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Abstract

Dual-species atom interferometry, with Bose-Einstein condensates, is a promis-
ing technique for ultra-precise and accurate measurements for spaceborne ap-
plications, such as inertial sensing, future detection of gravitational waves,
earth observation, and testing fundamental physics. An ultracold atom ex-
periment on a future satellite mission could improve the precision of testing
general relativity, with the test of the universality of free fall. The technology
discovery of such a complex and challenging experiment, requires a multitude
of space qualified technologies and developments.

The MAIUS-2/3 (Matter-Wave Interferometry Under Microgravity) mis-
sions, within the QUANTUS (Quantum Gases in Microgravity) consortium,
aims to perform the first dual-species atom interferometer with ultracold ru-
bidium and potassium atoms on a sounding rocket. It is used as a pathfinder
mission to further develop the technologies which enable future cold atom
missions. Space suitable ultra-high vacuum (UHV) systems are one of the
enabling technologies for missions on long-duration microgravity platforms,
such as the International Space Station or a satellite.

The scientific payload MAIUS-B, flying on both missions MAIUS-2 and
MAIUS-3, is introduced in this thesis. The payload is sheltered within seven
RADAX (radial-axial) hull segments, and is divided into five subsystems;
electronics, physics package, laser system, laser electronics, and batteries.
The newly developed thermal control system and ground support equipment
is capable of accounting for an internally produced heat load of 707.6W and
a temperature rise by aerodynamic drag during launch. The mass and size
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was continuously optimized, with a final mass of 335.3 kg and a length of
2.8m, which is within the limits of 340.0 kg and 3.0m. A load assessment of
the new suspension system showed that the payload is capable of carrying the
MAIUS-B payload up to 981m s−2 (100 g0) within a reasonable safety margin.
A new umbilical and sealing concept was implemented, providing the payload
until lift-off with power, data, and cooling liquid connections.

The UHV system was redesigned to fit within the mass and size require-
ments. Two titanium sublimation pumps and one ion getter pump are main-
taining a pressure of 2× 10−11 hPa. This is one order of magnitude better than
the experiment required pressure of 5× 10−10 hPa. Several vacuum compo-
nents, such as the differential pumping stage, the oven design, and the pumps
itself, were modified or redesigned. The physics package, including the UHV
system, was qualified for a vibration level of 19.6m s−2

RMS (2.0 g0RMS), com-
pared to the maximum flight level of 17.7m s−2

RMS (1.8 g0RMS) throughout a
sounding rocket mission. The UHV system is capable of regaining the required
pressure within 19 s.

To investigate the influence of static loads on the leakage rate of ConFlat
(CF) seals, a test setup was built. The tests were performed to indicate
the influence on the tightening torque (10Nm, 12.5Nm, 15Nm), the flange
material (aluminum [AluVaC®], stainless steel [316LN-ESR, 14429-ESU]), and
different oxygen free high conductivity (OFHC) copper gaskets (annealed,
non-annealed). The presented results provide the first data set on the leakage
rate for CF DN40 flange connections tested up to a applied force of 1 950N.



Zusammenfassung

Hochpräzise Atominterferometrie mit Bose-Einstein-Kondensaten (BEC) ist
eine vielversprechende Technik für raumfahrtbasierte Anwendungen, wie die
Detektion von Gravitationswellen, Sensoren zur Erdbeobachtung und Tests
fundamentaler Physik mit bisher unerreichter Genauigkeit. Ein Experiment
mit ultrakalten Atomen an Bord eines Satelliten könnte mithilfe des Tests
der Universalität des freien Falls die Genauigkeit der Überprüfung der allge-
meinen Relativitätstheorie verbessern. Aufgrund der Komplexität und den
Herausforderungen eines solchen Experiments ist eine Vielzahl an Raumfahrt
qualifizierten Technologien und Neuentwicklungen notwendig.

Die Missionen MAIUS-2/3 (Materiewelleninterferometer unter
Schwerelosigkeit), innerhalb des QUANTUS-Konsortiums (Quantensysteme
unter Schwerelosigkeit), hat die Durchführung des ersten Zwei-Spezies-
Atominterferometer mit ultrakalten Rubidium- und Kaliumatomen auf einer
Höhenforschungsrakete zum Ziel. Es wird als Pathfinder-Mission genutzt, um
mit Hilfe von Technologieentwicklung zukünftige Missionen zu ermöglichen.
Weltraumtaugliche Ultrahochvakuum (UHV)-Systeme sind eine der Schlüs-
seltechnologien für Missionen auf Mikrogravitationsplattformen, wie der In-
ternationalen Raumstation oder einem Satelliten.

In dieser Arbeit wird die wissenschaftliche Nutzlast MAIUS-B vorgestellt,
welche in beiden Missionen MAIUS-2 und MAIUS-3 fliegt. Die Nutzlast
ist in sieben RADAX (Radial-Axial) Hüllensegmente untergebracht und in
fünf Subsysteme unterteilt: Kontrollelektronik, Experimentapparatur, Laser-
system, Laserelektronik und Batterien. Das neu entwickelte Thermalkon-
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trollsystem und die Bodenversorgung sind in der Lage, die intern erzeugte
Wärmelast von 707.6W und den Temperaturanstieg durch Luftwiderstand
beim Start zu regulieren. Masse und Größe wurden kontinuierlich optimiert,
sodass die endgültige Masse 335.3 kg und die Länge 2.8m beträgt, was inner-
halb der Grenzen von 340.0 kg und 3.0m liegt. Eine Belastungsanalyse des
neuen Aufhängungssystems hat gezeigt, dass sie in der Lage ist, die MAIUS-
B-Nutzlast bis zu einer Belastung von 981m s−2 (100 g0) mit einer angemesse-
nen Sicherheitsmarge zu tragen. Es wurde ein neues Versorgungs- und Dich-
tungskonzept umgesetzt, das die Nutzlast bis zum Raketenstart mit Strom-,
Daten- und Kühlflüssigkeitsanschlüssen versorgt.

Das UHV-System wurde neu designt, um die Anforderungen an Masse
und Größe zu erfüllen. Zwei Titansublimationspumpen und eine Ionenget-
terpumpe halten einen Druck von 2× 10−11 hPa aufrecht. Dies ist um eine
Größenordnung besser, als der für das Experiment erforderliche Druck von
5× 10−10 hPa. Mehrere Vakuumkomponenten, wie z.B. die differentielle Pump-
stufe, die Konstruktion des Ofens und die Pumpen selbst, wurden geändert
oder neu konstruiert. Die Experimentapparatur, einschließlich des UHV-
Systems, wurde für ein Vibrationsniveau von 19.6m s−2

RMS (2.0 g0RMS) quali-
fiziert, verglichen mit dem maximalen Flugniveau von 17.7m s−2

RMS

(1.8 g0RMS) während einer Höhenforschungsraketenmission. Das UHV-System
ist in der Lage, den erforderlichen Druck innerhalb von 19 s nach Auftreten
der Last wiederherzustellen.

Um den Einfluss statischer Lasten auf die Leckrate von ConFlat (CF)-
Dichtungen zu untersuchen, wurde ein Testaufbau entwickelt und aufgebaut.
Die Tests wurden durchgeführt, um den Einfluss auf das Anzugsmoment
(10Nm, 12.5Nm, 15Nm), das Flanschmaterial (Aluminium [AluVaC®], Edel-
stahl [316LN-ESR, 14429-ESU]) und verschiedene OFHC Kupferdichtungen
(weichgeglüht, ungeglüht) zu testen. Die vorgestellten Ergebnisse liefern den
ersten Datensatz über die Leckrate für DN40 CF-Flanschverbindungen, die
bis zu einer Kraft von 1.950 N getestet wurden.
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1 Introduction

Within the QUANTUS (Quantum Gases in Microgravity) consortium, mul-
tiple universities and institutes are aiming to build up the knowledge and
the necessary technologies to perform spaceborne dual-species atom interfer-
ometry with ultracold rubidium and potassium atoms. In the framework of
fundamental science experiments in space, an atom interferometer with two
ultracold atom clouds is a promising candidate for testing general relativity
with high-precision, such as the test of the universality of free fall (UFF)
as proposed in STE-QUEST (Spacetime Explorer and Quantum Equivalence
Principle Space Test) [Agu14]. A future STE-QUEST-like satellite mission
could improve the accuracy for the test of the UFF of matter waves within
the earth’s gravitational field, comparing the trajectory of two Bose-Einstein
condensates (BECs). Such a mission takes advantage of the microgravity
environment which allows measuring times not feasible for terrestrial exper-
iments. Atom interferometry with ultracold atoms has the major advantage
of being drift free and absolute calibrated, since the atomic properties are not
changing.

An STE-QUEST-like satellite mission with a dual-species atom interferom-
eter is a challenging task. The stringent requirements given on technologies
and applications used throughout such a payload, makes an intensive technol-
ogy development and space qualification essential. To pave the way for future
STE-QUEST-like satellite missions, technology developments and demonstra-
tions are more easily accessible on pathfinder microgravity platforms, such as
sounding rockets.
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The QUANTUS consortium started with two drop tower missions at the
Center of Applied Space Technology and Microgravity (ZARM), producing
the first BEC in 2007 within the QUANTUS-1 project [Zoe10]. The following
project, QUANTUS-2, was built to perform dual-species atom interferom-
etry, with rubidium-87 (87Rb) and potassium-41 (41K) [Her13]. With the
ongoing experiment, QUANTUS-2 gains essential knowledge in the opera-
tion of a dual-species atom interferometer [Dep21]. Since the drop tower in
Bremen only provides an experimental time of 4.7 s (in catapult mode 9.2 s),
the next step was taken with the sounding rocket mission MAIUS-1 (Matter-
Wave Interferometry Under Microgravity) [Bec18]. MAIUS-1 was successfully
launched in January 2017 on a VSB-30 sounding rocket from Esrange in Swe-
den. During the 6min microgravity time, the scientific payload MAIUS-A
was able to create a 87Rb BEC and conducted around 110 experiments cen-
tral to matter-wave interferometry [Bec18]. Building up on this heritage, the
next step, from a single-species experiment in MAIUS-1 (scientific payload
MAIUS-A), to a dual-species experiment in MAIUS-2/3 with its scientific
payload MAIUS-B, was undertaken. In chapter 5, a general mission overview
of the MAIUS missions is given, and the scientific payload MAIUS-B with its
five subsystems is introduced.

One of the crucial components for the success of ultracold atom experi-
ments, ground or space based, is an ultra-high vacuum (UHV) system, as
stated in [Alo22]. Such an experiment requires, according to [Sei14], a back-
ground pressure of ≤5× 10−10 hPa within its vacuum system. A higher back-
ground pressure leads to more collisions with the residual gas atoms and lowers
the performance of the experiment. To optimize the experiment performance,
the UHV system needs to be able to maintain the lowest pressure possible.

Such a vacuum system is further designed to provide a reliable, controllable
and reproducible test environment. A pressure in this UHV region is a man-
ageable task for a ground based experiment, using the available techniques and
standard components. Once the UHV system is transferred to a spaceborne
payload, special environmental conditions need to be taken into account. As
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a part of this thesis, chapter 3 discusses the flight environment (mechanical,
thermal and magnetic) of the most common microgravity platforms for ul-
tracold atom experiments; sounding rockets, the International Space Station
(ISS), or satellites. It also provides the requirements specification for the
design and implementation of future spaceborne UHV systems, dedicated to
ultracold atom experiments.

Some of the main influences on the UHV system are the mechanical loads
during launch, the rocket ascent, stage separation, or in-orbit maneuvers. The
vibrations from the rocket motors or their acceleration cause dynamic or static
loads, respectively. These loads are applied to the overall payload including
the vacuum system. The vacuum system needs to be able to withstand the
mechanical loads, while at the same time maintaining the required pressure
level to avoid decreased experiment performances. This makes a ground qual-
ification process of the performance of the UHV system mandatory. During
the ground qualification of the flight hardware including the vacuum system,
vibration tests are used to simulate the applied dynamic loads during the mis-
sion. All components used for space missions, commercial or self designed,
have to pass the ground qualification.

Throughout this thesis, a primary outcome was to newly design, assemble,
integrate and qualify the MAIUS-B UHV system, as shown in detail in chapter
6. In section 6.2, the newly designed and implemented vacuum components of
the UHV system are explained in detail. The vibration tests, as a main part
of the ground qualification in MAIUS-B, were performed within the scope of
this thesis and the test results are discussed in section 6.3.

A widely used design feature for UHV systems on ground and space based
experiments are ConFlat (CF) flange connections. They produce a UHV-
tight connection, can be immediately integrated, and are available for many
applications as standard parts. Although these flanges are commonly used
within space missions, no data sets are available on the influence of external
mechanical loads. These loads could result in a leakage rate through the CF
flange, which will decrease the pressure of the vacuum system and lower the
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performance of the experiment. While the overall vacuum system is vibration
tested on a shaker, the impact of the static loads on the CF flange connection
stays unknown. This data can be used for current and future space missions
to improve and optimize the design, as well as for the final assembly process of
space suitable UHV systems. To provide the science community with the first
data set, chapter 7 reports on the tests conducted as a component of the main
outcome of this thesis. The investigations on the influencing parameters of
the CF flange connections, such as the tightening torque, the sealing gasket,
or the flange material, are further discussed. Section 7.2 starts with the test
requirements and introduces the test setup and its methodology. The test
setup was newly built and the methodology was specifically created for the
purposes of this thesis. The following section 7.3, presents the discussion of
the test results and gives a comparison and summary of the findings of the
conducted tests.

Another important design driver for spaceborne missions is the compactness
and the miniaturization of an experimental setup, which can fill up a whole
laboratory in ground based experiments. To fulfill this goal, common com-
mercial components and new technologies need to be optimized and adapted
in such a way that they are able to withstand the mechanical loads through-
out the launch, and the actual flight mission. For the new scientific payload
MAIUS-B, this required an extensive adaption of the payload suspension and
the overall mechanical design. The changes of the suspension and its load
and safety assessment, which have been performed as a part of this thesis, are
shown and discussed in section 5.7.2.

Beside the size constraints, an intensive mass optimization is an essential
engineering task for all space missions. The overall mass budget has a high
impact throughout the mission, either in a cost perspective or as a direct
impact on the mission architecture itself. The reachable apogee of a parabolic
flight of a sounding rocket, for example, correlates directly with the obtainable
microgravity and experimental time. In this case, the achievable thrust is
given by the rocket for a certain motor setup, but a higher weight results in
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a lower apogee and therefore in a shorter experimental/microgravity time. In
section 5.7.1, the discussed optimizations of the mass and the length budget
is one of the outcomes of this thesis. It is one of the main key elements for the
successful transition from a single-species experiment in MAIUS-1 (MAIUS-
A) to a dual-species experiment for MAIUS-2/3 (MAIUS-B).

Such a dual-species atom interferometer requires a high amount of supply
and control electronics for the main experiment, and for the mission essential
components, such as the laser system or the overall power supply. Compared
to ground based experiments, an autonomous operation of the payload is
required throughout main phases of the mission, depending on the chosen mi-
crogravity platform. Space stations like the ISS provide the experiment with
power for its in-orbit operation. During the direct time before launch, the
launch itself, and the transport phase, the experiment has no ground support
available. For other microgravity platforms, such as sounding rockets or for a
satellite mission, the system needs to sustain itself completely autonomously
after launch. Depending on the launcher, up to launch or at least up to a
certain point, the ground support equipment (GSE) is used to provide the
payload with power, data and cooling abilities for the thermal control system
(TCS). The GSE needs to be designed depending on the needs of the payload.
For the actual supply or communication with the payload via the GSE, an
umbilical and feedthrough concept is required to make critical components
accessible if needed, prior to launch. As a lessons learned from the MAIUS-A
payload, and to comply with the requirements in MAIUS-B, the umbilical
and feedthrough concept was adapted. The new concepts as designed, imple-
mented and tested throughout this thesis (see section 5.7.3), are providing the
scientific payload MAIUS-B with the needed power, data, and accessibility for
active cooling.

With a multitude of high electrical power components, a TCS concept is
an essential part of all payloads and all microgravity platforms. The above
mentioned miniaturization results in a dense payload design, with many com-
ponents producing high heat loads within a small space on the one side, and
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temperature critical components on the other side. In the presence of high
internal or external heat loads, the TCS design is one of the most crucial
elements of such a payload. Operation of critical components outside of their
rated temperature range could cause, in a worst case, a failure of major com-
ponents or even the mission goals. As a contribution to the MAIUS-B payload
and an important outcome of this thesis, the necessary design developments
of the overall TCS concept throughout all subsystems are shown and dis-
cussed in section 5.3 and throughout the different subsystems in chapter 5. In
addition, the qualification tests (see section 5.3) of the TCS in combination
with the GSE were conducted and passed as an outcome of this thesis and in
preparation for the launch.



2 Scientific Background

This chapter will provide the scientific background for the main experiment of
the MAIUS-B scientific payload (see chapter 5), and for the investigation of
the leakage rate of CF flanges under static loads (see chapter 7). In the first
section, the methods and techniques of trapping and cooling atoms towards
a dual-species BEC with 87Rb and 41K are discussed. These methods are fol-
lowed by a description of a matter wave interferometer with ultracold atoms,
and the use for testing the UFF. All these concepts, methods and techniques
are discussed briefly to provide an overview. For more detailed information in
these fields, please refer to the respective work, such as [Alo22; Her12; Ket99;
Pie21; Rud10; Sei14]. The actual optimization and implementation of the
different steps towards the dual-species experiment for the missions MAIUS-
2/3 (MAIUS-B), are not within the scope of this thesis, but are presented in
thesis [Pie21].

The second part of this chapter focuses on UHV systems as a key technology
for the MAIUS missions. While the scopes in this thesis are on UHV systems
and technologies in space, such as the MAIUS UHV system in chapters 5
and 6, the upcoming section provides the necessary scientific background.
The principles for the different pumping concepts used within the MAIUS
missions are presented, as well as a general definition of a UHV system. In
the following sections, the CF flange system and UHV materials are stated, as
used in this thesis throughout the leakage rate tests on CF connections under
static loads (see chapter 7). The last sections explain the basic principals of
leakage detection as a key component for the later tests.
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2.1 Ultracold Atoms

2.1.1 General Definition

Based on the work of Satyendra Nath Bose and Albert Einstein, the existence
of BECs was proposed in 1924 [Bos24; Ein24]. It was postulated by Einstein,
that cooling bosonic gases down to a temperature in the nanokelvin region
(close to the absolute zero), will cause the atoms to condensate into their
lowest possible quantum state. In this state, quantum effects become apparent
on a macroscopic scale and only one single wave function can be used to
describe the the atomic ensemble, which are all in the same state. To perform
atom interferometry, the low expansion velocity of BECs is an advantage.
Delta-kick collimation (DKC) is used to further lower this expansion velocity
and makes it possible to perform atom interferometry on longer time scales
[Amm97; Dep21].

The critical temperature (in case of a 3D harmonic trap) of a dilute gas of
bosons to create a BEC is defined by [Pet02] as

Tc ≈ 3.3125
ℏ2n2/3

mkB
, (2.1)

where n is the particle density, m the mass per boson, ℏ the reduced Planck
constant and kB the Boltzmann constant. Tc is only dependent on the atom
species and the particle density n. The particle density is strongly depen-
dent on the configuration of the experiment, such as the trap geometry, the
particle number and the temperature. Because of that, Tc is only valid for
a specific experiment configuration and cannot be calculated by literature
values [Gro16a]. For the MAIUS-B apparatus it was possible to reduce the
temperature of both ensembles to a few hundred nanokelvin [Pie21]. In the
following sections, the main techniques for cooling and trapping towards a
dual-species BEC are addressed and discussed.
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2.1.2 Atom Species 87Rb and 41K

For the experiments of the MAIUS-2/3 missions, 87Rb and 41K were chosen
as the atomic species. During the MAIUS-1 mission, the MAIUS team was
able to gain advanced knowledge and expertise in working with the 87Rb iso-
tope. The lessons learned from the MAIUS-1 mission are included as part of
the technology and knowledge transfer in the preparation of the MAIUS-2/3
missions. Since the cooling frequencies of 780 nm (87Rb) and 767 nm (41K)
are so close, the same optics can be used. Furthermore, a dual-species BEC
with the 87Rb and 41K isotopes is generally possible, with controllable number
ratios [Bur18]. Due to their high distinction in the proton/neutron number,
the likelihood of a violations of the weak equivalence principle (WEP) is as-
sumed to be high, as stated in [Pie21]. Therefore, these two atom species were
chosen throughout the MAIUS missions and within the QUANTUS projects,
as a predecessor for future satellite missions.

For a better understanding of the different cooling and trapping techniques
used to generate a mixture of BECs with 87Rb and 41K, the level structure
for the D2 transition of both isotopes are shown in figure 2.1. The level
structure of 41K (figure 2.1a) and the structure of 87Rb (figure 2.1b), with
their respective wavelengths, is shown in the D2 line used during the cooling
process. The cooling (red) and repumping (blue) transitions are illustrated,
which will be further explained in the following sections. As shown in figures
2.1a and 2.1b, both isotopes have two ground hyperfine states (F=1,2) and
four excited hyperfine states (F’=0,1,2,3). In the presence of an external static
magnetic field, hyperfine states F are split into 2F+1 different sublevels due
to the Zeeman effect. This leads to the following sublevels: F’=1,mF=-1,0,1;
F’=2,mF=-2,-1,0,1,2; F’=3,mF=-3,-2,-1,0,1,2,3.
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Figure 2.1: Level structure of D2 transitions of 41K a) and 87Rb b) [Ste19; Tie19].
The different transitions involved in the cooling (red) and repumping (blue) process
are indicated. The red dotted lines indicate the red-detuning of the cooling/repump-
ing lasers with respect to the atomic state.

