Baffle
CFK-Rohr
Baffle-Flansch
Mirror-Adapter
Scheibe ISO 7089 3
Zylinderschraube M3x6
Thermal-Control-System
µROSI-HP
Radiator-Plate
Detector-Kettle
Cooling-Interface
Helicoil M4x1.5d
Detector-Kettle-FM
LCS-Container
Scheibe ISO 7089 4
Mutter M 4 DIN 934
Senkschraube Torx M4x10
Senkschraube Torx M4x8
Zylinderschraube M4x8
Schnorr Spannscheibe D4
Bushing
Electronics
Main-Board
Main-Board-PCB
Harwin M80-5101405
Harwin M80-5101005
Harwin M80-5101805
Power-Board
Cable-Pull-Relief
Power-Board-PCB
Power-Shielding
Harwin M80-5100605
Harness
Soldered-Cable-Loop
Harwin M80-4000605
Harwin M80-4001005
Harwin M80-4001805
Sat-Cable-1
Sat-Cable-2
Sat-Cable-3
Sat-Cable-4
Stecker D-Sub P 9P
Ty-Rap TC105

CuSN6
CFRP
TiAl6V4
AW-6061-T6
A2-70
A2-70
AW-6060
AW-6061-T6
PEEK-GF30
AW-6061-T6
CuSN6
PEEK-GF30
Cu / SS
A2-70
VA
A2-70
A2-70
A2-70
X12CrNi17-7
PEEK

FR5

PEEK
FR5
AW-6061-T6

Mass
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
0.0919 kg
0.35
kg
0.0003 kg

0.0547
0.0451
0.0096
0.0183
0.0001
0.001
0.6886
0.0265
0.1431
0.0915
0.0218

0.0013
0.0011
0.0019
0.0004
0.0003
0.1782
0.0737
0.07
0.0013
0.0012
0.0795
0.004
0.0493
0.0011
0.0249
0.001
0.0011

Aluminium

Qty

0.0118
0.0007

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

0
1
1
1
1
4
4
1
1
1
0
1
0
1
1
16
12
12
6
8
12
12
1
1
1
1
1
1
1
1
1
1
1
1
17
1
1
1
1
1
1
1
1
2
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Level

Number

Part Name

Material

Mass

[1.7.3.11]
[1.8]
[1.9]
[1.10]
[1.11]
[1.12]
[1.13]
[1.14]
[1.15]
[1.16]
[1.17]
[1.18]
[1.19]
[1.20]

Ty-Rap TC824-TB
554-5000-001
Scheibe ISO 7089 3
Scheibe ISO 7089 4
Scheibe ISO 7089 5
ISO 14581 M4x10 A2-70
ISO 4762 M3x5
ISO 4762 M3x12
ISO 4762 M3x16
ISO 4762 M4x12
ISO 4762 M4x20
DIN-912 M5x20 Ti6Al4V
ISO-4762 M4x8 A2-70 gebohrt
Schnorr Spannscheibe D5

Ty-Rap TC824-TB
Bushing D7 D3.2 L5
Scheibe ISO 7089 3
Scheibe ISO 7089 4
Scheibe ISO 7089 5
Senkschraube Torx M4x10
Zylinderschraube M3x5
Zylinderschraube M3x12
Zylinderschraube M3x16
Zylinderschraube M4x12
Zylinderschraube M4x20
Zylinderschraube M5x20
Vakuumschraube M4x8
Schnorr Spannscheibe D5

Aluminium
AW-6060
A2-70
A2-70
VA
A2-70
A2-70
VA
VA
A2-70
A2-70
Ti6Al4V
VA
X12CrNi17-7

0.0007
0.0004
0.0001
0.0003
0.0004
0.0013
0.0008
0.001
0.0014
0.002
0.003
0.005
0.0018
0.0007

Qty
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

4
12
16
18
4
8
4
8
4
8
6
4
4
4
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