2.1.3 Cooling Procedures for a Dual-Species BEC

To create a dual-species BEC, a multiple step process is needed to cool the
87Rb and 41K atoms down to the desired temperature Tc as stated in section
2.1.1. These techniques are explained briefly in the next sections.

2.1.3.1 Magneto-Optical Trap

One widely used procedure for cooling and trapping the atoms is a magneto-
optical trap (MOT). For this method, the atoms are cooled via Doppler cool-
ing [Phi98] to a temperature of a few hundred microkelvin as shown in fig-
ure 2.2 [Sah19]. The light fields used are counter-propagating, red-detuned
laser beams, with opposite circular polarizations employed along the respec-
tive axes. In contrast to conventional laser cooling which is only velocity
selective, a magnetic quadrupole field is applied. Due to the Zeeman effect,
this gradient leads to a spatial dependence of the atomic resonance frequency
which can be used for spatial trapping. These quadrupole fields are usually
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Figure 2.2: a) The atom with velocity v encounters a photon with the momentum
ℏk = h/λ. b) By absorbing the photon, the atom is slowed down by ℏk/m. This is
based on the Doppler-effect. Therefore the light is red-detuned, so that when the
atom is moving towards the photon, the Doppler shift causes the frequency of the
atom to be shifted to resonance. This increases the likelihood of an absorption of
the photon, compared to an atom moving in a different direction. As shown on the
left side, the atom gets transferred to a higher state if the laser wavelength equals
the transition frequency of the hyperfine structure. c) After a time, the photon
is spontaneously emitted in a random direction which transitions the atom back
into its initial state. After many of these processes with spontaneous emission in
random directions the atom is, on average, slowed down. When completed, the
cooling cycle can start again (adapted from [Phi98]).

generated by Anti-Helmholtz coils. The MOT can be realized in three dimen-
sions by adding pairs of counter-propagating laser beams to shine light from
all directions [Gro16a; Sah19]. By using an atom chip as in MAIUS-2/3, a
Mirror-MOT with different geometries can be realized as described in [Rei99].

For the cooling cycle, the D2 transition (as shown in figure 2.1, in red)
from the F=2 → F’=3, is used at 780.241 nm and 766.701 nm for 87Rb and
41K, respectively. When the cooling light is red-detuned by a few MHz from
a closed atomic transition (red dotted line in figure 2.1 a,b), each absorption
of a photon is always followed by a spontaneous emission back to the ground
state F=2. The red-detuning is used, so that only atoms which are moving in
opposite of the light field are resonant and absorbing photons. This ensures an
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optimal cooling process, since the atom stays inside the cooling cycle [Sah19].
There is a non-zero probability for 87Rb and a high probability for 41K due to a
comparably small splitting of the P3/2-manifold that the atoms unintentionally
excite into the F’=2 state [Pie21]. From this state a relaxation into the F=1
ground state is possible. This hyperfine state is dark, since the atoms in this
state are not resonant to the cooling light anymore. These atoms are no longer
affected by the cooling cycle. To avoid this, a second beam in resonance to the
F=1 → F’=2 transition (blue line in figure 2.1) is used to optically repump
the atoms back into the cooling cycle [Sah19].

In many cases, as well as for the MAIUS experiment (see chapter 5), load-
ing of the three-dimensional MOT (3D-MOT) is assisted by a separated two
dimensional (2D-MOT) with two counter-propagating cooling beams and a
two-dimensional quadrupole magnetic field added by two pairs of coils in race-
track configuration [Die98]. In the actual experimental chamber, a 3D-MOT
has been implemented, with a retro reflective atom-chip setup used to simul-
taneously trap K-41 and Rb-87 [Wil04]. The two chambers are separated via
a differential pumping stage (DPS) to allow for a low UHV pressure in the
3D-MOT chamber and allowing for higher UHV level in the 2D-MOT cham-
ber. The 2D-MOT is a preparation to load the 3D-MOT, which aims for the
highest possible atomic flux. The atoms are able to pass through the DPS
into the 3D-MOT by a small hole in the middle of the DPS (further explained
in section 6.2.3). In another step, sub-Doppler cooling is applied to further
cool down the atoms towards a BEC, which can be found in detail in the
dedicated literature, such as [Lan11].

2.1.3.2 Magnetic Trapping, Evaporative and Sympathetic Cooling

The steps used to generate quantum mixtures of 87Rb and 41K, deviate from
the steps used for a single species BEC due to mixture effects. Details of the
technical implementation are found in [Bur18; Pie21] and are not in the scope
of this thesis. This section aims to give a brief overview of these techniques.
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After loading the atoms into the 3D-MOT, they are trapped by a magnetic
field generated by a z-shaped structure on the atom chip in combination with
a homogeneous bias field in the y-direction. An additional negative x-field
would realize an Ioffe-Pritchard-Configuration, which means a harmonic trap
ideal for the cooling towards the BEC. In the final step of the BEC generation
of 87Rb in combination with 41K, the commonly used approach of evaporative
cooling by radio-frequency (RF) cannot be applied in atom chip experiments
[Her13; Sei14], as pointed out in [Pie21]. To further reduce the kinetic energy
of the ensembles trapped in a magnetic potential, the 87Rb ensemble is evap-
orated using a microwave and the 41K ensemble is sympathetically cooled.
Throughout the sympathetic cooling, the temperature of the 41K atoms are
decreased by interspecies elastic collisions with the slower 87Rb atoms acting
as a buffer gas. The 41K atoms are sympathetically cooled, while their atom
number is kept nearly constant [Bur18]. The microwave evaporation removes
the most energetic 87Rb atoms by using the microwave transition at 6.8GHz

between the F=2 and F=1 state. The atoms in F=1 leave the magnetic trap,
and the residual atoms in F=2 rethermalize to a lower temperature. Figure
2.3 was produced within this thesis, to show a simplified microwave evapo-
ration scheme, where only F=2, mF=2 is a trapping state, with the trapped
atoms indicated in red.

E x

F = 2,mF = 2

F = 1,mF = 1

Evaporation
6.8GHz

Figure 2.3: Simplified microwave evaporation scheme, where only F=2, mF=2 is
a trapping state. The atoms are indicated in red and the microwave transition is
shown by the red arrows.



30 Scientific Background

This procedure is repeated continuously by ramping down the frequency
of the microwave. If T < Tc, the ensemble undergoes a phase transition and
a dual-species BEC of 87Rb and 41K is formed. Detailed information about
the procedure of microwave evaporation and sympathetic cooling with both
species, is presented for the preparation of the MAIUS-2/3 missions in [Pie21].

2.1.4 Atom Interferometry

Atom interferometry is one of the most promising techniques for ultra-precise
and accurate measurements for applications, such as inertial sensing, fu-
ture detection of gravitational waves, geodesic applications (absolute gravity
field mapping), magnetic field detection, or gradiometer (gravity gradients)
[Alo22]. For future spaceborne fundamental physics experiments, for example
the WEP test [Agu14; Tin13], two BECs of two atom species, such as 87Rb
and 41K, can be used as test masses. A major advantage for an atom inter-
ferometry with ultracold atoms, is the fact that it is drift free and absolute
calibrated, since the atomic properties are not changing. Adding a second
species for atom interferometry, such as planned within the MAIUS-2/3 mis-
sions [Pie21], paves the way towards future experiments, but also adds a high
level of complexity. In this section, the principles of matter wave interferom-
etry will be discussed.

Matter wave interferometry is widely conducted in a configuration simi-
lar to an optical Mach-Zehnder interferometer. As used in MAIUS-2/3, a
schematic overview of a general process for matter wave interferometry (using
Raman double diffraction) can be seen in figure 2.4. It is achieved with a se-
quence of three Raman double diffraction pulses (π/2 - π - π/2), starting with
a beam splitter π/2-pulse. This transfers the atoms from their initially pre-
pared state |F=2,p=0⟩ (green lines in figure 2.4) symmetrically into the states
|F=1,p=±2ℏK⟩ (red lines in figure 2.4) [Lév09]. The two wavepackets drift
apart for an interrogation time T , until each wavepacket will be redirected by
a π-pulse. After another free evolution time T , a second π/2-pulse causes the
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π/2 π π/2

Input

Output 1

Output 1

T T

Output 2

Figure 2.4: The Mach-Zehnder atom interferometer is schematically shown above.
T is the interrogation time between two Raman pulses with 2T as the interferometry
time. This three-Raman-pulse atom interferometer (π/2 - π - π/2) results in two
output ports. Their population distribution depends on the relative phase in one of
the two interferometer paths. The dotted arrows indicate an imperfect beam splitter
or mirror for Raman double diffraction. These non-diffracted atoms can be blown
away, because they have another internal energy state than the diffracted atoms.
The red and green lines indicate the two states |F=1,p=±2ℏk⟩ and |F=2,p=0⟩,
respectively [Lév09].

wavepackets to recombine and interfere [Bar13]. External accelerations and
rotations can be measured based on the phase difference they cause in the two
interferometer paths. This phase difference can be determined by detecting
the relative proportion of atoms in the outputs (see figure 2.4) after the final
beam splitter.

Bragg double diffraction [Ahl16] and Raman double diffraction [Lév09] are
two possible approaches for the laser beam splitter. From a technical point
of view, Raman double diffraction offers certain advantages, compared to
Bragg double diffraction. The use of Raman double diffraction allows to
track and compensate imperfections of the beam splitter, which can cause



32 Scientific Background

non-diffracted atoms as indicated by the dotted arrow in figure 2.4 [Lév09].
These non-diffracted atoms can be blown away between the Raman laser
pulses. This simplifies the later analysis of the interferometer outputs, since
the non-diffracted atoms do not enter the detection zone. Additionally, by
using a Raman beam splitter, the distinction of the different output ports can
be realized by state selective detection [Her12].

The sensitivity of an interferometer is proportional to the square of the time
T 2 an atom spends in the interferometer [Bar13; Rud10]. For atom interfer-
ometry, the atoms need to be released from the magnetic trap, which leads to
an acceleration towards the bottom of the vacuum chamber in the presence of
gravity. Since the vacuum chamber can only be increased to a certain level,
spaceborne experiments, such as sounding rockets, the ISS or satellites, are
desirable platforms for current and future experiments. Performing such an
experiment on a microgravity platform is a challenging task and several tech-
niques are still under investigation as stated in [Pie21]. One of the long-term
goals of these experiments is to test the WEP or UFF, which is one of the
assumptions of Einstein’s general relativity [Ein07]. Einstein stated that, in
absence of disturbances such as air friction, two bodies with the masses m1

and m2 are accelerated equally by a gravitational field, regardless of their
mass or internal structure [Her12]. The difference between the acceleration of
the two masses can be defined by the Eötvös factor

ν = 2
am1 − am2

am1 + am2

, (2.2)

with am1 and am2 being the accelerations of m1 and m2, respectively [Bar13].
With the experiments of the MICROSCOPE (Micro-Satellite à traînée Com-
pensée pour l’Observation du Principe d’Equivalence) mission [Tou17], this
factor was already measured to be smaller than 1.3× 10−14. For future satel-
lite missions, as proposed in STE-QUEST [Agu14], an even higher accuracy
of 10−15 is proposed. The sounding rocket missions MAIUS-2/3, with its sci-
entific payload MAIUS-B as presented throughout this thesis in chapters 5
and 6, are important milestones and pave the way for future missions.
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2.2 Ultra-High Vacuum

Throughout this thesis, the main focus is on UHV systems for space missions.
The scientific background for the later presented UHV system (chapter 6) of
the MAIUS-2/3 scientific payload (chapter 5) and the investigations of the
leakage rate of CF connections under mechanical loads (7) are discussed in
the following sections.

2.2.1 General Definitions & Vaccum Levels

In this section, the general definition and theoretical background of vacuum
systems and different vacuum levels will be presented. If the pressure of a
gas inside a chamber/vessel is below the outside pressure, or the pressure of
a gas is lower than 300 hPa, then the state of this gas is defined by [DIN90]
as vacuum. 300 hPa is considered by this definition as the lowest atmospheric
pressure occurring on the earths surface. Whereas the pressure p is defined
as p=F/A, where the force F is applied equally and vertically to an area A.
Throughout this thesis, hPa is used as the pressure unit, which correlates to
other commonly used units by 1 hPa=1mbar=102 Pa=102N/m2. In case of
a non-pure gas, the pressure of a gas mixture is defined by Dalton’s law as
the sum of the partial pressure of each component, which results in a total
pressure [Pfe13b].

For a better understanding of vacuum systems, we can use the ideal gas
law as stated in [Jou12]

pV = mRsϑ , (2.3)

where p is the pressure, V the volume, m the mass, Rs the specific gas con-
stant of the gas or mixture and ϑ the temperature. The Boltzmann con-
stant kB=1.380 649× 10−23 JK−1 and the number of particles N equation 2.3
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[Jou12] can also be written as

pV = NkBϑ . (2.4)

Equations 2.3 and 2.4 show the dependencies of the pressure by the different
values, such as the mass or the number of particles, as a first approxima-
tion within its assumptions and limitations. As derived from [DIN90], the

Table 2.1: Vacuum levels with their respective pressure and particle density [DIN90].
Pressure Level Pressure Particles

in hPa per cm3

Atmospheric Pressure 1 013.25 2.7× 1019

Low Vacuum (LV) 300 - 1 1019 - 1016
Medium Vacuum (MV) 1 - 10−3 1016 - 1013
High Vacuum (HV) 10−3 - 10−7 1013 - 109
Ultra-High Vacuum (UHV) 10−7 - 10−12 109 - 104
Extreme-High Vacuum (XHV) <10−12 <104

different vacuum levels are defined as shown in table 2.1. The vacuum level,
and thereby the pressure, correlates with the number of particles. The re-
quired pressure for the experiment of the MAIUS-2/3 missions is less than
5× 10−10 hPa, which is in the UHV level.

2.2.1.1 Type of Flow

To define the type of flow which takes place in the different vacuum levels,
the dimensionless Knudsen number characterizes the type of flows in respect
to the pressure or vacuum level as shown in figure 2.5. In a tube/channel, the
Knudsen number is defined by [Jou12], as the ratio between the mean free
path l̄ and the diameter d as

Kn =
l̄

d
. (2.5)

The mean free path is the average distance between particles or the distance
until a particle would have another collision with the next particle. If the
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Knudsen number is below 0.01, the flow type is called viscous or continuous
flow, which is the case for the low vacuum regime. In this case the particles
have more frequent collisions with each other than with the wall. The mean
free path is significantly smaller than the dimension of the flow channel. In
a medium vacuum having a Knudsen number between 0.01 and 0.5, the flow
is called Knudsen flow. In this regime, the particles have collisions with each
other and the wall in an equal ratio. In the case of very low pressures in
the HV or UHV regime, the free mean path is much larger compared to the
channel size, such that particle collisions with each other are not frequently
occurring. There are still frequent collisions between the particles and the
wall. This flow type has a Knudsen number above 0.5 and is called molecular
flow [Jou12; Pfe13b].

Continuous flow
Kn < 0.01
Low vacuum

Knudsen flow
0.01< Kn < 0.5
Medium vacuum

Molecular flow
Kn > 0.5
High/Ultra-high vacuum

d

Figure 2.5: Types of flow in respect to the pressure or vacuum level. (adapted from
[Pfe13b])
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2.2.1.2 Reachable End Pressure

The final end pressure pend of a vacuum system, is defined in [Pfe13b] as

pend(t) =
Qdes(t) +Qdiff(t) +Qperm +Qleak(t)

Seff

. (2.6)

where Qdes is the desorption rate, Qdiff the diffusion rate, Qderm the perme-
ation/diffusion rate and Qleak the leakage rate. All therms are divided by the
effective pumping speed Seff which is achieved by the vacuum pumps con-
nected to the vacuum system (reduced by the conductive pipes). Figure 2.6
was produced throughout this thesis, to show a simplified vacuum chamber
with the different terms which are influencing the end pressure.

Permeation

Vacuum Pump

Leakage Rate
Vacuum Chamber

Part, Experiment, Setup

Outgassing (Part)

Outgassing
(Chamber Wall)

Seff

Qdes(t), Qdiff(t)

Qleak(t)

Qperm

pend(t) pout

pout > pend
(Internal, Connected)

Figure 2.6: Schematic overview of a simplified vacuum system. The different terms
which influence the end pressure pend are shown as well as the pumping speed Seff .

The different mechanisms including outgassing, leakages, and the pumping
speed, are discussed and further explained in the following sections.
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2.2.2 Outgassing

In this section, the focus is on outgassing of technical surfaces, such as the
UHV system of the MAIUS-B payload (6.2). The mechanisms involved in
the outgassing process will be explained briefly, but for more detailed theo-
retical background, please refer to the dedicated literature [Jou12]. As stated
in equation 2.6 and in figure 2.6, outgassing influences the pressure of the
vacuum system. It defines the gas flow from a material or surface into the
vacuum system, and is the sum of gas released due to diffusion, desorption
and permeation. High outgassing rates increase the pressure and the pump
down time towards the required end pressure of the vacuum system, for a
fixed pump speed.

Contamination of a material or surface inside the vacuum increases these
effects. Contaminants, such as waste lubricants from the production, dust or
particles from the assembly, and environmental related contamination such
as water vapor adsorbed on the surfaces, are typical challenges for vacuum
systems [Pfe13b]. Therefore, parts with surfaces facing into the vacuum need
to be cleaned and assembled in a clean environment (i.e. clean room). This
reduces contamination to a minimum, as shown for the MAIUS-B vacuum
system in section 6.2.1. Waste lubricants from manufacturing or dust particles
are reduced by such a cleaning process. However, water vapor adsorbed on the
surfaces can only be reduced by higher temperatures (back out). Condensed
water vapor is pronounced adsorbed on all surfaces due to a high polarity
of the water molecules and a comparatively high existence (10 g per m3) in
normal air [Pfe13b].

Under vacuum, gas molecules (mostly water) which are adsorbed or ab-
sorbed in the interior surfaces/walls of the vacuum system, are gradually
desorbed into the vacuum [Pfe13b]. This desorption takes place when the
kinetic energy of the particles bound on the wall, with a temperature ϑw,
that is higher than the desorption energy Edes [Jou12]. For metal surfaces,
the desorption rate and the gas flow into the vacuum system decrease over
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time. After a certain time t > t0, with t0 typically assumed one hour, the
desorption rate can be stated in a good approximation as linear by [Pfe13b]
as

Qdes(t) = qdesA
t0
t
. (2.7)

where Qdes is the desorption rate, qdes the area specific desorption flow rate,
A the area, t the time, and t0 the time of measurement.

It is also possible that gas molecules bound inside the material exit the
material by diffusion and in a second process desorb from the surface. Dif-
fusion is especially dominant for polymers and the time dependency can be
approximated from [Pfe13b] as

Qdiff(t) = qdiffA

√︃
t0
t
, (2.8)

where Qdiff is the diffusion rate and qdiff the area specific diffusion flow rate.

Permeation is a combination of mechanisms including diffusion and des-
orption. Adsorbed molecules on the outside of the wall are diffusing through
the material and desorb on the inner wall surface into the vacuum system.
The flow of gas molecules through the wall, as shown in figure 2.6, depends
on the pressure difference from the outside (pout) to the vacuum/pressure
(pend) inside the chamber. According to [Jou12], the gas flow by permeation
is three orders of magnitude lower than the diffusion. This applies to small
stainless steel walls (wall thickness 2mm). Therefore, the permeation for a
vacuum chamber as in MAIUS-B, with a significantly higher thickness, can
be neglected.

2.2.2.1 Outgassing Measurement

The outgassing rate for a certain material, or for the overall chamber includ-
ing vacuum parts, highly depends on the material, the geometry, and the
treatment before it was used. Although this data exists for certain materials,
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for example in [Mos82], the actual outgassing rate can, for most cases, only be
derived experimentally. The outgassing rate for assemblies or function groups
of different materials are, in many cases, not able to be calculated by exist-
ing literature values. For experimental measurements of the outgassing rate,
different methods exist as stated in [Els75]. The throughput method [War22]
or the pressure-rise method [Els75] are widely used methods, amongst many
others.

For the pressure-rise method, a part/material to be measured is kept at a
constant pumping speed for a certain time under vacuum. Once the pump is
closed off (for example by a valve), the pressure rise ∆p of the now isolated
vacuum system is measured for a time t. To receive sufficient results, a gauge
with a low pumping rate needs to be used and the outgassing rate q can be
calculated from [Els75] as

Q

A
= q =

∆pV

tA
, (2.9)

where V is the volume of the test chamber and A the area of the tested probe
facing into the vacuum. If only desorption is assumed to participate in the
process of outgassing, and if diffusion and permeation are neglected, q = qdes is
the area of specific flow density (outgassing rate) with the unit Pam3 s−1m−2

(Pam s−1).

In the throughput method [Zab33], with a given conductance C between
two vacuum systems, the pressure readings of both chambers p1 (inheriting
the tested probe) and p2 and the outgassing rate Q (not area specific), can
be calculated from [Els75] as

qA = Q = C(p1 − p2) . (2.10)

This equation also indicates the influence of the area A for the outgassing rate.
The unit for the outgassing rate Q, which is not area specific, is Pam3 s−1.
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2.2.3 Leakage

Equation 2.6 shows that the leakage rate influences the pressure. A leakage
can be internal (virtual leak) or external, but both result in a gas input/flow
into the vacuum system and lead to a pressure rise. Internal or virtual leakages
are due to gas trapped in small volumes with a very low conductance. This
leads to a small gas flow over a longer time and effects the vacuum and pressure
level. A good example for virtual leakages are threads of screws or trapped
air in the thread hole, covered by the screw. With slits in the threads and
sufficiently sized venting holes, virtual leakages can be avoided.

The second case for leakages is driven by an external gas input into the
system. Especially for UHV systems, such as MAIUS where the required
pressure is low, leakages are significant and can have a high impact. These
external leakages can be caused by different effects as further discussed in
chapter 6. Although structural flaws within the metal parts are possible, one
can assume that these are avoided by the right choice of the materials and
components.

For the connection of the different parts of the UHV systems, standard
vacuum connections (such as CF flanges [VAC20a]) are widely used, with
leakage rates less than 1× 10−12 Pam3 s−1. Indium wire is another commonly
used material for sealing components, such as view ports (see section 6.2.2).
An indium sealed connection has similar leakage rates as a CF connection
below 1.97× 10−12 Pam3 s−1 [Kup13]. These connections are used due to
their neglectable low leakage rate in UHV systems and the vacuum system is
considered to be ultra-high vacuum-tight.

For spaceborne experiments, external mechanical loads have a significant
impact on CF connections. External mechanical loads, as presented in section
6.3 or in former projects [Gro16a], indicate a high effect on the pressure. This
is also stated in equation 2.6, where a rise in the leakage rate is proportional
to a higher pressure in the system. A theoretical quantification of the leakage
rate of CF connections in the presence of mechanical loads is almost impos-
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sible due to the highly dynamic mechanical behavior of a complex system.
However, the leakage rate affected by external loads can be determined ex-
perimentally. Although UHV systems with CF connections are widely used
for space missions, reliable experimental data under mechanical does not exist.
As such, this thesis aims to fill this lack of experimental data and investigate
the influence of external loads on CF connections as presented in chapter 7.

2.2.4 Flange Systems

In this section, the CF connection will be presented and the sealing principle
will be explained. A general overview of commonly used materials for UHV
systems is given, with a focus on the ones used in CF flanges.

2.2.4.1 CF

CF connections are commonly used for vacuum systems for ground and space-
borne experiments. With very low leakage rates of less than 1× 10−12 Pam3 s−1

and bake out temperatures up to 450 °C (723.15K) [VAC20a], these flange
systems are suitable for UHV systems up to 1× 10−12 hPa. A wide range of
parts are available as commerial off-the-shelf (COTS) components and can be
immediately integrated, which is a big advantage. Defined by ISO/TS 3669-2
[ISO07], CF connections are available for nominal diameters from DN10 to
DN400.

Since the CF connections play a major role within this thesis and in the
later experimental investigation on the leakage rate under mechanical loads
(see chapter 7), a CAD model in figure 2.7 was produced within this thesis
(according to ISO/TS 3669-2 [ISO07]) to further explain the basic CF sealing
principle. The sealing is done by a pair of two symmetrical knife-edges on each
flange and a flat copper gasket. For the gasket, OFHC copper is generally
used due to its low outgassing rate and its high bake out temperature of
around 300 °C [Jou12]. In addition, OFHC copper is a much softer material
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View B
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Figure 2.7: The CF sealing principle is shown for a connection between two standard
CF DN40 tubes (view A) with a cutout at the connection area. View B shows a
detailed view of the two knife-edges pressed into the oxygen free high conductivity
(OFHC) copper gasket by the bolt pretension force of the mounting screws. In
view C, the schematic explosion view of the CF flange connection is shown with all
parts included. The knife-edge imprinted on the copper gasket after mounting the
screws is shown in detailed view D.

than the materials (stainless steel, titanium) used for the flanges and the
knife-edge itself. For the connection, the two flanges and their knife-edges,
with the copper gasket in between, are pressed together by screws, and radially
orientated around the flange (see view C in figure 2.7). By the bolt pretension
force of the screws, the knife-edge of both flanges is pressed into the softer
copper gasket from both sides (see view B and D). Due to this force, and
the combination of a harder flange material, and softer gasket materials the
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copper adjusts to the microscopic surface structure of the knife-edge and fills
the small surface irregularities and defects [Pfe13b]. This enables the above
mentioned UHV-tight connection.

2.2.4.2 UHV Materials

The material used within a vacuum system, and especially for a UHV sys-
tem, depends on the pressure requirements of the experiment or application.
Several materials, such as ceramics, crystals or glass, are used for certain ap-
plications, but will not be further explained in this section. The focus is on
common metal based materials, such as stainless steel, aluminum and tita-
nium, in respect to the requirements later discussed in the following chapters.

In sections 3.2 and 6.1, the requirements and the materials further used
throughout this thesis are stated and will be discussed. Stainless steel is a
widely used standard material for vacuum components, because of its strength,
corrosion resistance, machinability and availability. Standard COTS vacuum
components are made of several types of stainless steel with different charac-
teristics as shown in data sheet [VAC20b]. Stainless steel 304 (1.4301), 316L
(1.4404) or 316LN-ESR (1.4429-ESU) are available for most standard UHV
components and stated in table 2.2.

Although many stainless steel components are available, certain require-
ments, such as a low magnetic permeability (susceptibility) (see section 6.1),
require the use of different materials. Titanium grade 5 (Ti6Al4V) is used
because of its lower mass, lower magnetic permeability and higher strength
compared to stainless steel. However, due to longer machinability times, the
costs of titanium grade 5 parts are several times higher than for stainless steel
as shown in table 2.2. Cost-efficient alternatives are components made of alu-
minum, such as the AluVaC® [VAC16] components from the company Vacom.
These components are made of aluminum (similar to akuminum 6068 AW),
which provides a low magnetic permeability, a lightweight design due to a
lower density (factor of 3 lower than stainless steel), low outgassing rates, and
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Table 2.2: Comparison the characteristics of UHV materials of stainless steel (304
(1.4301), 316L (1.4404), or 316LN-ESR (1.4429-ESU)), aluminum (6068 AW), and
titanium grade 5 (Ti6Al4V). The costs are stated for one CF DN40 standard tube
[VAC16; VAC20b].

Ultimate Yield Hardness Magnetic
Strength Strength (Brinell) Density Perm. Costs

Rm Rp0.2 H ρ µr

Material in MPa in MPa in HB in g cm−3 in Euro

1.4301 500-700 ≥190 ≤190 7.98 1.3 81.75
1.4404 500-700 ≥200 ≤215 8.0 1.1 148.75
1.4429-ESU 500-800 ≥280 ≤250 8.0 1.005 232.05
6068 AW 270-310 252 95 2.7 1.000 02 73.78
Ti6Al4V ≥895 ≥830 ≤310 4.43 1.000 05 898.45

Note: AluVaC® components use aluminum similar to aluminum 6068 AW.

a sufficient strength for most applications (table 2.2). This makes aluminum
a good choice for UHV systems of space applications, where mass budgets are
a driving design factor. Although current missions such as MAIUS-2/3 are
using stainless steel and titanium grade 5, aluminum is a promising material
for future UHV systems for space missions and is therefore of high interest.
Nevertheless, further investigations and tests are needed to prove the usability
in spaceborne experiments in the presence of external loads as described in
section 6.3.

2.2.5 Pumping Systems

The throughput q of a gas through a system is the ratio between the amount
of gas flowing over a time. The amount can be given in several ways, such
as the volume or the mass. A common way is the pV -throughput which can
be derived by dividing the ideal gas flow (see equation 2.3) by time. The
pV -throughput in Pam3 s−1 from [Jou12] is calculated as

qpV = pV̇ =
pV

t
=

mRsϑ

t
. (2.11)
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For a constant temperature, the equation shows a constant volume flow which
can then also be described as the throughput of a connected vacuum pump
by [Jou12] as

qpV = pS = p
dV

dt
, (2.12)

where S is the volume flow rate or pumping speed in dm3 s−1=L s−1 and p is
the inlet pressure of the vacuum pump. The pumping speed in this case is
defined as the volume throughput with a certain volume flow over time as

S = qV = V̇ =
dV

dt
. (2.13)

Since vacuum systems are mostly connected to the pump via piping, this
needs to be taken into account. A flow, through a pipe, results in a resistance
W of the flow, due to the external friction between the gas molecules and
the pipe/chamber wall, and internal friction between the gas molecules them-
selves (viscosity) [Pfe13b]. This results in a pressure difference and thereby
a decrease of the pumping speed. The pressure difference is derived either
by taking the flow resistance W or its reciprocal, the conductance C, into
account and can be written from [Jou12] as

C =
1

W
=

qpV
∆p

. (2.14)

However, the conductance chances for different flow types and geometries need
to be considered for their calculation. To determine the overall conductance
of a system, the different geometries of the piping needs to be considered and
can be brought together either in series or parallel, similarly to the resistances
of an electrical circuit. For more detailed information, and the necessary
equations to calculate the conductance of different geometries and flow types,
please refer to the dedicated literature [Jou12; Pfe13b].

To define the effective pumping speed Seff , the pressure at a certain point
of the vacuum system pvac, and the pressure at the pump outlet ppump, can be
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considered. They result in a constant pV -throughput in

qpV = pvacV̇ vac = ppumpV̇ pump , (2.15)

which gives an effective pumping speed

Seff =
ppump

pvac
S < S . (2.16)

As an example, one could assume a vessel which is pumped down by a pump
with a constant pumping speed. If pvac is the inlet of the vessel, and ppump

the outlet of the pump, and the pipe in between has a conductance C, the
effective pumping speed of the vessel can be calculated as

Seff =
S

1 + S
C

, (2.17)

with
C =

qpV
pvac − ppump

=
ppumpS

pvac − ppump

=
pvacSeff

pvac − ppump

. (2.18)

There are a multitude of different pumps and concepts (see [Jou12; Pfe13b]),
but in the next sections, only the roughening pump, ion getter pump (IGP),
and titanium sublimation pump (TSP) will be discussed, as they are used in
the later chapters.

2.2.5.1 Roughening Pump

A roughening pump is used to initially evacuate a vacuum system from atmo-
spheric pressure down to a pressure region (for example HV or UHV), where
other pumps can maintain, or even lower, the vacuum level further. Since
all vacuum pumps have their efficient working pressure range, certain pumps
are used for low or medium vacuum, while other pumps, such as the later
discussed IGP or TSP, are used in the UHV region.
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A common concept for a roughening pump is a combination of a backing
pump (e.g. a rotary vane or diaphragm pump) combined with a turbopump
[Pfe13b]. In the beginning, the backing pump runs until it reaches the nec-
essary fore-vacuum for the turbopump to start accelerating up to its nominal
speed. From that point on, the turbopump continues to pump down the sys-
tem, with a lowest possible pressure range of around 10−10 hPa [Pfe13b]. Once
the roughening pump has reached this pressure range, other UHV pumps such
as an IGP or TSP can be used to maintain and lower the pressure. Roughen-
ing pumps are in many cases used during the initiation process of the vacuum
evacuation and the bake out of the vacuum system. They can be detached
afterwards and do not need to be considered during space missions. This
makes a roughening pump a very useful device for the preparation of UHV
systems of spaceborne experiments, as the mostly bulky and heavy backing
pump and turbopump are not part of the payload.

2.2.5.2 Ion Getter Pump

IGPs are used for vacuum systems in the UHV region, because of their ability
to create and maintain a pressure down to 10−12 hPa. However, the IGP
requires a roughening pump (e.g. turbopump) as discussed above, since it
is unable to be started at atmospheric pressure [Mac20]. It is able to pump
the chemically reactive hydrogen and the chemically active (getterable) gases
such as nitrogen or oxygen. As a main advantage compared to other pumps,
the IGP is capable of pumping noble gases such as argon, helium or neon.

Although there are different versions of IGPs available (see [Mac20; Tec15]),
this section will focus on noble diode pumps and specifically on the VacIon
Plus 20 from Agilent [Tec15; Tec19], which was used in MAIUS. A noble diode
pump was chosen because of its ability and stability to pump noble gases at
a consisting pump speed. All IGPs are based on the operational principal of
a penning cell [Wel01], by the ionization of the residual gas molecules. Figure
2.8 shows the schematic structure of an IGP cell, with its anode and cathode.
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The anode is a tube usually made of stainless steel. The noble diode pump has
one cathode made of titanium and one made of tantalum. In contrast, both
cathodes of a diode pump are made of titanium, which can lead to noble gas
instability and lower performance of the pumping speed for noble gases. As
shown in figure 2.8, a strong electrical potential between 3 to 7 kV is applied
while permanent magnets generate a magnetic field along the center axis of
the anode tube. These two fields make the electrons move on an oscillating
cylindrical path inside the anode element. This increases the probability of
electrons colliding with a molecule of the residual gas.

+ 3-7 kV

AnodeCathodeTitanium Tantalum

Electrical Field

M
ag

ne
ti

c
F
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ld

Figure 2.8: Schematic overview of a noble diode pump (such as the VacIon Plus
20). It also indicates the working principal of a penning cell of an IGP. (adapted
from [Mac20])

Once a collision occurs, the collided molecule loses one or more electrons
and transfers into a positive ion. At this point the ion will be accelerated
towards one of the cathodes and removes material due to the impact, which
will then build a (sputtered) atom layer on the surface of the anode. The
layer of sputtered atoms from the impact at the cathode, adsorbs active gas
molecules and chemically traps (getter) these background gas molecules.
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Figure 2.9: Time until saturation of the IGP (VacIon Plus 20) depending on the
operation pressure (adapted from [Tec15]).

As mentioned above, a noble diode pump, such as the VacIon Plus 20,
consists of one cathode made of titanium and one made of tantalum. The
tantalum cathode prevents noble gas instability, which occurs for the chem-
ically not reactive noble gases. The high-inertia crystal lattice structure of
the tantalum cathode increases the probability of reflecting neutral ions and
buries especially the chemically not reactive noble gases. This results in an
increased pumping rate for noble gases compared to diode pumps [Mac20;
Wel93].

Once the IGP is working, the permanent impact and sputtering at the
cathode can erode the cathode and already bound atoms can be released.
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This effect will decrease the pumping speed until an equilibrium state between
ion implantation and gas re-emission is reached. At this point, the ion pump
is saturated and the pumping speed is reduced to approximately half the
pumping speed of an unsaturated state. Since the saturation of the IGP
depends on the amount of gas inserted into the cathode, the saturation time
is higher the lower the operation pressure is. This is shown in figure 2.9, which
indicates after what time the IGP is saturated, depending on the pressure level
[Tec15]. For the different pressure levels, the plot shows the percentage of the
nominal pumping speed of the IGP, before and after saturation.

2.2.5.3 Titanium Sublimation Pump

All TSPs are equipped with one or more elements/filaments made of titanium
(alloy of Molybdenum and Titanium). The TSP used for the MAIUS missions
has three titanium-molybdenum filaments and is shown in detail in the later
section 6.2.3. For the activation, only one filament is used at a time and the
remaining filaments are spares in case one breaks. To activate the TSP, a
high current (around 48A) is applied on one filament. The titanium filament
heats up to around 1 200 °C (1 473.15K) and the sublimate titanium will then
condensate on the colder outer walls of the vacuum chamber. The titanium
layer pumps (getters) all gases, besides non-getterable gases such as argon and
methane, by chemical absorption [Tec15]. Due to the saturation/degradation
effects of the titanium layer over time, the TSP needs to be re-activated to
renew the titanium layer. These effects depend on the residual pressure and
the type of molecules, which define how many titanium atoms are needed to
absorb the gas molecules. Figure 2.10 shows the degradation of the titanium
layer over time and indicates in which intervals the TSP needs to be activated
depending on its operation pressure. In the pressure range of 10−9 hPa for
example, the maximum pumping speed for nitrogen is at 100% after the acti-
vation. The percentage of the maximum pumping speed for nitrogen decreases
over time along the line as shown in figure 2.10. If the design of the vacuum
system requires a minimum of 50% pumping speed, the plot indicates that
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Figure 2.10: Degradation of the TSP depending on the operation pressure for ni-
trogen [Tec15].

every 102min a re-activation of the TSP would be needed. A higher opera-
tion pressure will increase the time for a re-activation. In contrast, it is shown
that for a lower pressure, the 100% of maximum pumping speed for nitrogen
is not possible anymore. After 1min the degradation effects are dominant.
It shows that the TSP is a very effective pump with low re-activation rates,
especially at lower operation pressures. Additionally, a power supply is only
needed during the activation. This makes a TSP a widely used component
for vacuum systems on space missions.

2.2.6 Leakage Detection

For the leakage detection, the helium leak detector ASM 340 by Pfeiffer Vac-
uum is used. Throughout the tests presented in this thesis, the most abundant
tracer gas helium-4 (4He) was used, with a mass of 4 u. Alternatively, this
analyzer is also able to be set to detect helium-3 (3He) or hydrogen [Pfe13a].
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Figure 2.11: Working principle of a sector mass spectrometer [Pfe13a].

The ASM 340 uses a magnetic sector field mass spectrometer for the leak
detection and the measurement of the leakage rate. In figure 2.11, the main
parts and the working principal of the mass spectrometer cell is shown. Within
the first steps, the tungsten filament (figure 2.11, Pos. 5) and the ionization
chamber (figure 2.11, Pos. 4) produce positively charged ions and accelerate
them into a zone subjected to a magnetic field. This constant magnetic field is
produced by an external permanent magnet. To get an indication of the total
cell pressure, the triode electrode (figure 2.11, Pos. 1) collects the ions with
a higher mass than the tracer gas. The acceleration of the ions is adjusted so
that only the tracer gas is guided through a diaphragm/orifice (figure 2.11,
Pos. 2) and lands at the target (figure 2.11, Pos. 3). At the target, the
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Figure 2.12: Flow chart of the Leakage detector (Model ASM 340 by Pfeiffer Vac-
uum) [Pfe13b].

leakage rate signal is processed by the electrical current, which is converted
from the ion current of the tracer gas [Pfe13a].

In figure 2.12, a general pumping and vacuum circuit of the ASM 340 is
shown. The above explained mass spectrometer cell (figure 2.12, Pos. 8) is
connected to a high-vacuum turbopump (figure 2.12, Pos. 7). The roughing
pump (figure 2.12, Pos. 5) can be switched on and off via the outlet valve
(figure 2.12, Pos. 6) for baking of the turbopump. For the initial evacuation
of the test specimen at the start of the measurement, the low vacuum valve
(figure 2.12, Pos. 3) is open and the outlet valve is closed. Once the crossover
pressure, which is measured at the inlet, is reached, the outlet valve is opened
and the tracer gas leaking through the test specimen reaches the backing
line between the turbopump and the roughing pump. At this point, the
limited compression ratio of the turbopump allows the lighter tracer gas to
diffuse backwards through the turbopump into the spectrometer cell where
it will be detected. In this “counter flow” or “gross leak” mode, the leakage
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detector is not able to reach its full sensitivity, but it prevents the analyzing
cell from high contamination due to big leakages. For the measurement of
small leakage rates, the detector is operated in the “direct flow” or “fine leak”
mode which provides higher sensitivities. This operation mode is achieved by
a lower pressure at which the low vacuum valve is closed and the leak test
valve (figure 2.12, Pos. 4) is opened [Pfe13a].



3 Flight Environment and
Requirements

This chapter presents the flight environment for common microgravity plat-
forms used in space missions with ultracold atom experiments. Therefore,
sounding rockets, the ISS and satellites will be discussed. Additionally, the
requirements on UHV systems derived from ultracold atom experiments are
explained.

As a general remark throughout this thesis and in the space community,
g0 (gravitational acceleration), is the relation commonly used for accelera-
tions, although g0 is not a SI-unit. While g0 is in many cases defined as
1 g0=9.81m s−2, g0 is not a constant value and therefore only an approxi-
mation. For an accurate calculation of g0, one would also need to take the
altitude and the latitude and longitude into account. To be compliant with
the given values in g0 from the used references, the acceleration in these cases
is also added in multiples of g0, although all accelerations are generally given
in the SI-unit ms−2.
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3.1 Flight Environment

3.1.1 Sounding Rocket

Sounding rockets are used for several microgravity experiments for in-situ
measurements and operation in space for several minutes. They provide a
cheap, ready-to-use and unmanned microgravity platform, compared to the
ISS or satellite missions [Kir18]. As part of the German Aerospace Cen-
ter (DLR), the Mobile Rocket Base (MORABA) operates multiple sounding
rockets and offers launches from Esrange in northern Sweden in cooperation
with the Swedish Space Corporation (SSC). Although there are worldwide
multiple sounding rockets, the focus in this section is on the vehicles from
MORABA, as shown in figure 3.1 [MOR21].

20m

15m

10m

5m

MAIUS

Figure 3.1: Overview of the MORABA sounding rockets vehicles [MOR21] for re-
search under microgravity. The VSB-30 rocket as used within the MAIUS missions
is highlighted in the red block.

Throughout the MAIUS-1/2/3 missions, the two-stage VSB-30 sounding
rocket is used, as highlighted in the red block in figure 3.1. A typical sound-
ing rocket mission as described in the proceedings [Kir18] is performed in a
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parabolic trajectory. After the stage burns, the motors are separated and the
payload is stabilized by the attitude control system. As the microgravity time
begins, the experiments are performed under weightlessness, until the re-entry
starts. This is followed by a parachute mode to decelerate the payload and
safely land it back on the ground.

The apogee of the parabolic trajectory is at around 260 km, depending on
the final mass of the scientific payload. This flight profile provides an ap-
proximate microgravity and experimental time of 300 to 360 s with a residual
acceleration of 10−5 ms−2 in all axis [Sta13]. After landing, the payload is
recovered from the landing zone by a helicopter.

For a flight on a VSB-30 sounding rocket, a variation of mechanical loads
occur within the different stages of the flight as described in [Gro16a]. During
the ascent of the rocket, the motors are vibrating longitudinally and laterally
with 17.7m s−2

RMS (1.8 g0RMS) (Root-Mean-Square (RMS)) in both directions,
in a frequency range of 20Hz to 2 000Hz [Gro16a]. Accelerations in this flight
stage of 121.6m s−2 (12.4 g0) have been measured throughout the MAIUS-
A flight, while the deceleration caused by the atmospheric friction during
re-entry goes up to 147m s−2 (15 g0) [Gro17b]. Additional shocks from the
motor ignition (196m s−2 (20 g0) for 15ms), and higher shocks for 15ms at
491m s−2 (50 g0) to 981m s−2 (100 g0) can appear during landing. With a
spin rate of 2.71Hz and a given radius of 0.245m, a maximum centrifugal
acceleration of 71.02m s−2 (7.24 g0) is calculated [Gro16a].

The thermal environment of the sounding rocket depends on the time of
the year the rocket is launched. During the winter, at the launch site in
Kiruna, outside temperatures can drop down to −40 °C (233.15K). These
rough ambient temperatures need to be considered not only for the launch,
but also for the time after the landing until recovery. While the payload is
finally integrated at room temperature of 20±5 °C (293.15±5K), the payload
is transported and prepared for launch in the Skylark launch tower with a
controlled temperature of 17±7 °C (290.15±7K) [Gro16a].
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Due to aerodynamic friction during the ascent of the rocket, the tempera-
tures on the inside of the hulls segments go (depending on the hull thickness)
up to around 120 °C (393.15K). The temperature decreases within the micro-
gravity phase because of radiation into space and convection into the payload.
During re-entry, the payload (hull segments) is heated up caused by aerody-
namic friction.

For atom-optical experiments, changing magnetic fields yields to potential
problems on the atom interferometer and the BEC creation [Kub16]. Al-
though thesis [Gro16a] showed minor deviations on the launch side of 3.5mG,
the magnetic fields measured during TEXUS-42 in [Ett06] shows field varia-
tions of around 750mG (from 300mG to -450mG).

It is important to note that supply for power/data or cooling is only pro-
vided up to lift-off Therefore, the scientific payload and the experiment itself
have to perform autonomously during flight.

3.1.2 International Space Station

The ISS is a unique microgravity platform for a wide range of experimental
applications and offers a permanent microgravity environment. To install,
maintain, or perform the experiments, a crew of three to six astronauts are
onboard the ISS. For the supply from earth and the transport of astronauts to
and from the ISS, the Soyuz launch vehicle from Roscosmos, the Cygnus cargo
spacecraft by Northrop Grumman, and the Dragon capsule with its launcher
Falcon 9 from SpaceX, are currently used. The ISS offers 33 International
Standard Payload Racks (ISPR) inside and 18 Multi-user External Payload
Sites on a truss outside of the ISS [Sab14]. For detailed information on the
interfaces and the supply via the ISS, an overview can be seen in [Sab14].

The environment can be divided into the launch and flight to the ISS,
and the actual operation on the ISS. For the mechanical loads during launch
and flight, the load profile depends on the actual launcher which is used.



Flight Environment 59

In this section, an overview on the environment for a Falcon 9 launch from
SpaceX will serve as an example. The data is derived and presented here from
the interface definition document of the company Nanoracks [Gre20]. The
acceleration during the launch is stated to be up to 69m s−2 (7 g0). According
to [Gre20], the random vibrations for the Falcon launcher are at 86.3m s−2

RMS

(8.8 g0RMS) in a frequency range of 20Hz to 2 000Hz.

An environmental compatibility verification as described in [Spa20] is re-
quested from SpaceX prior to launch. Additionally, the payload might not be
accessed and connected to any ground support equipment during certain steps
of the launcher preparation which requires an autonomous power supply.

According to [Sab14], the microgravity level onboard the ISS is influenced
by three principal classes of residual accelerations: quasi-steady acceleration,
vibratory acceleration, and transient acceleration. The acceleration is con-
sidered quasi-steady if over a measured time for one orbit of 5 400 s at least
95% of their power lies under 0.01Hz [Sab14]. In the Active Rack Isolation
System (ARIS), the vibrations in the frequency range of 0.01Hz to 300Hz are
damped. Although the isolation methods have been improved, during crew
activities the acceleration level can be higher by orders of magnitudes and
should be taken into account. As stated in [Ceg05], the microgravity level on-
board the ISS is at 1× 10−5ms−2, limited by the aerodynamic drag slowing
down the station. Furthermore, the microgravity level depends on the loca-
tion of the payload in respect to the station’s center of mass. A gravitation
gradient due to offsets of the payload from the station’s center of mass, re-
duces the microgravity level to a maximum of 3× 10−5ms−2 [Ceg05]. During
the docking maneuvers and the boost to raise the altitude of the ISS, which
is necessary to compensate for altitude loses caused by the aerodynamic drag
slowing down the station, a non-microgravity environment occurs.

The Environmental Control and Life Support System (ECLSS) provides an
ambient pressure similar to the composition on earth with an air temperature
between 17 °C (290.15K) to 28 °C (301.15K). In addition, EXPRESS (Expe-
dite the Processing of Experiments to the Space
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Station) racks providing water and air cooling, as well as for the possibility
of crew interference [Sab14]. By orbiting the earth once every 90min, the
ISS has a constantly changing magnetic field which is important for ultracold
atom experiments due to negative effects, and has to be considered within the
design.
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3.1.3 Satellite Missions

Satellite missions offer microgravity platforms with common operation times
of five to ten years. The platforms as discussed in the sections above, are of-
ten used as technology demonstrators for future satellite missions, especially
for key technologies under development. These platforms, and in particular
the sounding rockets, are often used to improve the technology readiness level
(TRL) of new technologies. Beside the payload costs, the launch and the in-
orbit placement are cost-intensive parts of a satellite mission. As an example,
one Falcon 9 launch from SpaceX costs around 52 million Euro, which results
in an approximate cost per kilogram (into low earth orbit (LEO)) of 2300
Euro. The Falcon 9 rocket is able to carry around 22.8 t into LEO, but higher
orbits would lower the capability [Spa21].
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Figure 3.2: Dominating environmental effects depending on the altitude. (Adapted
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Since the mechanical and thermal loads on the payload are strongly de-
pendent on the launcher, the Falcon 9 as discussed in the section above can
be taken as a first assumption. Nevertheless, a multitude of launch vehicles
with different load profiles are available and need to be defined based on the
mission requirements.

The choice of the orbit depends on the mission goals and requirements,
and will result in different residual accelerations. Figure 3.2 shows, that
for a spacecraft (60m2 and 3 270 kg), the aerodynamic drag of the remain-
ing earth atmosphere at 370 km dominates with a residual acceleration of
5× 10−6 ms−2. In contrast to that, at around 740 km the solar pressure dom-
inates. Additionally, figure 3.2 shows an impact of day and night time in this
altitude. This results in a cycling effect over one orbit and changes the resid-
ual acceleration in the range from 1× 10−7ms−2 (day) and 3× 10−8ms−2

(night) [Ols81]. Misalignment from the center of gravity along the orbit path
will reduce the microgravity level. With a well aligned detection zone of the
experiment in orders of centimeter, the achievable microgravity levels can be
better than 10−7ms−2 for an orbit altitude of 740 km [Ols81].

The thermal environment depends on the orbit and has a direct influence
on the design of the TCS of the satellite. For near earth orbits, direct sunlight,
the earth infrared heat flux, earth albedo, and the internal instruments need
to be considered. These effects have an influence on the residual acceleration
as shown in figure 3.2 for both day and night, and additionally on the TCS.

For an earth orbiting satellite, the magnetic field changes during flight,
same as the gravitational gradient, due to the non-spherical shaped of the
earth. For a satellite mission in the range of five to ten years, an additional
environmental effect on the spacecraft is radiation. An exposure to radiation
for a longer time, especially for electronic components, could lead to mal-
function or a complete failure of components. Therefore, qualification of the
radiation hardness and/or redundancies for key components is mandatory for
a successful and reliable mission.
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3.2 Requirements of Ultracold Atom
Experiments on a UHV System

A main requirement for an ultracold atom experiment is the vacuum itself.
While space offers vacuum conditions, the experiment needs to be reproducible
and controllable, and therefore requires a vacuum system. The general re-
quirements, such as sealing technologies, the pumping concept, assembly and
production procedure, are explained in detail in section 6.1.

For experiments with ultracold atoms, a low background pressure is im-
portant to create, observe, and use BECs for atom interferometry. A higher
background pressure leads to more collisions with the remaining gas atoms
and lowers the performance of the experiment. The goal must be a pres-
sure of ≤5× 10−10 hPa to ensure a high lifetime of the magnetically trapped
atoms and the BEC, as stated in [Gro16a; Sei14] for MAIUS-A. To further
investigate the influence of the background collisions on the trap lifetime, the
pressure over lifetime was calculated and plotted in figure 3.3. The calculation
is based on publication [Fol02] where the loss rate per atoms γ is stated as

γ = nbgv̄bgσ = 3.8× 10−3s−1 pbg
10−10hPa

σ

1nm2
, (3.1)

where nbg is the background number of atoms, v̄bg the mean velocity of the
background atoms, σ the collision cross section, and pbg the background pres-
sure. It is further assumed that the dominant background gases are hydrogen
molecules at room temperature. Equation 3.1 can be combined and rear-
ranged to pbg as

pbg = γ
107

3.8s−1

1nm2

σ
, (3.2)

from which the background pressure can be calculated as a function of the
lifetime. According to [Bal99], the collision cross section σ for Rb-H2 collisions
is 295Å and for K-H2 in the same range at 286Å (1 nm2=100Å2). There is a
similar progression for both curves in figure 3.3. The green dashed line indi-
cates the above mentioned literature value of 5× 10−10 hPa from [Gro16a], as
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Figure 3.3: The plot shows the calculated background pressure over the trap lifetime
of the atoms. The blue line assumes collisions of Rb-H2 and the orange line of K-
H2 as the H2 atoms are dominating in the remaining background gas. The green
dashed line indicates the literature value from [Gro16a] of 5× 10−10 hPa.

a comparison. The calculation shows that this value fits for atom interferom-
etry times (2T ) (see section 2.1.4) of a few seconds with aimed trap lifetimes
of around 20 s. This is a reasonable assumption for an experiment sequence
including the preparations steps of the BEC. To ensure a low loss rate and
a high atom number during the experiment, the goal for a UHV system for
ultracold atom experiments should remain as mentioned at ≤5× 10−10 hPa.
A pressure level in the region of 10−11 hPa is advisable to ensure lower atom
losses and better performance of the experiment. It is important to note
that the results presented in figure 3.3 should only be taken as a first refer-
ence point, but is not a substitute for the actual tests of the lifetime on the
experiment.
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From a mechanical and thermal point of view, the UHV system needs to
withstand the loads depending on the microgravity platform as discussed in
the section 3.1. A qualification process for the system is mandatory to show
the performance under mechanical loads. This process points out possible
design adjustments on the vacuum system to maintain the required pressure.

Another requirement is the accessibility for laser light, as well as for opti-
cal instruments and the optical detection systems. Optical viewports are a
fundamental design feature for ultracold atom experiments. Additionally, an
atom source (see section 6.2.3) for the species used within the experiment,
such as 41K and 87Rb for MAIUS, are required.

As discussed in section 3.1 above, magnetic fields are applied on the pay-
load. It is required that the chosen materials for the chamber or vacuum parts
are made of materials with a low magnetic susceptibility. The magnetic sus-
ceptibility indicates the magnetizability of materials within an outer magnetic
field. A magnetization could lead to deformations of the magnetic fields of the
experiment and interference in these fields due to hysteresis effects [Sei14].

Another design requirement on the scientific payload for microgravity plat-
forms, is to miniaturize a test setup which can encompass a whole laboratory
on the ground. The design has to be miniaturized, compact, and at the same
time stable, sustainable and autonomously operated. A constant mass opti-
mization is required to fit into the mass limits and lower the launch or in-orbit
placement costs. As briefly discussed in section 3.1.3, each kilogram brought
into LEO costs approximately 2300 Euro. This shows that a trade-off be-
tween mass, size, cost factors, as well as the experimental requirements, are
important for a successful mission, independent from the used microgravity
platform.





4 State of the Art of UHV
Systems for Experiments
with Cold Atoms

In this chapter, the state of the art for ultracold atom experiments on micro-
gravity platforms will be presented with a focus on their UHV systems. Ultra-
cold atoms are used in several space missions for a multitude of fundamental
physics experiments. These microgravity platforms, such as sounding rockets
or earth-orbiting multi-user platforms like the ISS or Tiangong-2, have great
advantages and offer experimental time scales under microgravity conditions
not possible on earth. As presented in the following chapter, such experiments
are extremely challenging with stringent requirements on the UHV system.

4.1 MAIUS-1

The MAIUS-1 mission is the first of three MAIUS missions within the QUAN-
TUS consortium. It is led by the University of Hanover in cooperation with the
University of Bremen, University of Hamburg, Humboldt-University Berlin,
Ferdinand-Braun Institute Berlin (FBH), the University of Darmstadt and
the University of Ulm. Additional universities and institutes are involved as
subcontractors, one of which is the DLR Institute of Space Systems in Bremen
[Gro16a]. MAIUS-1 was successfully launched in January 2017 on a VSB-30
sounding rocket from Esrange in Sweden, operated by MORABA. During the
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6min microgravity time, the scientific payload MAIUS-A was able to create a
87Rb BEC and conducted around 110 experiments central to matter-wave in-
terferometry [Bec18]. It demonstrated successfully several technologies essen-
tial for future spaceborne ultracold atoms experiments on longer time scales
such as the ISS or onboard a satellite.

11.85m

2 790mm

1
m

50
0
m
m

Figure 4.1: Overview of the scientific payload (MAIUS-A) of the MAIUS-1 sounding
rocket mission [Gro16a].

The scientific payload as described in [Gro16a; Gro17a; Sei14] has a total
length of 2 790mm with a mass of 309.2 kg. Figure 4.1 shows an overview
of the scientific payload (in red) on top of the two-stage VSB-30 sounding
rocket. The pumping concept of the UHV system is equipped with two TSPs
and one IGP, as explained in detail in [Gro16a; Gro16b]. A IKR270 cold cath-
ode gauge by Pfeiffer Vacuum is integrated into the vacuum system for the
pressure measurement. As stated in section 3.2, a pressure of ≤5× 10−10 hPa

is required by the experiment. Prior to the launch, an initial pressure of
8.5× 10−11 hPa was measured, which was rising up to 4× 10−10 hPa during
the rocket ascent. Such a pressure rise was already observed during the qual-
ification of the vacuum system. The increased pressure is caused by micro
leakages of the CF flange connections, used throughout the UHV design.
They are created by the applied mechanical loads within the burn phase of
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the two-stage motor. After the stage burn out, the pressure stabilized at
7.2× 10−11 hPa within 24 s and throughout the experimental phase [Gro17b].

This proved the capability of operating and maintaining a UHV system
below the required threshold of 5× 10−10 hPa onboard a sounding rocket.
MAIUS-1 paved the way and improved the TRL of key technologies necessary
for its successor missions MAIUS-2/3.

4.2 CAL

The Cold Atom Lab (CAL), from the National Aeronautics and Space Ad-
ministration (NASA), was launched in June 2018 as the first earth-orbiting
research laboratory for cold atom experiments to the ISS. The instrument
has been developed and built, and is now remotely operated by NASAs Jet
Propulsion Laboratory (JPL) [Ave20; Ell18]. It is a multi-user facility de-
signed to study ultracold degenerate quantum gases of 87Rb, 39K, and 41K
[Ell18]. By providing a reliable BEC production, continuing operations could
support long-term investigations of trap topologies. These trap topologies are
unique to microgravity, few-body physics, pathfinding techniques for atom-
wave interferometry, and atom-laser sources. CAL is located in an EXPRESS
rack within the US Lab Module Destiny. It is divided into three main sub-
systems; the laser and optics system, the science module, and the electronics
system. The subsystems are supported by thermal, mechanical and software
control [Ave20].

The CAL vacuum system (as shown in figure 4.2) is based on a commercially
available ReBECi vacuum chamber by ColdQuanta, which is CAL-specific
modified. It is designed with two chambers made of glass and a silicon chip
with a 0.75mm diameter pinhole for differential pumping. The source cell
(2D+ MOT chamber) is equipped with a non-evaporable getter (NEG), while
the science cell (3D MOT chamber) maintains a pressure of <1× 10−10 hPa

with an IGP and a second NEG according to [Ell18]. The IGP and the
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Figure 4.2: ColdQuanta RuBECi vacuum chamber used within the CAL project,
which was modified for CAL-specific scientific objectives [Far14].

second NEG is integrated into a six flange stainless steel vacuum intersection.
However, for the UHV, during flight or in operation, no further information
is published.

4.3 BECCAL

The next generation of ultracold atom experiments on the ISS is called BEC-
CAL (Bose-Einstein Condensate and Cold Atom Laboratory), which is a
NASA-DLR collaboration. BECCAL will offer a versatile microgravity plat-
form for a wide variety of experiments using ultracold rubidium and potas-
sium atoms. It will be designed and built based on the knowledge gained
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throughout the QUANTUS, MAIUS and the CAL project. An overview of
the ongoing activities and the status is given in the publication [Fry21].

Similar to its previous missions, the payload consists of three subsystems;
the laser system, the control electronics, and the physics package housing the
main experiment (science chamber). For the performance of the experiments,
the science chamber is kept under UHV. As stated in [Fry21], the vacuum
level is maintained by an IGP and a TSP. While the IGP is operated contin-
uously, the TSP is activated on regular intervals or when the vacuum quality
needs to be increased. During the operation of BECCAL, a pressure range of
1× 10−10 hPa is expected [Fry21].

No electrical power is provided for the integration into the launcher, the
launch, and the flight to the ISS. Therefore at this time no pump is actively
running, which results in a pressure rise. The BECCAL UHV system needs
to be able to survive this time without power and at the same time keep the
pressure below 1× 10−5 hPa to re-activate the IGP in orbit [Fry21]. There is
currently no data published on the detailed UHV system in BECCAL or its
qualification process.

4.4 ACES

Atomic Clock Ensemble in Space (ACES) is an European Space Agency (ESA)
mission which is scheduled to be launched on a Falcon 9 to the ISS [CNE21].
The ACES payload is located outside the European Columbus module at
the Columbus External Payload Facility (CEPF). It aims to enable a multi-
tude of advanced tests in fundamental physics, time keeping, and applications
in different areas of research [Cac09; Lau15]. The key elements of the pay-
load are two atomic clocks, PHARAO (Horloge Atomique par Refroidissement
d’Atomes de
Césium) as a caesium cold atom clock developed by CNES (Centre National
d’Etudes Spatiales), and the SHM (Space Hydrogen Maser) developed by
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Figure 4.3: ACES mission concept overview [Cac09].

Spectra Time in Switzerland [Cac09; CNE21]. PHARAO ensures long-term
frequency stability (τ ≤ 3 000 s) and accuracy, while SHM is mandatory for fre-
quency stability in the short and mid-term range (3 s ≥ τ ≥ 3 000 s) [Gou10].
The Frequency Comparison and Distribution Package (FCDP) distributes and
compares the ACES clock signal between both systems. Via the Microwave
Time-Transfer System (MWL), the onboard clock signal is compared with a
ground based network of ultra-stable clocks on earth as shown in the mission
concept in figure 4.3 [Cac09].

Both systems (PHARAO and SHM) require vacuum conditions for their
instruments. The SHM requires a high vacuum system, within its physics
package as described in [Ziv07]. The passive pumping of hydrogen (working
gas inside the physics package) relies on 30 ST-172 (Zr-Va-Fe) [SAE12] non-
evaporable bulk getters, each with a weight of 11 g. This getter array provides
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a vacuum autonomy of 10 days without electrical power. The internal vacuum
is additionally supported by two miniature ion pumps, each with a pump rate
of 2 L s−1, in order to absorb the other background gases [Ziv07].

The core of the PHARAO system is the caesium tube with its UHV chamber
developed by Sodern Arianegroup. To meet the requirement of 2.6× 10−10 hPa

[Gra04], the UHV system is integrated into the caesium tube. The cold cae-
sium atoms are manipulated inside the UHV chamber, which is made of non-
magnetic titanium. Equipped with a self designed ion pump and a set of five
getters, it produces a pressure of 1.3× 10−10 hPa [Gra04; Lau15].

4.5 SCAC

In September 2016, the Space Cold Atom Clock (SCAC) was launched with
the Space Lab Tiangong-2 and was tested in orbit for almost three years until
July 2019 when Tiangong-2 was deorbited [Ren20]. Under guidance of the
China Manned Space Program (CMSP), the aims were to test and validate
key technologies like laser cooling, the UHV system, the interrogation of cold
atoms via Ramsey microwave fields in microgravity, and to accumulate data
on the orbital environment for cold atom physics. The results of the mission
are discussed along with the payload design in [Ren20].

According to [Ren15], the UHV system was designed to be kept below
5× 10−10 hPa. The physics package is the primary subject of the experiment
with a ring cavity for the Ramsey interrogation of cold 87Rb atoms by the
microwave field inside a UHV chamber. The chamber within the magnetic
shield is made of Titanium Grade 5. A dual-pump system was designed for
this mission, as the UHV system was required to maintain the pressure for
more than two months without a power supply [Ren15]. Two ion pumps are
used for the main pumping system and additionally eight getters in two groups
are kept in standby as a passive device. The getters can be activated if needed,
but otherwise do not require power. Delta seals from Garlock with indium
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were chosen for the sealing technology of the four flanges. The fluctuation of
the magnetization induced by the Delta seals was ≤ ±1 nT [Ren15]. In [Liu18;
Ren20] it is stated that the pressure of the SCAC in orbit was <1× 10−9 hPa

without a constant power supply.

4.6 CAPR

As a successor of the SCAC mission, the Cold Atom Physics Rack (CAPR)
is planned to fly on the Chinese Space Station. It will provide a multi-user
apparatus for cold atom experiments with 87Rb and 40K [Liu21]. The goal of
the vacuum system of the CAPR mission, is a pressure of ≤4.2× 10−10 hPa

[Liu21]. Additionally, the UHV system is required to maintain UHV condi-
tions for more than one month without a power supply. Figure 4.4 shows an
overview of the CAPR vacuum system with its main features. A two cham-
ber system was designed, with a science chamber, a 2D-MOT chamber, and
a DPS in between. The science chamber is connected to the main pumping
system via a CF flange. Two dispensers, one for each species, are mounted as
an atom source with a CF DN16 flange to the 2D-MOT chamber, as well as
a small sputter ion pump (SIP) [Liu21].

For the connections throughout the vacuum system, standardized CF flanges
are used. There are a total of twelve windows for optical access within the
science and the 2D-MOT chamber, which are made of BK7 glass. They are
pressed onto the chamber, and thereby sealed, with a 99.995% pure indium
wire [Liu21].

The pump system of the CAPR payload is realized in a dual-pump system
with a SIP and an ion combination pump [Liu21]. Inside the main pump
system, as shown in figure 4.4, a SIP with a pumping rate of 20 L s−1 (Agilent
VacIon Plus 20 StarCell) is used. The ion combination pump is realized
with the NexTorr D500-5 from SAES combined with the getters ST-172.
Eight additional getters St171-16/10-NP from SAES are designed in a flange
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Figure 4.4: Overview of the UHV system of the CAPR mission [Liu21]
.

close to the science chamber, providing an overall pump rate of 96 L s−1. To
comply with the power requirement of the UHV system, these getters are
indispensable. The additional SIP at the 2D-MOT chamber is a Gamma
3SCV1VOVNN with a pump rate of 3 L s−1 [Liu21].

According to tests performed in [Liu21], the CAPR UHV system is capa-
ble of providing a pressure of 3.4× 10−11 hPa measured on the vacuum gauge.
Tests to investigate the performance of the vacuum system show that the pres-
sure stabilizes at 1.5× 10−9 hPa in power-off mode for one month. However,
after switching on the power, the system recovered in less than ten minutes
by reaching 3.4× 10−11 hPa.





5 Design of the Scientific
Payload MAIUS-B

The design of the scientific payload MAIUS-B is presented in this chapter. In
the first section, the mission overview is given with the general steps during the
flight from launch to landing. This is followed by an overview of the overall
scientific payload MAIUS-B, which successfully passed its payload critical
design review (CDR) in October 2018. Section 5.3 introduces the within
this thesis newly developed and implemented thermal design, including the
TCS and the GSE concepts. The results of the conducted verification tests
of the flow rate measurement for the cooling cycles are also discussed. In
the next sections, the five subsystems of MAIUS-B are described and the
implementation of the new TCS concept is highlighted, as it is one of the
outcomes of this thesis.

To perform the major step from a single-species experiment (MAIUS-A)
towards the dual-species experiment (MAIUS-B), the last section presents the
realization and the implementation of the overall mechanical payload design.
The contribution within this thesis includes the optimization of the mass and
length budget, the implementation and safety assessment of the suspension
design, and the newly implemented umbilical and sealing concept.
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5.1 General Mission Overview

In January 2017, the MAIUS-1 mission successfully launched and was able
to create a 87Rb BEC, as well as conduct around 110 experiments central
to matter-wave interferometry [Bec18]. With heritage and lessons learned
[Gro17a] from its predecessor, the two missions, MAIUS-2 and MAIUS-3,
plan to take the next steps towards future ISS or satellite missions. Both
missions are flying the MAIUS-B payload. The MAIUS missions aim to set
up an atom interferometer capable of performing a test of the UFF in space
using two atom species, 41K and 87Rb [Pie21]. The UFF test is one of the main
objectives for future satellite missions as proposed in STE-QUEST [Agu14;
Tin13]. MAIUS-B aims to demonstrate key technologies crucial to fulfill the
task of operating such an experiment on a future mission. In this context,
this thesis provides new developments and optimizations necessary for the
overall payload design, including the TCS and the mechanical design. Another
contribution of this thesis is on the UHV technology and design developments,
as well as the ground qualification of the MAIUS-B UHV system, as explained
in detail in chapter 6.

Additional scientific objectives of the MAIUS missions are the generation
of tunable ratios of BEC mixtures with 87Rb and 41K, and further studies on
atom interferometry including the miscibility for both species. The experi-
ment will make use of sympathetic cooling for the first time in microgravity.
To experimentally investigate the applicability of 87Rb and 41K mixtures for
a UFF test, a two-species DKC and magnetic transport protocols are imple-
mented [Pie21].

The MAIUS-2/3 missions are both launched on a VSB-30 two-stage sound-
ing rocket from Esrange in north Sweden, operated by MORABA. During the
parabolic flight, similar as discussed in 3.1.1, the sounding rocket provides
a microgravity and experimental time of around 330 s with an approximate
apogee of 260 km. The final altitude and corresponding microgravity time
depends on the final mass. Figure 5.1 shows the major events of the flight,
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Figure 5.1: Flight and mission overview of MAIUS-B sounding rocket (adapted from
[Gro16a]).

although for more detailed information please refer to [Gro16a]. After the
launch and the burn out of the two stages, a yoyo de-spin reduces the ro-
tation and the angular rates down to 0.03 ° s−1. The next step is the stage
separation followed by the attitude control maneuver to align the interferom-
eter axis with the gravity vector. Subsequently, the experimental sequences
of the scientific program start with the beginning of the microgravity time
around the Kármán line (100 km). The experiment time ends with the re-
entry phase followed by the activation of the parachute at an altitude of about
5 km. After the recovery, the payload will be inspected and the flight data
investigated. The payload will then be prepared for the upcoming MAIUS-3
launch campaign.
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5.2 Scientific Payload Overview

An overview of the scientific payload is shown in figure 5.2, with the two-
stage VSB-30 sounding rocket (left) and the scientific payload (in red). As
described in section 3.1.1, a sounding rocket offers a microgravity platform
with residual accelerations in the range of 10−4 to 10−5ms−2 for around 300

to 360 s during the parabolic flight [Sta13]. The scientific payload is divided
into five subsystems (from top to bottom); electronics (EL), physics package
(PP), laser system (LS), laser electronics (LE), and batteries (BA), which will
be described in the following sections.

The scientific payload houses a full setup to perform atom interferometry,
using BEC mixtures of 41K and 87Rb, and provides the necessary electric cur-
rents for atom manipulation, laser frequencies, monitoring, and housekeeping
for the overall system. The order of the five subsystems were chosen to place
the atoms as close as possible to the center of mass. This placement helps to
counteract any negative effects on the performance of the atom interferometer
due to residual rotations of the payload.

The outer structure of the scientific payload is divided into seven Radial-
Axial (RADAX) hull segments with a diameter of 500mm and a wall thickness
of 4mm. All components of the different subsystems are mounted to an
instrument platform (base plate) which is suspended to the hull segments
with a total of six brackets. Each bracket is equipped with two passive rubber
vibration dampers and a safety bolt. The safety bolt limits the stretch of the
dampers to 2mm to prevent them from damage and serves as a safety measure
in case of damper failure.
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Figure 5.2: This CAD model was produced within this thesis, as an overview of the
scientific payload (in red) on top of the two stages of a VSB-30 sounding rocket
(left) with a detailed view of the scientific payload (right).



82 Design of the Scientific Payload MAIUS-B

5.3 Thermal Control System and Ground
Support Equipment

To fulfill the transition from a single-species experiment as in MAIUS-A,
to a dual-species experiment in MAIUS-B, the TCS is one of the main key
components for a successful operation, and is one of the tasks realized within
this thesis.

A spaceborne dual-species ultracold atoms experiment, such as the MAIUS-
B payload, requires a large amount of supply and control electronic and laser
power to fulfill the scientific objectives. All these components produce a high
internal heat load, with additional external heat loads by aerodynamic drag,
during the ascent of the rocket. With the overall payload design being as
compact and miniaturized as possible to fit into the size and mass limits, the
heat is produced on a very dense space. This makes a TCS concept essential
for the success of such a mission to protect and operate the temperature
sensitive components within their recommended temperature ranges. While
most of the components can be operated in a wider temperature range, certain
components, such as the laser modules, require a well-defined and controllable
operation temperature.

Furthermore, ii is necessary to identify the operation scenarios, not only
throughout the flight, but also for the laboratory operation time. A complex
experiment, such as MAIUS-B requires intensive ground operations, testing
and experiments to set up the optimized flight system. For the MAIUS-B TCS
concept as designed and implemented within this thesis, two operation modes
(laboratory and fight mode) are considered. During the laboratory mode,
active liquid cooling is provided by the GSE via the coolant umbilicals. This
ensures a safe ground operation and the possibility of multiple subsequent
tests over a longer period of time.

In flight mode and throughout the launch, active cooling is only supplied
by the GSE via the umbilicals up to lift-off. For the flight, the TCS concept
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relies on the thermal mass of the system. The thermal design of the payload
needs to be designed in such a way that all temperature sensitive systems are
still operated within their required temperature ranges.

The heat loads considered within the TCS design are primarily produced
internally by the high power electronic components, as well as the lasers as
stated above. In table 5.1, the estimated internal produced heat loads are
showing a summarized load of around 707.6W. In addition, a hull temper-
ature up to 120 °C (393.15K), caused by aerodynamic drag during ascent of
the rocket, is taken into account.

Table 5.1: Internal heat loads of the MAIUS-B scientific payload
System Heat load

in W

Electronics 174.0
Physics Package 63.9
Laser System 100.0
Laser Electronics 340.9
Batteries 28.8

SUM 707.6

The following section describes the newly developed and implemented TCS
and GSE concepts, as one of the outcomes of this thesis. As a baseline for the
new TCS design of the payload MAIUS-B, the instrument platforms (base
plates) of the different systems are serving as the heatsink. An exception is
the PP, where only the pump stack for the IGP supply with additional high
power amplifiers is equipped with a heatsink. In case of the EL, LE and
the LS, two plates are screwed together and in between, a groove is milled
and a stainless steel tube (meander) is placed. The heatsink, as shown in
the CAD drawing in figure 5.3, was produced within this thesis. To take the
manufacturing tolerances of the tubes into account, the groove is milled in
such a way that these tolerances can be compensated. This results in free
space which would decrease the heat transfer and lower the performance of
the heatsink. Therefore, the free space is filled with heat paste before the two
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Figure 5.3: The LS heatsink is shown as an example for the basic heatsink concept
as developed throughout this thesis, with two base plates and the stainless steel
meander mounted in between. Both plates have milled grooves to place the mean-
der. To connect the meander to the cooling cycles of the TCS, 90 degree swagelok
connectors are used for the inlet and the outlet.

plates are mounted together. The inlet and outlet of the meander is connected
via Swagelok connectors to be implemented into the cooling cycles.

For liquid cooling the TCS is divided into two cooling cycles, as shown in
figure 5.4. One for the electronics BA, LE, EL (in blue) and one for the LS and
the PP (in green). These cycles are connected via the umbilicals to the GSE,
where a Huber Unichiller 007 feeds the laser cycle and a Huber Unichiller 010
feeds the electronics cycle. Since the chillers (GSE) are placed at the launch
tower, they are mounted into an aluminum case. To withstand the rough
conditions, like the exhaust gas of the rocket during launch, the cases are
additionally covered with fire resistant pyroblankets. The GSE connects the
liquid cooling cycles via hoses and the umbilicals payload TCS. The umbilicals
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Figure 5.4: Schematic overview of the (two cycle) cooling concept of the TCS. The
electronics cycle (in blue) feed the subsystems BA, LE and EL and the laser cycle
(in green) the LS and PP.

are attached via lanyard steel cables to the launch rail, which will unlock the
liquid cooling cycles automatically during the rocket lift-off.

The chillers provide a flow rate up to 25 Lmin−1 (Lmin−1=dm3min−1)
and allow for pressure loss compensation of up to 2.5 bar (2.5× 105 Pa). A
thermofluid (glycol/water mixture) is used to withstand the low ambient tem-
peratures at the launch site/landing area, and to avoid any damage caused
by freezing of the remaining cooling liquid inside the payload. This leads to a
higher viscosity and a lower flow rate, which has to be taken into account in
the TCS design. A test of the flow rate was performed within the scope of this
thesis in order to quantify the actual flow rates and avoid thermal problems.
To prevent freezing, two glycol-water mixtures are tested, one with 44% of
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glycol which prevents freezing down to -30 °C (243.15K), and one mixture
with 52% glycol which prevents freezing down to -40 °C (233.15K).

A pretest with two short hoses (0.8m each) and a flow rate sensor, with a
mixture of 52% glycol, showed a flow rate of 6.4 Lmin−1. For the final test, a
realistic cooling cycle including the GSE but without the subsystems, was set
up as shown in figure 5.5. This includes a total hose length of 21m, which in-
cludes similar fittings, the actual hoses to and from the chiller, the umbilicals,
and the feedthroughs. Similar to the pretest, the flow rate sensor has two
short hoses (0.8m each), and is directly connected to the lower umbilicals.
During the test, the hull segments are mounted together and placed in flight
configuration standing up (shown in figure 5.5) to account for the pressure
drop due to the 2.8m height difference to the chiller.

The results of the two tests show a flow rate up to 5.2 Lmin−1 for 44%

glycol and 4.8 Lmin−1 for 52% glycol. These results state the impact of the
glycol mixture which was taken into account within the TCS design. For the
MAIUS missions, the mixture with 52% glycol is used to prevent freezing
down to -40 °C (233.15K), and to be safe for all eventualities during and after
a winter launch.
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Payload Hull

GSE

Flow Rate Sensor

Upper Umbilicals

Lower Umbilicals

Figure 5.5: Flow rate test of the cooling cycles of MAIUS-B, as performed within
this thesis. The GSE case, housing the chiller, is shown right next to the payload
(red hull segments). The orange hoses are equipped with fire protection to avoid
damage during launch.
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5.4 Physics Package (PP)

In this section, a general overview of the MAIUS-B PP from an engineering
point of view is given. The general PP design is divided into two main sections
as shown in figure 5.6; the experiment chamber (EC) where the experiments
are performed, and the pumping system (PS), which generates and maintains
the vacuum. As one of the outcomes of this thesis, the implemented suspen-
sion is shown in detail and the heatsink concept is introduced. Since the focus
in this thesis is on the MAIUS-B UHV system, the EC and PS are only briefly
shown in this section, but will be explained separately in more detail in chap-
ter 6. For more detailed information on the experimental setup, including
the performance and the optimization steps on the experiment towards the
launch, please refer to thesis [Pie21].

Pumping System

Magnetic Shielding

Experimental Chamber/
Vacuum Chamber

Pump Stack/
Heatsink

Figure 5.6: Overview of the MAIUS-B physics package.

As described in thesis [Sei14], a UHV chamber within a pressure regime of
≤ 5× 10−10 hPa is required to perform the experiments within the MAIUS
missions. To achieve and maintain this pressure, the EC is connected to the
PS. As one of the requirements for a cold atom experiment as stated in chapter
3, the PS has been separated from the EC to avoid negative impacts by the
electronic components and the magnetic stray fields originated by the IGP.
Additionally, a three-layer Mu-metal shield as shown in figure 5.6, is designed
around the EC to reduce negative effects on the atoms by external magnetic
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fields. The Mu-metal shield has a shielding factor of 10000 in a lateral and
2000 in a longitudinal direction [Kub16]. As in MAIUS-A [Gro16a], only
Titanium Grade 5 and Aluminum 7075 are used inside the magnetic shield,
to account for the requirements on the magnetic properties.

For the EC a two chamber design has been chosen. The preparation cham-
ber, which has a comparatively high partial pressure, is separated from the
science chamber, which requires a lower partial pressure. The pressure differ-
ence between these chambers is maintained by a DPS (see section 6.2.3). This
ensures a sufficient atom flux from the preparation chamber, while the lower
pressure in the science chamber increases the lifetime of the atomic ensem-
bles due to less collisions with the background gas. The K and Rb atoms are
confined in a 2D-MOT inside the preparation chamber. From here, the atoms
are directed via laser light through the DPS into the center of the science
chamber. As an atom source, two newly designed ovens are mounted via a
CF DN16 flange to the preparation chamber. Each oven carries 1 g of K and
Rb, respectively. The Rb oven is unheated at room temperature, while the K
oven is kept at 46 °C (319.15K). Compared to MAIUS-A, a new oven design
was developed as a part of the scope of this thesis. The oven design as carried
out within this thesis, is described in detail in section 6.2.3.

The science chamber is equipped with an atom chip, which has a low cur-
rent consumption and fast switching times, while being able to create high
magnetic field gradients for atom trapping. Additional coils around the prepa-
ration chamber are producing a quadrupole field in a racetrack configuration.
Separate coils around the science chamber provide the offset fields.

The EC, as well as the coils, are mounted to the base plate with a ring
structure which provides stability and mounting points for additional compo-
nents, such as the optical detection systems. The mounting concept conducted
within this thesis, as part of the UHV system design, will be explained in de-
tail in section 6.2.2. The experiment requires absorption imaging, as well as
fluorescence imaging, and are perpendicularly aligned and attached to the
EC. For cooling and manipulating the atoms, several collimators preparing
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Bracket level A

Bracket level B

Figure 5.7: The PP is mounted with six brackets each, on two mounting levels A
and B.

the light fields for the experiments are mounted to the EC. The light from the
collimator for the matter wave interferometer is retro-reflected from a mirror
on the opposite side of the vacuum chamber while passing twice through a
quarter-wave plate. The residual accelerations of the interferometry mirror
are measured by an accelerometer mounted behind the mirror.

The PP at 73.8 kg is the heaviest subsystem and has a total length of
745.5mm due to the magnetic shielding. This could result in a damaging side
movement, as a result of the external loads. An additional problem is that
the magnetic shielding, which can be seen in simplified terms as a cylindrical
tube, has an outer diameter of 420mm. With an inner diameter of 492mm

inside the hull segment, this only gives a space of 36mm on each side before
the shielding hits the hull. To avoid damage, the PP is mounted on two
levels as shown in figure 5.7. A total of twelve brackets, one at the actual
instrument platform (level A) and one on the lower end of the system (level
B) are implemented. This prevents movements which could possibly damage
the system, as one fixing position could cause failure of the brackets due to
a high momentum caused by a long lever arm combined with a high mass
during static and dynamic loads.

As mentioned in section 5.3, the instrument platform of the PP is in con-
trast to all other subsystems and not equipped with an active liquid cooling.
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The heat load of approximately 63.9W is produced at the high power am-
plifiers which are placed on the back wall of the pump stack (see figure 5.6).
Therefore, only the back wall is equipped with active liquid cooling, following
the same heatsink concept as presented in section 5.3.

5.5 Laser System (LS)

The LS was designed and built within the MAIUS team by the Humboldt-
University Berlin, the Ferdinand-Braun Institute Berlin, the University of
Hamburg, and the University of Mainz. Within the scope of this thesis, a
new heatsink (base plate) design was developed and built to account for the
temperature sensitive components, such as the laser modules.

The LS is controlled and powered by the LE subsystem (section 5.6.2) and
provides light fields for cooling and manipulating 41K and 87Rb atoms. All
components are placed inside one of the five functional modules as shown in
the CAD drawing in the upper view in figure 5.8. These modules are mounted
equally on both sides of the base plate (heatsink) (figure 5.8, Pos. C). The
layout of the heatsink was designed in such a way that the temperature control
of the temperature sensitive components, including the laser modules, is op-
timized. Additionally, the temperature sensitive components are individually
equipped with Peltier elements for a more advanced temperature control. All
lasers are directly mounted to the heatsink, since they are the highest power
consuming components with around 10W each. The LS heatsink, as already
shown in figure 5.3, follows the baseline concept of the TCS as introduced in
section 5.3.

Within the LS, a total of ten micro-integrated lasers are used, five for
41K, four for 87Rb and one for the dipole trap. For each atomic species, a dis-
tributed feedback (DFB) laser, one at 780 nm (87Rb) and one at 767 nm (41K),
serves as a reference laser, stabilized to a spectroscopy module. The seven sci-
ence lasers for 87Rb and 41K are based on a master-oscillator-power-amplifier
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(MOPA) concept, where an extended cavity diode laser (ECDL) serves as
the master oscillator. For the optical dipole trap an ECDL-MOPA laser at
1 064 nm is used [Kür20; Wic17]. As shown in sections A-F of the schematic
overview in figure 5.8, the seven science lasers (ECDL-MOPA) are placed in
the laser module (figure 5.8, Pos. B). The other three reference (DFB) and
dipole (ECDL-MOPA) lasers are placed within the reference module (5.8, Pos.
D).
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Figure 5.8: CAD-Model (upper view) and schematic overview (lower view) of the
MAIUS-B laser system (from bottom to top): A) Beat-module, B) Laser-module,
C) Heatsink, D) Reference-modele, E) Zerodure-module, f) Distribution-module.
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The light from the science lasers is fiber coupled to the five zerodurboards
inside the zerodure module (figure 5.8, Pos. E). On these zerodurboards,
the distribution and switching is realized with glued-on optics for low-loss
beam manipulation in a free space design [Dun14; Mih19]. The light pulses
generated via acousto-optic modulators (AOMs) on the zerodurboards are
guided via polarization maintaining (PM) fibers to the distribution module
(figure 5.8, Pos. F) where the light fields are overlapped and combined in fiber
splitters. The light from the dipole laser system and from the distribution
module is guided via eleven PM optical fibers to the PP. The LS is designed
in a modular way and the five compact integrated functional modules are
accessible via hinges, which allows for access to the components inside in case
of necessary maintenance or repairs.
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5.6 Electronic System

The electronic system of the MAIUS-B scientific payload, as described in the
following sections, is designed and built at the Leibniz University Hanover
within the MAIUS team. As shown above in section 5.2, the overall elec-
tronic system is divided into three subsystems; batteries, laser electronics,
and general electronics. Since all electronic subsystems are housing high power
components on a very compact and dense design, a new heatsink concept was
developed and implemented within the scope of this research. The heatsink
design of the different electronic subsystems are discussed in the following
sections below.

Throughout the electronic system of the MAIUS-B payload, the commu-
nication between the different subsystems and stacks is based on a network
made of polymer optical fibers. Polymer optical fibers prevent ground loops
between the connected components and use only one fiber. This reduces the
overall mass and complexity of the cable routing.

5.6.1 Batteries (BA)

To connect all components, including the battery packs, communication boards,
power switches and the overload protection, the BA is built on a motherboard.
With a total of 24 output channels, each providing 6.6V and 20V, the BA dis-
tributes the necessary voltages throughout the scientific payload. All channels
are separately controlled via the software and all output currents and voltages
are monitored.

Eight LiFePO4 15Ah batteries, in a two-cell and six-cell configuration, de-
liver the power and can be charged with up to 20A charging current. Based on
calculations, this allows for an autonomous system operation time of 40min,
which is sufficient for the MAIUS flight with an additional margin. The tem-
perature within the module is monitored, and in case of overheating, the
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charging current is regulated by the firmware. A safe operation is guaran-
teed by a 30A fuse to protect the charging currents and a 10A fuse for the
individual outputs to the experiment.

Connection to
Meander

Mounting Brackets
of Meander

Meander
Footprint of batteries housing

Cooling Fan

Grooves to Guide
the Air

Figure 5.9: New heatsink concept of the batteries module, as carried out within this
thesis, including the meander and their mounting brackets. The green line and the
dotted area shows the footprint of the metal housing where all components of the
battery module are sheltered. For the cooling concept, a fan is placed and the air
is guided via milled grooves under the components with a high heat load.

The BA system is sheltered in a metal housing (footprint and area shown
CAD model in figure 5.9, produced within this thesis) on one side of the base
plate (heatsink). In deviation to the LE and EL, the BA heatsink is only made
of one plate since the heat load compared to the other electronic subsystems
(see table 5.1) at 28.8W is significantly lower. With only one plate, the
mass of the BA system could be reduced substantially without risking any
thermal problems. As indicated in figure 5.9, a fan is used to circulate the
air throughout the housing and milled grooves in the base plate are used to
guide the air for cooling to high power components.
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5.6.2 Laser Electronics (LE)

The LE subsystem consists of two similar submodules, one for 87Rb and one
for the 41K section of the LS, mounted on the base plate (heatsink). Each
submodule generates the control loops for the laser frequency stabilization,
monitors the laser frequencies, and delivers the currents for the lasers. In
addition, RF to drive the AOMs are synthesized and amplified. A dedicated
temperature control system is included to stabilize the temperatures of the
lasers.

As a baseline concept throughout the scientific electronics of LE and EL, all
components are in a modular design for the different functional groups. Each
side of the LE contains two main modules (stacks) formed by several stacked
cards, similar to the PC/104 format. In order to operate an ECDL-MOPA
laser, two current drivers are necessary, one delivering up to 400mA for the
master laser oscillator and one variant delivering up to 2.5A for the power
amplifiers. The current driver cards are divided into the two main stacks. One
of the stacks houses the current driver cards for the power amplifier lasers,
which are designed to provide a low-noise current output. The second stack
delivers the currents for the scientific lasers and their respective frequency
controller. In addition, it offers frequency stabilization of the reference lasers,
control of frequency offsets between lasers and allows for a phase lock loop
(PLL) between two lasers.

The high power components of the laser current driver circuits are mounted
on the back wall of the main stacks. This back wall is designed to allow for
a better heat transfer to the heatsink (base plate). For a better connection
area, the back wall and the base plate was optimized within this thesis to avoid
overheating the components inside the stacks during operation. The meander
of the heatsink is guided under this area for an optimal heat transport and
cooling of the stacks. Inside the stacks, fans and cooling fins mounted directly
on the base plate, are used to circulate and at the same time cool the air and
the components. All stacks and components are placed to keep the center of
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mass close to the rotation axis in the middle of the system and have been
optimized regarding mass.

5.6.3 General Electronics (EL)

Similarly to the LE and LS, the EL subsystem is divided in two submodules
and the base plate of the subsystem serves as the heatsink within the TCS.

One side supplies currents for the coils and for the atom chip structures of
the PP configured together in one stack. The current drivers deliver up to
10A, while the low-noise current source aims to minimize heating and losses
of the magnetically trapped atoms [Fol02]. It houses the associated stacks
for the RF electronics, and for the generation of microwave and RF signals
used for the evaporation and state preparation of the atoms. Beside further
auxiliary electronics and a six cell battery pack for the coil current driver, it
includes a stack with eight MEERSTETTER temperature controllers for the
Peltier elements of the lasers in the LS. A separated module for the atom chip
protection contains fuses, switching capabilities, and additionally monitors
the currents delivered to the chip structures.

On the other side of the EL subsystem, a two cell galvanically-isolated
battery stack supplies the chip current driver and parts of the microwave
evaporation system. The extra batteries need to be galvanically isolated to
avoid noise on the outputs of the current drivers from the rest of the system,
via the power supply. Such a noise would lead to atom losses and a lower
performance of the experiment. Furthermore, an isolated supply helps with
the identification of error states since the atom chip wires are short-circuited.
The battery pack is charged via the umbilicals by a galvanically-isolated power
supply within the GSE. This side additionally houses the main computer,
responsible for housekeeping and telemetry data processing, and provides the
predefined experimental sequences.
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5.7 Mechanical Design

In this section, the mechanical design of the MAIUS-B payload is presented.
As a part of this thesis, the necessary mass and size optimizations of the
overall mass and length budget and the investigations on the suspension of
the subsystems are presented. The sealing and umbilicals concept, developed
for the MAIUS-B payload within this thesis, are introduced.

5.7.1 Mass and Length Budget

The final payload mass of MAIUS-A was 309.2 kg with a length of 2 790mm

[Gro17a]. While MAIUS-A only used one atom species (87Rb), MAIUS-B
provides the scientific payload for a two-species experiment (41K and 87Rb).
For this reason, a significant amount of new hardware had to be included
within the payload design in MAIUS-B. First design iterations performed
throughout this thesis have shown that this would lead to an extra mass
of approximately 90 kg and length of 930mm [Els18]. This would exceed the
limits for the MAIUS-B payload, which are at 340 kg and 3 000mm. The mass
limit is important to ensure a safe landing with the parachute system provided
by MORABA. In addition, the stress on the manacle-ring, which connects the
payload with the rocket motor of the sounding rocket, rises during flight with
a higher mass. The maximum stress level of the ring must not be exceeded
for a safe flight.

The experimental time under microgravity conditions correlates with the
final payload mass. As a first approximation, the investigations performed by
MORABA show a decrease in microgravity time of around 0.55 s per addi-
tional kg payload mass. It is important to mention that this approximation is
only valid in the MAIUS-B used two-stage VSB-30 sounding rocket and the
used rocket nose cone design. During the MAIUS-1 flight a total of around 110
experiments were conducted within the 6min. As such, a lower microgravity
time will unavoidably lower the amount of feasible experiments. This high-
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lights the importance of an intensive mass optimization process throughout
all design steps which have been conducted within the scope of this thesis.

During this mass and size optimization process, several iteration steps and
design optimizations have been done. One of the main design changes of
the overall payload design, is the reduction of the wall thickness of the hull
segments (from 5 to 4mm). Based on the RADAX hull design in MAIUS-A,
hull segments were redesigned with the reduced wall thickness. This results
in a mass reduction of around 10 kg.

All structural components, such as the instrument platforms of the subsys-
tems or the sealing of the payload, were optimized in a trade-off between mass
and structural stability. As one of the scopes of this thesis, major parts of the
PP were redesigned or newly developed as shown in detail in section 6.2. This
includes the PS design and the concept of the EC mounting system, which
are both explained in detail in the following chapter. By the redesign of the
PS, the height was reduced from 420.5mm in MAIUS-A, down to 187mm in
MAIUS-B.

With a final length of 2.8m (see figure 5.2) and a mass of 335.3 kg, as
presented in the mass budget in table 5.2, the MAIUS-B payload is below the
set mass and size limits.

Table 5.2: Mass budget of the MAIUS-B payload
System Mass

in kg

Electronics 31.0
Physics Package 73.8
Laser System 53.5
Laser Electronics 35.2
Batteries 17.9
Cables & Cooling cycle 35.7
Sealing 8.1
Hull segments 80.1

SUM 335.3
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5.7.2 Suspension

As stated in section 5.2, the instrument platforms are mounted to the hull
segments with a total of six brackets. To avoid damage and failure of the
brackets at the main instrument platform, the PP is additionally mounted
with a second plate and six brackets below the magnetic shield. All platforms
have in common, that the six brackets are placed with a 60° angle spacing
around the rotation axis. The brackets have five holes for the mounting to the
hull segment and three M6 threaded holes for the mounting to the platform.
All brackets are manufactured from aluminum EN AW 7075, with a typical
yield strength of 462Nmm−2 and a tensile strength of 533Nmm−2 [Gro16a].
For the connection to the platform, the suspension is equipped with two vi-
bration dampers and one safety pin in the middle. The PP has two smaller
brackets on the upper instrument platform (see figure 5.7 level A) with only
one damper and the safety pin to be able to fit all components onto the upper
platform. The general mounting concept is that the two passive vibration
dampers and the safety pin are screwed into the bracket through the holes
in the base plate, and mounted on the other end by M6 nuts. The safety
pins allow a maximum deformation of 2mm on the vibration dampers. This
avoids damper failure in case of high loads, which could lead to major damage
throughout the payload.

For the final integration, the brackets are first mounted on the hull seg-
ments, which are already equipped with the dampers and the safety pin, and
after lifting the system in place, the M6 nuts are torqued. Since the PP
is sheltered in two hull segments due to manufacturing reasons, the upper
mounting level A (see figure 5.7) is designed in such a way that the dampers
and pins are screwed into the base plate. The bracket has through holes and
will be mounted with the M6 nut at this end. All threads are reinforced with
Helicoils to strengthen the thread flanks in each connection, and to withstand
high loads.
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Table 5.3: Loads per brackets with the safety factor SB and the safety against
slipping SS for all subsystems are shown. (1 g0=9.81m s−2)

Accel. Load Load/bracket SS SB
in ms−2 (g0) in N in N

Electronics 127.5 (13.0) 3 953.4 658.9
(31.0 kg/6 brackets) 245.3 (25.0) 7 602.8 1 267.1

490.6 (50.0) 15 205.5 2 534.3
981.0 (100.0) 30 411.0 5 068.5 13.2 1.7

Physics Package 127.5 (13.0) 9 411.7 1 568.6
(73.8 kg/6 brackets) 245.3 (25.0) 18 099.5 3 016.6

490.6 (50.0) 36 198.9 6 033.2
981.0 (100.0) 72 397.8 12 066.3 5.6 1.4

Laser System 127.5 (13.0) 6 822.9 1 137.1
(53.5 kg/6 brackets) 245.3 (25.0) 13 120.9 2 186.8

490.6 (50.0) 26 241.8 4 373.6
981.0 (100.0) 52 483.5 8 747.3 7.7 1.5

Laser Electronics 127.5 (13.0) 4 489.1 748.2
(35.2 kg/6 brackets) 245.3 (25.0) 8 632.8 1 438.8

490.6 (50.0) 17 265.6 2 877.6
981.0 (100.0) 34 531.2 5 755.2 11.6 1.6

Batteries 127.5 (13.0) 2 282.8 380.5
(17.9 kg/6 brackets) 245.3 (25.0) 4 390.0 731.7

490.6 (50.0) 8 780.0 1 463.3
981.0 (100.0) 17 559.9 2 926.7 22.9 1.8

The used brackets are based on the general design for the MAIUS-1 mis-
sion [Gro16a]. The layout of the payload and the mass of each subsystem was
changed for the MAIUS-B payload, as such the load and safety assessment of
the suspension and the brackets were renewed as a part of this thesis. For the
calculations, the accelerations of around 127.5m s−2 (13.0 g0) during rocket
ascent and up to 245.3m s−2 (25.0 g0) for the re-entry are considered. Dur-
ing the maximum load, shocks between 490.6m s−2 (50.0 g0) and 981.0m s−2

(100.0 g0) during the landing and the motor ignition can appear and need to
be taken into account.
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The load per bracket is shown in table 5.3 where the mass and the accel-
erations are considered. Although the PP is mounted with a total of twelve
brackets, the worst case was assumed with only one suspension level of six
brackets. The PP is the heaviest subsystem, which results in the highest loads
per bracket as indicated in table 5.3. The safety factor SB for different loads
per bracket was simulated with a FEM simulation during the MAIUS-1 mis-
sion and can be used here as well, since the design of the brackets stayed the
same. In figure 5.10, the safety factor is plotted over the applied load, with
the safety factor of the bracket defined as the quotient of the yield strength
and the maximum van-Miese comparison stress [Gro16a].
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Figure 5.10: Minimum factor of safety per brackets for different applied loads
[Gro16a].

The minimum safety factor SB of the bracket for the maximal load case of
100 g is stated in table 5.3 for all subsystems. For the highest load per bracket
of 12 066.3N at the PP, this results in a minimum safety factor of 1.4.

The brackets are mounted with five M5 x 12mm stainless steel (class 10.9)
screws to the hull segment as mentioned above. In addition to the safety factor
of the bracket itself, the safety against slipping for the connection between



Mechanical Design 103

the bracket and the hull was investigated. The safety factor against slipping
SS is given by formula 5.1 as

SS =
Fpµn

F
, (5.1)

where Fp is the pretension force of the screw, F the load per bracket, µ the
friction coefficient between the bracket and the hull, and n the number of
screws per bracket [Eng19]. The pretension force Fp for a class 10.9 M5 screw
with an friction coefficient of 0.14 is 10 300N and the friction coefficient µ

between the bracket and the hull is 1.3 for a aluminum-to-aluminum connec-
tion [Muh03]. The results are presented in table 5.3 which show a minimum
safety factor against slipping of 5.6 for the heaviest subsystem (PP) and the
highest load per bracket. This shows that the brackets and the mounting of
the MAIUS-B payload are capable of carrying the subsystems for acceleration
loads up to 981.0m s−2 (100.0 g0) with a reasonable safety margin.

5.7.3 Umbilicals and Sealing

As mentioned in beginning of section 5.2, the scientific payload is sheltered in
seven RADAX hull segments. RADAX is a standardized flange system, which
is used in several sounding rocket missions, as well as for the MAIUS missions.
To ensure a constant and reproducible environment inside the payload, it is
pressurized with artificial air (80% nitrogen and 20% oxygen). The RADAX
hull segments are manufactured with a lining groove and sealed with a rubber
o-ring made of HNBR (hydrogenated nitrile rubber) which has a hardness
of 70 Shore. The payload is sealed on both ends with a sealing plate, which
is sealed with an o-ring in the upper and lower hull segment. These sealing
plates are each equipped with Swagelok bulkhead fittings, feedthroughs for
liquid cooling and a ball tap for pressurization and flushing of the payload.
Additionally, feedthroughs for data and power are placed in the sealing plates.
As a lessons learned from the MAIUS-1 mission, as stated in [Gro17b], the
formerly used hermetically DSUB connectors showed leakages during testing,
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especially for the high-current feedthroughs. For the MAIUS-B payload her-
metic military grade connectors and feedthroughs are used throughout the
entire umbilical concept.

The sealing concept was also tested within the scope of this thesis, to quan-
tify the pressure loss over time. For the test, the hull segments including the
sealing plates are prepared in a flight configuration. Prior to the main test
with all seven segments, a pretest was performed to detect possible leakages in
the sealing plates, and the cooling and data/power feedthroughs. Therefore,
only the two outer hull segments housing the sealing plates are mounted to
each other. Both sealing plates are equipped with a valve to flush and pressur-
ize the payload. For the two tests, one valve is connected to a pressure sensor
from B+B Thermo-Technik (DRTR-ED-10V-A5B) to read out the pressure
over time. The other valve is connected with a gas bottle to pressurize the
hull segments with artificial air.

To simulate the conditions during the flight, the pressure difference between
the outside (vacuum) and the inside of the payload (atmospheric pressure) will
be around 1000 - 1 100 hPa. The hull segments in both tests were pressurized
to an absolute pressure of around 2 100 hPa. During the pretest, the pressure
was monitored and logged for 48 h with a total pressure loss of 6 hPa. For the
same test during the MAIUS-1 mission, a pressure loss of 55 hPa over 40 h was
seen. The differences can be explained by the military grade connectors used
in MAIUS-B, compared to the DSUB connectors as used in MAIUS-A. This
showed that the use of the military grade connectors significantly improved
the sealing concept.

For the test with all seven hull segments in flight configuration, but without
the subsystems inside, the conducted test was performed for 90 h with a total
pressure loss of 40 hPa. This shows no significant leakages are expected before
and during the flight by the overall sealing concept.

After the final integration of the payload and during the integrated oper-
ation in the laboratory, the payload needs to be further accessible for liquid
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cooling, data, and a power connection. Therefore, the payload is designed
with umbilicals for a connection to the respective GSE until launch. These
eight umbilicals (four on each side) for cooling, data and power are equipped
with push-and-pull quick connectors. The connectors are attached via a lan-
yard steel cable to the launch rail and unlock automatically by the pull of the
rocket as it lifts off. To ensure a reliable connection and avoid any leakages,
all electronic connections are using military grade connectors. The hoses and
cables from the umbilicals to the GSE are isolated with a fire protection and
rated up to 200 °C (473.15K), to withstand the high temperatures during the
rocket lift-off.





6 UHV System Design of
MAIUS-B

For a successful mission with cold atoms, the UHV system plays a major role.
As stated in section 3.2, the vacuum conditions have a direct impact on the
performance of the experiment. As a primary outcome of this dissertation, this
chapter shows the design, assembly and qualification of the new UHV system
of the MAIUS-B sounding rocket mission as carried out within this thesis. In
addition to section 3, the specific requirements on the vacuum system and the
environmental conditions in MAIUS are discussed. The mechanical design
developed throughout this thesis is explained, as well as the implemented
UHV system design for the MAIUS-2/3 mission. In the first section, the
cleaning and vacuum preparation is introduced as it was done within the
MAIUS-B assembly. Section 6.2.2 shows the EC and the PS, which was
designed and flight-ready assembled within the scope of this thesis. The next
section includes the designs of the pumps, the DPS, and the new oven, all
of which were designed within this dissertation. Section 6.3 gives a detailed
overview about the qualification process of the MAIUS-B PP, including the
UHV system. These vibration tests, as performed throughout this thesis,
show the successful qualification process undertaken as a final step towards
the MAIUS launch. The lessons learned are given in the last section, as
derived from the qualification and the general design process. These lessons
point out necessary steps which need to be investigated to improve the design
of UHV systems for future space missions.
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6.1 Requirements and Environmental
Conditions

A sounding rocket mission is an extremely challenging environment for a UHV
system, since it is very sensitive to environmental influences. The UHV system
needs to be reliable, mechanically stable, and autonomously able to maintain
UHV conditions. It is mandatory that the residual pressure within the vacuum
system is less than 5× 10−10 hPa. Also, to provide the experiment with laser
light, optical ports are required, as well as an atom source of both species
87Rb and 41K.

The scientific payload, as well as the vacuum system, needs to be minia-
turized and as light as possible. These physical requirements are given by the
limits in length (3m) and mass (340 kg) as derived from the launcher. The
vacuum system as well needs to be able to withstand the mechanical loads
throughout the whole mission and comply to the requirements considering the
magnetic properties, which are further described below.

The flange and sealing connections are a crucial part of the vacuum system,
since static and dynamic loads applied from the sounding rocket during flight
could lead to leakages. Having a gas input into the vacuum system would
increase the background pressure, which would lower the performance of the
experiment due to more collisions with the residual gas. The MAIUS experi-
ment sequences starts after the second stage burn out (T+44 s), and required
a pressure level below 5× 10−10 hPa within 19 s. During the launch and the
two-stage burns of the rocket, vibrations of up to 17.7m s−2

RMS (1.8 g0RMS)
occur in a frequency range of 20Hz to 2 000Hz.

The choice of the material, as discussed in section 3.2, is another require-
ment which is derived from the experiment. The vacuum chamber where
the experiment is performed, is located inside the Mu-metal shield of the PP
subsystem (see section 5.4). To minimize the negative effects on the perfor-
mance of the experiment, all vacuum parts inside the shield have to be made
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of materials with low susceptibility. As stated in thesis [Gro16a], three main
materials have been chosen; titanium (Ti6Al4V), aluminum (EN AW 7075)
and OFHC copper. Although stainless steel is a commonly used material for
vacuum parts, it should not be used inside the magnetic shield. For the PS
which is outside of the shield, stainless steel (316L, 1.4404) is allowed.

It is also required that all vacuum components are cleaned in a defined pro-
cedure as explained in section 6.2 and assembled in an ISO 5 (RK100/RK1000)
clean room to avoid contamination of the vacuum surfaces.

6.2 Design of the UHV System

In this section, the newly developed UHV system design of the MAIUS-B pay-
load will be shown in detail, including the cleaning process and the vacuum
preparation. The design overview will explain the new UHV design as well as
the new vacuum components, as they were carried out throughout this dis-
sertation. Additionally, the performed qualification tests of the PP including
the UHV system will be discussed. In the last section, the lessons learned and
observations from the MAIUS-B UHV system are stated and further discussed
in respect to chapter 7.

6.2.1 Cleaning and Vacuum Preparation

All parts with surfaces facing into the vacuum need to be cleaned, in order
to provide a sufficient pressure level and keep the contamination as low as
possible. The cleaning procedure in MAIUS is defined into these five main
steps:

• Step 1: General cleaning with Isopropyl and Acetone

• Step 2: Ultrasonic bath with water for 10min at 80 °C
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• Step 3: Ultrasonic bath with Isopropyl for 10min at 40-50 °C

• Step 4: Ultrasonic bath with Acetone for 10min at room temperature

• Step 5: Bake out in vacuum oven for 24 h at 200 °C

Following this procedure, contaminates such as waste lubricants can be signif-
icantly reduced, as well as high gas inputs due to outgassing effects into the
vacuum chamber. The cleaning process decreases the gas input due to these
effects, which increases the pump down speed and results in a better vacuum
level.

The vacuum system is subsequently assembled inside an ISO 5 clean room
(RK100/RK1000) to avoid recontamination of the vacuum surfaces. This was
done for the MAIUS vacuum system (including the atom chip) in the clean
room at the Laboratory of Nano and Quantum Engineering in Hannover.

Finally, the vacuum preparation starts with a combination of pumping down
the system with a roughening pump, while baking out the system at the same
time. By heating the system to a temperature of 80-100 °C, the amount of
gas and water bound in the surfaces can be reduced. Although a higher
temperature would further decrease the pumping and baking out time, the
temperature maximum was limited by the atom chip. Nevertheless, the tem-
perature ensures a fast removal of water from the walls inside the chamber.

As described in section 5.4, a two chamber design with a DPS in between
is used for the experimental chamber. Since the effective cross section of the
DPS is too small to provide any pumping through it, the roughening pump
is connected to both ends of the system (pumping system and preparation
chamber). The pump is connected to the system via two copper pinch-off
tubes (CPOTs) which are pinched-off and thereby hermetically sealed by hy-
draulic jaws with 300 bar (30MPa), which detaches the roughening pumps
once the final pressure level is reached. During mechanical loads, valves have
shown leakages, while the CPOTs have been proven to withstand vibration
tests, as well as the MAIUS-1 flight. The process of detaching the pumps
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is done once the roughening pump has reached its lowest pressure point at
around 5× 10−9 hPa, which takes 3-4 weeks. From this point on, the pressure
is maintained and further reduced by the activation of two TSPs and one
IGP. The IGP maintains this pressure and the TSPs are activated around
four times a year until the launch campaign.

6.2.2 Design Overview

Although the design of the UHV system of the MAIUS-B payload is based on
the heritage from its predecessor MAIUS-A, a major redesign was necessary
in MAIUS-B. The redesign needed to combine all the features from MAIUS-
A, but in a more compact way, which made essential design changes and
developments needed. The new design and its implementation is shown in
the following section, and is a main outcome of this thesis.

As described in section 5.4, the PP is divided into the EC, which is sur-
rounded by the magnetic shielding (see figure 5.6), and the PS mounted on
top of the base plate outside of the shielding. The PS has been separated
from the EC to avoid negative impacts by electronic and magnetic stray fields
originated by the IGP. The vacuum parts throughout the PS and EC are
connected via a CF flange system as introduced in section 2.2.4. The general
pumping concept to maintain the pressure, is realized by two TSPs and one
IGP. One TSP and the IGP is located at the PS and functions as the main
pumping system. Similar to MAIUS-A, the other TSP is directly placed on
the mounting cube of the atom chip, as the amount of Teflon cables and ma-
terials used during the atom chip production have a high outgassing rate. As
a countermeasure to the high outgassing rates as described in [Gro16a], the
second TSP can be activated if needed to enhance the vacuum condition in
the proximity of the experiment and the cold atoms.

Figure 6.1 shows the generated CAD model of the PS, as designed and
implemented throughout this dissertation. It points out its main features
and indicates the connection to the vacuum/experimental chamber. A newly
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Copper Pinch-Off Tube

Connection to the
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Figure 6.1: CAD-Model of the PS of the MAIUS-B PP, as designed and imple-
mented within this thesis. For a better overview, certain connectors have been
suppressed.
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designed connection cube with several CF ports connects the TSP, the IGP, a
cold-cathode pressure sensor (IKR270), the CPOT, and the connection to the
vacuum chamber. The pump stack is equipped with the control electronics
and the power supply of the IGP. It houses additional high power components
and is therefore equipped with a heatsink in the back plate.

In MAIUS-A, the connection cube was placed in the middle of the base
plate and the IGP was mounted in a 45° angle [Gro16b]. Within MAIUS-
B, the connection cube was moved out of the center and the IGP was placed
horizontally inside a newly designed mounting concept, which was an outcome
of this thesis as described below. Due to this design change, the total height
of the PS was reduced by 233.5mm. With a mass of around 6 kg, the IGP is
a comparatively heavy part which could lead to a high momentum on the CF
connection. Therefore, a corrugated bellow is mounted between the IGP and
the cube. This allows for minor movements during the load phase and reduces
the leakage rate into the vacuum system. The IGP is placed on a mounting
plate which is mounted on the one side to the cube. On the opposite side it
is kept in place with a frame of side, top, and back parts mounted to the base
plate. To fit in the power and data connections to and from the PP, the patch
panels were designed within the mounting structure of the IGP. With rubber
pads between the pump and the mounting parts, the IGP is pressed by the
lid. An additional stringer under the pump strengthens the mounting plate.
These modifications limit any significant movement of the IGP to avoid major
leakages due to a high momentum on the CF connection during mechanical
high loads.

All vacuum components of the PS, beside the connection cube, are made
of stainless steel 316L (1.4404). To reduce the mass and ensure high stability,
specifically on the CF knife-edges, the cube is manufactured of titanium grade
5 (Ti6Al4V). The TSP is connected via a CF DN40 flange and is designed in a
90° angle, mounted with two brackets to the base plate (explained in detail in
section 6.2.3 and shown in figure 6.4). To avoid over-determination, the tube
is equipped with a bellow to allow movement during mechanical loads and
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to lower stress on the knife-edge and avoid leakages. The connection to the
vacuum chamber is made by a CF DN16 tube, connected to the cube below
the IGP base plate. It also has a 90° angle and is designed with a bellow to
reduce the stress during loads on the connection to the vacuum chamber, and
therefore to the chamber itself.

To comply with the requirement to use materials with a low susceptibility
inside the magnetic shielding, the connection tube to the experimental cham-
ber is manufactured of titanium grade 5. The chamber itself is designed in a
two chamber design (see view A in figure 6.2), with the preparation chamber
and the science chamber both manufactured of titanium grade 5. Since the
chamber design is challenging from a manufacturing point of view, the two
chambers had to be made separately. In the next step, the two chambers were
brazed with a 100 µm thick foil made of pure silver. The EC was designed
and tested in MAIUS-A, and the same chamber model has successfully flown
during the MAIUS-A campaign. To fulfill the requirement of the accessibility
for laser light, the same concept of the optical ports are used. For a full de-
scription on the design process, the qualification and the overall design, please
refer to thesis [Gro16a].

Figure 6.2 shows the two chamber design with the preparation and science
chamber, and the integrated DPS (see also section 6.2.3). View A in figure
6.2 shows the atom chip and the newly designed Rb and K oven, which are
mounted with a CF flange to the preparation chamber. The mounting of the
EC (see figure 6.2) was newly developed and implemented within this thesis,
and thereby optimized compared to MAIUS-A to enhance the accessibility
and improve the mounting concept for the optical detection systems. The
chamber is mounted with a bracket to the base structure and to the atom chip
cube. The cube houses the chip and several CF DN40 flange feedthroughs to
supply and control the atom chip. A second TSP is mounted with a CF
DN40 flange to the chip cube as mentioned above. The viewports of both
chambers are made of BK7 glass which is sealed with a 1mm indium wire as
shown in figure 6.3. This allows the accessibility for the laser light and the
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Figure 6.2: CAD-Model of the experimental chamber of the MAIUS-B PP. The
detail view A shows the two chamber concept and the atom chip. The new oven
and DPS are also shown, which were designed within this dissertation. For a better
overview, certain connectors have been suppressed.
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optical detection. The indium sealing concept with the BK7 windows allows a
significantly smaller design of the overall chamber compared to standard CF
flanges, and has been successfully tested and was flown in MAIUS-A.

Indium Wire

BK7 Window

Chamber

Indium Wire
BK7 Window

Teflon Ring
Pressure Plate

Preparation Finished Indium Sealing

Indium Sealing Area

Figure 6.3: In the left picture the indium wire is shown with the BK7 window
already lying on top before pressing. The explosion view in the middle gives an
overview of the different parts involved in the sealing/pressing process [Gro16a]. In
the right picture, the final pressed indium sealing area is shown.

It additionally gives more freedom in the geometry of the windows, such as
in the preparation chamber, where the windows are square-shaped. During
the integration process of the windows, the 1mm indium wire is placed on
the polished sealing surface. Afterwards, the window is pressed with a metal
pressure plate and a Teflon ring to avoid scratches on the glass. The 8 screws
are torqued in 0.1Nm steps to a maximum torque of 1Nm. The Teflon ring
and the pressure plate are removed after at least one week. From that point
on, the windows do not need any further support or treatment. On the right
side of figure 6.3 the pressed indium sealing area is shown after the pressing
process. After the pressure plate is removed, components like the collimators
can be mounted by reusing the same holes around the windows.
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6.2.3 Vacuum Components

In addition to the description of the overall design of the PS and the EC, the
main vacuum components of the UHV system which were (re)designed and
implemented throughout this thesis, will be explained in more detail.

Ion Getter Pump and Titanium Sublimation Pump

The pump concept is based on two TSPs and one IGP. Both pumps start
working after the roughening pump is detached, and maintain the vacuum
pressure from that point on. While both pumps are working together, only
the IGP is able to pump noble gases. The working principals and the depen-
dencies on the pressure and the saturation are explained in section 2.2.5.

In MAIUS-B, the IGP VacIon 20 Plus from Agilent provides a pumping
rate of 25 L s−1 (unsaturated) and 15 L s−1 (saturated) for nitrogen at the
operation pressure of 1× 10−10 to 5× 10−10 hPa. The power connection, as
well as the high voltage cable on the back of the pump as shown in figure 6.1,
was redesigned and customized to a 90° angle throughout this thesis, to fit
within the specific size constraints.

The TSP is made of three titanium-molybdenum filaments which are fed
through a CF DN40 flange mounted to a CF DN40 tube. Figure 6.4 shows
the two TSPs which are used in MAIUS-B. To comply with the material
requirements inside the magnetic shield, the TSP at the atom chip cube was
self designed in MAIUS-A and is also used in MAIUS-B. The TSP at the
PS uses a standard VG Sienta ST22, but the filaments are modified by the
supplier to be shorter [Gro16a; Sei14]. While the TSP at the PS itself is
reused, the CF tube and the sieve concept was designed and implemented
within this thesis.

As indicated in figure 6.4 and shown in detail in the top views, both TSPs
are equipped with a sieve. In case of failure of the filaments, the sieve prevents
floating fragments during the microgravity phase from entering the science
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Figure 6.4: CAD-Model of the titanium sublimation pumps used in MAIUS-B. The
left/bottom TSP is the one used at the atom chip cube [Gro16a; Sei14] and the
right one is used in the PS and was redesigned within this thesis. The detailed
views above show the sieves used to avoid debris in case of failure of the filaments
during loads.
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chamber and harming the experiment. For the activation, a current of 48A is
applied to one of the filaments. This will heat up the titanium-molybdenum
filament to around 1 200 °C (1 473.15K) and the titanium will sublimate and
condense on the colder walls. This layer getters atoms of the remaining gas
inside the UHV system. Although the mesh reduces the pumping speed sig-
nificantly, calculations in MAIUS-A in [Gro16a] for a similar setup, showed
an estimated pumping rate after the sieve in the region of 17-19 L s−1. The
re-activation time of the TSP depends on the pressure level. Current labo-
ratory operation showed that the TSPs need to be activated approximately
every three months. Once the system is moved prior to launch and during
the launch campaign, the activation will be done more frequently.

Differential Pumping Stage

A DPS is used in the vacuum chamber in order to keep a high partial pressure
of 87Rb and 41K in the preparation chamber, and at the same time keep a low
pressure in the science chamber. The DPS as a main feature of the vacuum
chamber, was redesigned within the scope of this thesis. As a lessons learned
from MAIUS-A, the chamber was modified for a better alignment and adjust-
ment. Instead of screwing the DPS in via a thread, the thread was removed
and the DPS was mounted with a counter nut on the one side and a pin on
the other side. This prevents the DPS from turning and keeps it aligned. The
modifications on the spare MAIUS-A chamber, reused for MAIUS-B, were re-
alized with sinker electrical discharge machining. This technique avoids dam-
age on the chamber, and is preferred because of manufacturing limitations
with more commonly used techniques. In figure 6.5, a generated CAD-Model
is showed with a cut view through the middle of the DPS.

The graphite tube is placed inside the front of the DPS and is kept in po-
sition by the back which is screwed into the front part. Its surface absorbs a
high percentage of atoms when they are in contact with the graphite. As a
new feature of the design, the counter nut and the pin keeps the DPS aligned
within the chamber as shown in the detailed view A in figure 6.2. On the front
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Figure 6.5: CAD-Model of the new DPS, as designed throughout this thesis.

part of the DPS, the surface is designed at a 45° angle and is polished for a
better reflection. The polished surface is used in the experimental process
and is further explained in [Gro16a; Sei14]. A concentrated beam of atoms,
as indicated in figure 6.5, is injected into the small tunnel with the laser light
from the preparation chamber, through the DPS, into the science chamber.
This process is further explained in the scientific background in section 2.1.

Rb and K Oven

As an atom source for 87Rb and 41K, two ovens were newly developed within
this dissertation, in a titanium tube connected via CF DN16 flanges. As
shown in figure 6.6, a glass ampule with 1 g of 87Rb (Strem Chemicals 93-
3736 Rubidium 99.9%) and 1 g of 41K (Strem Chemicals 93-1990 potassium
99.95%) per oven is placed inside. Once the vacuum system is pinched off from
the roughening pump, the glass ampule is broken with a ring of four screws
pressing from the outside on the titanium tube. To avoid glass fragments and
to avoid the liquid Rb or K from floating around, a sieve is placed at the
entrance of the tube. Depending on the pressure and the species, the oven
needs to be heated. Heating is achieved with a heating wire coiled around the
tube and connected to the plug at the end. Thereby, the vapor pressure can
be tuned and adjusted according to the needs of the experiment. To provide
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Figure 6.6: The generated CAD-Model of the new Rb and K oven design is shown.
In detail view A, the inside of the design as carried out within this thesis is pointed
out.

sufficient vapor pressure, the laboratory operation of the experiment shows
that the Rb-oven can be kept at room temperature, while the K-oven is kept
at around 46 °C.

6.3 Qualification of the UHV System

As discussed in section 6.1, a qualification of the payload is mandatory. In this
section, the entire qualification process of the UHV system of the MAIUS-B
payload will be discussed, as it was performed as a primary outcome of this
thesis at the vibration test facility at the ZARM in Bremen. The contribution
within this dissertation includes the test preparation, the actual conduction
of the vibration tests, and the later presented discussion of the results for the
tests of the PS and the PP. The three random vibration test levels stated in
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Table 6.1: MAIUS random vibration test profile level with the power spectral den-
sity (PSD) and RMS values [Gro16a]. (1 g0=9.81m s−2)

Flight Level Acceptance Level Qualification Level

Frequency PSD PSD PSD
Hz g0

2/Hz (m/s2)2/Hz g0
2/Hz (m/s2)2/Hz g0

2/Hz (m/s2)2/Hz

20 - 400 0.000 3 0.029 0.002 0.192 0.004 5 0.433
400 - 600 0.004 0.385 0.03 2.887 0.067 5 6.496
600 - 1 300 0.000 3 0.029 0.002 0.192 0.004 5 0.433
1 300 - 2 000 0.004 0.385 0.03 2.887 0.067 5 6.496

RMS Value 2.0 g0 19.6m s−2 5.4 g0 53.0m s−2 8.1 g0 79.5m s−2

table 6.1, are the flight, acceptance, and qualification levels, as derived from
[Gro16a]. All critical components are tested, and hard mounted in all three
axes, for a duration of 60 s. On a component level, the tests are performed
at 8.1 g0RMS (qualification level). For the functional groups and on subsys-
tem level, such as the PS and the PP, the flight (19.6m s−2

RMS / 2.0 g0RMS)
and acceptance (53.0m s−2

RMS / 5.4 g0RMS) levels are tested. All tests were
conducted in all three axes and the pressure was monitored. Before and after
every random vibration test, a resonance sine sweep was performed from 5 to
2 000Hz with a level of 2.45m s−2 (0.25 g0) and a sweep rate of 2.0Oct/min.
Comparing the measured frequency responses of the test specimen during
the two resonance runs, allows for screening of structural design flaws which
occurred during the vibration test.

For the post-processing of the random vibration tests, the acceleration spec-
tral density (ASD) response, and thereby the RMS values, are derived by
several three axis acceleration sensors. These sensors are placed on positions
of interest and additional control sensors are used as a reference.

The sensor placement for the PS vibration test is shown in figure 6.7, where
the control sensor is used as a trigger signal for the pressure reading. In
this figure, the IGP is shown with the sensor R3 placed on the top plate
of the IGP mounting to monitor the behavior and the acceleration. The
PS is mounted as it is in flight, with six brackets, including the vibration
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Figure 6.7: The test setup for the PS vibration test is shown. The Z-axis is, for all
tests, in the axial direction with the X- and Y-axis in the radial plain. The control
sensor is used as a reference for the pressure reading, and additional control sensors
(not shown) are used as a reference for the applied accelerations without damping.

dampers, to a test hull segment. By this test setup, the actual damped
accelerations at a specific point, such as the sensor R3, can be investigated
and the impact of the vibration isolation is shown. The ASD of the PS
which was tested at the acceptance level, is plotted in figure 6.8. The plots
show the three tests in X-, Y- and Z-axis, and furthermore all three axes
per test axis, which were monitored by the three axis sensor R3 at the IGP.
The blue line indicates the test results, while the red line shows the applied
random vibration level in the frequency range of 20 to 2 000Hz. Additionally,
the RMS acceleration level of the sensor response is shown for all nine tests.
These acceleration values indicate that the vibration isolation by the dampers
works well and the expected vibrations at the IGP are lower than the applied
random level of 53.0m s−2

RMS (5.4 g0RMS). The peaks at the lower frequency
ranges (70-110Hz) for the plots, where the test and sensor axis is aligned,
are indicating the expected eigenfrequency of the dampers. At these points,
the measured values exceed the applied acceleration (red line). However, the
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Figure 6.8: The plots show the ASD of the vibration test (acceptance level
(53.0m s−2

RMS / 5.4 g0RMS)) of the MAIUS-B PS. The three-axis sensor (see sen-
sor R3 in figure 6.7) was placed on the top of the mounting plate of the IGP. The
system was tested in X, Y and Z axes, and for all tests, all three axes are plot-
ted. By the red line, the applied acceleration of the test profile is shown. In each
plot, the value from the sensor is shown, which states the actual RMS acceleration
value. All tests are plotted over the frequency in the tested range of 20 to 2 000Hz.
(1 g0=9.81m s−2)

values above 110Hz indicate a sufficient vibration isolation. In figure 6.9 the
test setup for the PP and the sensor placement is shown. The TSP at the
vacuum chamber is placed at the atom chip cube (see figure 6.2) and is only
mounted at the cube and not further supported. Therefore, the sensor R2
is placed at the end of the TSP flange. On the top-right side of the image,
sensor R3 is placed at the flange connection of the IGP. The test setup with
the integrated test hull segment is shown, as well as additional sensors which
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Figure 6.9: The test setup for the PP vibration test is shown above. The left image
shows the Z-axis test configuration, where the PP is tested on the heat expander.
In this image the hull segment used for the vibration tests is not yet mounted to
show the three axis sensor positions on the lower ground plate R1, and at the end
of the TSP R2. In the right image, the test configuration on the slip table is shown,
which is used for the X- and Y-axis. It also shows the test hull segment with the
two control sensors C1 and C2. It additionally indicates the positions of the sensors
R1 and R3 on the PS section.

can be used as references. Figure 6.9 shows the test axis and the two test
modes of the vibration test, with the payload mounted on the head expander
for the test axis Z (left), and the X- and Y-axis on the slip table (right).

The RMS acceleration (gRMS) for the tests of the PS and the PP in flight
and acceptance level are presented in table 6.2. In this table, the response of
the sensors R3 (at the IGP) for the PS test, the sensor R2 (at TSP), and R3
(at IGP flange) for the PP tests are shown.

These results indicate that the vibration isolation is working very well and
that the actual acceleration level of crucial vacuum components, like the IGP
or TSP, are significantly lower than the applied load level. However, one can
see a difference between the sensors R2 and R3 of the PP test, which could be
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Table 6.2: RMS accelerations response for the PS and PP tests in flight (F) and
acceptance (A) level. For each test axis, all three axes per sensor are shown. For
the PS test, R3 is located on top of the IGP (see figure 6.7). For the PP test, R3 is
on the CF connection of the IGP and R2 is at the end of the TSP (see figure 6.9).

Applied Sensor Axis
Test Axis Load Level X Y Z

ms−2
RMS ms−2

RMS ms−2
RMS ms−2

RMS

PS-IGP X 19.6 (F) 8.53 10.79 9.52
(Sensor R3) Y 19.6 (F) 7.46 10.40 12.36

Z 19.6 (F) 10.99 13.64 15.21

PS-IGP X 53.0 (A) 20.70 24.92 21.68
(Sensor R3) Y 53.0 (A) 17.85 23.74 28.15

Z 53.0 (A) 29.43 33.35 36.98

PP-TSP X 19.6 (F) 7.06 3.14 2.06
(Sensor R2) Y 19.6 (F) 5.49 5.79 2.45

Z 19.6 (F) 4.71 5.89 6.57

PP-TSP X 53.0 (A) 17.27 7.75 4.51
(Sensor R2) Y 53.0 (A) 12.16 13.83 5.49

Z 53.0 (A) 10.89 14.22 15.79

PP-IGP X 19.6 (F) 9.52 2.94 6.57
(Sensor R3) Y 19.6 (F) 9.71 8.83 6.97

Z 19.6 (F) 11.67 7.95 11.77

PP-IGP X 53.0 (A) 24.53 7.06 15.89
(Sensor R3) Y 53.0 (A) 22.76 21.78 16.48

Z 53.0 (A) 28.35 18.84 28.65

caused by a different structural damping effect. Nevertheless, these differences
are expected due to the different mounting concepts.

As mentioned above, a sine resonance sweep was performed before and af-
ter each test and the results were compared. For all tests, the comparison
showed no significant differences, especially for the resonance case which in-
dicates the structural integrity of the overall design. The comparison for all
sensors shown in figures 6.7 and 6.9 were taken into account.
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For the final qualification of the vacuum system in MAIUS-B, the pressure
was monitored for both tests. As a requirement described in section 6.1, the
pressure should be below the threshold of 5× 10−10 hPa approximately 19 s

after the load phase (stage burn out). At this time of the mission, the atti-
tude control system has orientated the experiment into position and the test
sequences starts. Although the pressure will rise during the load phase by the
stage burn of the rocket, the system needs to be able to maintain itself as fast
as possible to perform as planned. A higher background pressure will lower
the atom number due to collisions with the remaining gas as explained in sec-
tion 3.2, and will decrease the performance. Therefore, it is important to test
the influence of the load phase, as well as the maintaining phase afterwards.

In figure 6.10 the test results of the pressure readings for all tests, in all
three axes, for the PS and the PP test are shown. The orange line indicates
the flight level test and the blue line shows the acceptance level. By the
gray area, the load phase of 60 s is highlighted. The horizontal black dotted
line marks the threshold of 5× 10−10 hPa and the vertical green dotted line
marks the start of the experimental sequences. Figure 6.10 indicates that the
pressure for the PS and the PP test in X- and Y-axis for both load levels are
below the threshold within several seconds. For the Z-axis test, both plots are
showing higher pressure values during the load phase compared to the X- and
Y-axis tests. This results in a higher gas input into the system and increases
the maintaining time of the vacuum system significantly. For the acceptance
level test, the vacuum system was not able to maintain the pressure within
19 s. This shows that the impact of vibrations in this test axis are significantly
higher. Although it is not possible to detect the final cause of this behavior,
the most likely cause is the IGP, with its high mass and the TSP which are
both connected with a CF flange connection. Since the vacuum system was
fully sealed with a pressure of around 2× 10−10 hPa, it can be assumed that
none of the manufactured vacuum components have a manufacturing flaw,
which could have caused the leakages. This indicates that the pressure rise
is originated by a leakage rate through the CF flange connections, and shows
their significant impact on the overall performance of the UHV system.
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All three axes were tested shortly after each other, starting with the X-
and Y-axis. At the time the Z-axis test was performed, the UHV system
had already been tested twice within a short period of time. This led to a
higher initial pressure (about 1× 10−10 hPa above the tests in X- and Y-axis)
prior to the test of the Z-axis. It is most likely that a combination of the
above discussed aspects caused the higher pressure and the longer pressure
maintaining time during the Z-axis test. Nevertheless, the important value
for the qualification of the UHV system is the flight level, which has been
set (including an additional margin) close to the actual maximum load level
(see 3.1.1) during a sounding rocket flight. The pressure of the PP test for
this level complies with the requirement. It is also worth mentioning that the
current pressure of the UHV system after several months of operation is at
2× 10−11 hPa. This is one order of magnitude better than the initial pressure
before the test. This will have a positive impact on the behavior of the UHV
system during the flight. Hence, the PP with its UHV system of the MAIUS-B
scientific payload, has passed the qualification process performed throughout
this thesis, which marks an important milestone within the MAIUS mission
towards the launch.
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Figure 6.10: The plots show the pressure readings during the random vibration
tests for the PS and the PP. All tests were performed, in all three axes, in flight
(19.6m s−2

RMS / 2.0 g0RMS) and in the acceptance (53.0m s−2
RMS / 5.4 g0RMS)

level. The gray area indicates the test duration of 60 s. The black dotted line shows
the pressure value required by the experiment ≤5× 10−10 hPa. Approximately 19 s
after the load phase (stage burn out) the experimental sequence starts, which is
indicated by the green dotted line in the plots.
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6.4 Observations and Lessons Learned

During the laboratory operation and the vibration tests, several observations
and lessons learned were derived. After several months of laboratory operation
of the PP, a constant pressure level of around 2× 10−11 hPa was observed.
This indicates that the MAIUS-B pumping system is working well and is
able to achieve pressure levels more than one order of magnitude better than
required (≤5× 10−10 hPa). In the laboratory operation, in a temperature
controlled room at 23±1 °C (296.15±1K), an activation of the TSPs every
three months, with a constant IGP operation, is sufficient to keep the pressure
level as mentioned above. Due to a failure of the air conditioning system
in August of 2020, the temperature of the vacuum system was rising up to
around 35 °C (308.15K) which led to a pressure of up to 4.5× 10−10 hPa.
Once the air conditioning system was running again, the TSPs were activated
more frequently and the vacuum level was able to maintain itself again at
the initial pressure region of 2× 10−11 hPa. This shows the significant impact
of the ambient temperature on the vacuum level. However, the temperature
inside the final integration room is at 20±5 °C (293.15±5K) and the launch
tower is controlled to be at 17±7 °C (290.15±7K) prior to launch (see section
3.1.1), which will have a positive impact on the vacuum level. The vacuum
level prior to launch is therefore expected to be in the order of 2× 10−11 hPa.

The vibration tests, as discussed in the previous section, clearly state the
impact of mechanical loads on the pressure of the UHV system of the MAIUS-
B payload. As shown in figure 6.10, the dynamic loads during the vibration
tests lead to a gas input into the system and to a higher pressure. The
qualification process is considered to be passed, although some lessons learned
are derived from the tests.

While the expected pressure (2× 10−11 hPa) is one order of magnitude bet-
ter than the initial vibration test pressure, the transport to the launch site,
the final integration, and movements of the payload prior to launch might lead
to a higher initial pressure. In order to achieve an initial pressure as low as



Observations and Lessons Learned 131

possible prior to the launch, the two TSPs of the MAIUS UHV system should
be activated as close as possible to the launch. The activation will provide
a higher pumping rate during the flight. This will have a positive impact on
the pressure, and the pressure maintaining time of the vacuum system, after
the load phase towards the start of the experimental sequences.

The design process of the vacuum system is another important lesson learned
from the qualification process. Any major design changes of the final inte-
grated and pumped down vacuum system, will lead to significant time delays
in the range of six to eight months (depending on the project). This delay is
caused by the long vacuum preparation time and the complex assembly of the
vacuum system. Such a major design change will consume time and financial
and human resources, which are all limited factors for every project. In fig-
ure 6.10, it was indicated that mechanical loads have a significant impact on
the system. This is mainly caused by leakage rates which occur at the CF
flange connections during mechanical loads. As the CF flange connections
are the driven cause of leakages, it is important to further investigate the CF
flange connections under external loads. Since major design changes are still
comparatively easily achieved during the design phase, the influence of me-
chanical loads on critical CF connections should be considered at this point,
which is one of the main lessons learned for future designs of space-borne UHV
systems. However, there were no tests or literature data available for the in-
fluence of CF connections under static loads. As a main part of the scope of
this thesis, the next chapter presents the first experimental investigations for
CF connections under static loads, as they appear by the acceleration during
the rocket launches.





7 Investigation of CF-Flange
Connections under
Mechanical Loads

One of the main components for the design of UHV systems for multiple
ground and space based experiments, is the CF connection. A CF flange
connection is a widely used COTS connection system. As further explained
in section 2.2.4.1, the sealing principle is based on an OFHC copper ring
gasket, which is pressed with screws in between two flanges. In the sealing
process, the tightening torques and the bolt pretension of the mounting screws
are used to press the knife-edge into the softer copper gasket. This results in
deformations of the copper gasket. As such, the softer copper seals any fine
surface irregularities on the knife-edge. The CF flange produces a UHV sealed
connection with leakage rates of less than 1× 10−12 Pam3 s−1 [VAC20a].

As mentioned in section 2.2, the final achievable pressure of a UHV system
is an equilibrium between the pumping speed on the one side, and the out-
gassing and leakage rate on the other side. For a spaceborne quantum optical
experiment, such as MAIUS or BECCAL, a residual pressure of less than
5× 10−10 hPa is required within the vacuum system. To be able to comply
with this requirement, and to achieve this pressure level, conditions during
the space mission flight need to be taken into account. One of the main im-
pact factors for a UHV system on a rocket are the mechanical loads, such as
vibration or static loads by accelerations.
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In the previous chapter, the vibration tests of the MAIUS-B UHV system
were presented. One of the observations during the vibration tests of the
MAIUS-B vacuum system, is the pressure increase caused by dynamic loads
(vibrations). This increase is caused by a leakage rate, which occurs at the
CF flange connections, as all other parts are fully sealed. While the impact
of the dynamic loads on the UHV system and the CF connections are tested
during the qualification process and certain data is existing, the static loads
are not further tested. Data on the leakage rate of CF flanges caused by
static loads is extremely useful to improve the design process and avoid high
leakage rates and a higher pressure level. A pressure rise has a direct impact on
the performance of the quantum optical experiment, as indicated in chapter
3. It also makes it possible to optimize, as well as improve, the assembly
process for future space missions. Nevertheless, there is no data available
for the leakage rate of CF connections. As a primary outcome of this thesis
and presented throughout this chapter, a new leakage rate test setup was
developed and built. The results of the performed tests are discussed and the
findings throughout this dissertation are summarized. These results provide
the science community with the first set of data for the leakage rate of CF
connections under static loads.

The tests presented in this chapter investigate the influence on several pa-
rameters of the CF flange connection. For the optimization and the improve-
ment of the assembly procedure, the influence of the tightening torque is
tested. The lightweight material aluminum (AluVaC®, similar to 6082 AW) is
investigated, as well as the standard material stainless steel (316LN-ESR,
14429-ESU). In addition, the connection between two different materials,
stainless steel and aluminum, is investigated. The last test parameter is the
copper gasket, where an annealed or a non-annealed copper (OFHC) gasket
is used.

In the first section of this chapter, the expected loads for different space
missions are stated. As an outcome of this thesis, the next section introduces
the newly designed and implemented leakage rate test setup and methodology,



Expected Static Loads for Space Missions 135

considering the previously stated test requirements. Prior to the discussion
of the results, the data post-processing and the test uncertainties used within
this dissertation, are explained. The results of the leakage rate tests, for the
different CF flange materials (aluminum [AluVaC®], stainless steel [316LN-
ESR, 14429-ESU]), copper gaskets (annealed, non-annealed) and tightening
torques (10Nm, 12.5Nm, 15Nm) are discussed. In the last section, the
findings of the performed leakage rate tests of CF flange under static loads
are compared and summarized. This gives the first data set on the influence
of static loads on the leakage rate for CF connections, which can be used to
optimize the design and assembly process for space suitable UHV systems.

7.1 Expected Static Loads for Space Missions

This section shows the expected static loads during different types of rocket
missions. The focus here is on sounding rocket missions such as MAIUS and
the static loads during a launch of the SpaceX Falcon 9 rocket.

During the ascent of the MAIUS-1 mission, the accelerations were mea-
sured by an inertial measurement unit, within the MORABA service module.
Figure 7.1 shows the accelerations in longitudinal and lateral direction, with
a maximum peak of 121.6m s−2 (12.4 g0) at 34 s within the longitudinal axis.
These values are similar to the expected accelerations during the MAIUS-2
and MAIUS-3 flights.

Throughout a launch of a Falcon 9 rocket, the payload is either hard
mounted or soft stowed. Although the actual acceleration data for most space
flights are export controlled, the published data of the interface definition doc-
ument of the company Nanoracks can be taken as an example [Gre20]. The
presented accelerations can be interpreted as a flight with a Falcon 9 rocket
on a supply mission to the ISS. Table 7.1 summarizes the maximum acceler-
ations in all three axes, which are applicable for a hard mounted and a soft
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Figure 7.1: The plot shows the accelerations in longitudinal (blue line) and lateral
(orange line) direction, for the ascent of the MAIUS-1 sounding rocket mission.
The maximum peak during the rocket ascent shows an acceleration of 121.6m s−2

(12.4 g0) at 34 s within the longitudinal axis. (1 g0=9.81m s−2)

stowed payload. However, the payload shall include an additional margin of
safety [Gre20].

Table 7.1: Accelerations (static) loads during the launch and landing of a Falcon 9
rocket [Gre20]. (1 g0=9.81m s−2)

Acceleration Acceleration Acceleration
x-axis y-axis z-axis

in ms−2 in ms−2 in ms−2

Launch ± 68.7 ± 39.2 ± 39.2
Landing ± 91.23 ± 17.7 ± 17.7
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7.2 Experimental Leakage Rate Test

A main task within this thesis is the design and implementation of a new
leakage rate test setup. The following sections discuss the test requirements,
the newly designed and implemented test setup, and the used methodology
as it was carried out within this dissertation.

7.2.1 Test Requirements

The leak detector ASM 340 by Pfeiffer Vacuum is used throughout the tests
conducted in this thesis. Helium-4 (4He) is used as tracer gas for the leakage
detection. One of the main requirements is to avoid a helium contamination
of the air around the leakage detector. This is important, since the leakage
detector is not perfectly helium sealed and accumulates helium from the sur-
rounding air over time. Such a contamination can significantly increase the
ground value of the measured leakage rate over time, and therefore increase
the lowest detectable leakage rates. This lowers the overall performance of
the test setup and limits the possible detectable leakage rate.

For a reproducible test environment, the test should be performed inside
a test chamber, which is capable of being evacuated down to approximately
1× 10−1 hPa and pressurized with helium of up to 1 200 hPa. The chamber
should be evacuated by a backing pump, and then flushed and pressurized with
helium to produce a pure helium atmosphere, detected via a pressure sensor.
This enables a controlled, repeatable and reproducible test environment for
all tests.

The test setup needs to be accessible for power, sensor connections, the
connection of the leakage detector, a pump connection, and the helium inlet.
This accessibility needs to be realized by vacuum suitable feedthroughs, to
minimize possible helium contamination of the surrounding air.
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Figure 7.2: The experimental test setup for the leakage rate test under static loads
is shown. Figure b) (CAD-Model) shows the linear motor, the force sensor and the
CF flange connection with the test position. Figure a) of the actual chamber, shows
the feedthroughs for the pressure sensor, the linear motor control, the force sensor,
and the connection for the helium inlet as well as the connection to the leakage
detector. The red arrow indicates the force direction. In the yellow dotted box is
the position of the test specimen (see also figure 7.3a), and the connection to the
linear motor [Els21].

The static loads should be applied with a linear motor, which needs to be
usable under low vacuum conditions (down to 1× 10−1 hPa). The linear motor
has to be controllable from the outside and adjustable via its power supply,
with a force sensor as the feedback signal for the static load. The force sensor
should have a minimum of connecting pieces to avoid unwanted deformations.
The general structural design of the mounting brackets of the linear motor,
and the test specimen, should be adjustable to align the force application. The
design of the mounting brackets should have a sufficient stability to remain in
position, avoid deformation, and minimize any movement under static loads.

7.2.2 Test Setup

To comply with the requirements to provide a controlled, repeatable and re-
producible test environment, and at the same time minimize the contamina-
tion of the leakage detector, the experimental setup is built inside a vacuum
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chamber as shown in figure 7.2a. The leakage detector is connected via a
flexible CF hose to a CF DN40 feedthrough, which is connected inside the
chamber to the test specimen (yellow dotted box in figure 7.2a). The initial
evacuation of the chamber and the flushing with helium is realized by a three-
way valve, connected via a feedthrough. The three-way valve connects the
chamber with a backing pump for the evacuation. To flush it with helium,
the valve position is switched and the chamber is connected via a pressure
regulator to the helium reservoir.

The force (red arrow in figure 7.2a) is applied to the test specimen with
a linear motor (Model DLB-12-50-A-200-HS2-IP65 by Transmotec), which is
mounted with brackets on the chamber bottom and to the back wall. This
mounting concept disables the linear motor from movements and keeps it
in position, when the force is applied. A feedthrough connects the linear
motor with an adjustable power supply. Additional feedthroughs connect the
pressure sensor (Model PCR280 by Pfeiffer Vacuum) and the force sensor
(Model KM30z-2KN by ME-Meßsysteme) for the data acquisition. The force
sensor is able to measure up to 2 000N and is mounted in between the linear
motor arm and the mounting bracket at the free end of the test specimen, as
shown in figure 7.2b. The measured force is used as the control variable and
the feedback signal for the linear motor control.

A simplified schematic model of the CF flange connection (test specimen) is
shown in figure 7.3a. For the test specimen, two standard CF DN40 tubes are
used, each with a total length of 126mm from end-to-end. The test tubes are
connected with six M6 screws (including washers) made of stainless steel A2-
70 and standard plate nuts. This combination and type of screw is commonly
used throughout UHV systems and was therefore chosen for these tests. The
left side of the test specimen is mounted with brackets (fixed support in figure
7.3) to the chamber floor. For the static load tests of the CF connection, a
force is applied by the linear motor at the free end of the test specimen. This
leads to a momentum on the CF knife-edge connection, which could result
in a gap at the copper gasket and thereby a leakage. Figure 7.3b shows the
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Figure 7.3: Figure a) shows the test specimen, consisting of a CF DN40 tube con-
nection, fixed on one side, with the force applied at the end of the second tube. On
the right side, the CF flange bolt pattern is shown in respect to the applied force.
Figure b) shows a simplified model of the CF flange connection, including the bolt
pretension force by the mounting screws, the knife-edge, the copper gasket, and the
momentum induced on the CF connection by the applied force. It indicates the
moment of failure, when the force on the CF flange connection is high enough to
cause a gap and thereby a leakage [Els21].

point of failure of the CF knife-edge/gasket connection, when the upper part
of the CF connection is pressed into the copper gasket and the lower part
of the knife-edge is spread from the gasket. At this point, the deformation
of the CF flanges and the CF connection bolts is big enough to cause a gap
despite the bolt pretension force. Such a gap will result in a pressure rise
of the vacuum system. This shows that the bolt pretension force and the
tightening torque of the screws of the CF flange connection have an influence
which needs to be investigated.
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To ensure reproducibility, all the test specimens are assembled by the same
mounting procedure. Only new pristine CF tubes (knife-edges) are used,
which prevents interference behavior of the knife-edge due to previous use
or damage. After the initial assembly of the tubes, with the copper gasket
in between, the six screws are tightened by hand. All screws are torqued
following a star pattern, to ensure an equal tightening of the CF connection
and avoid negative settling effects. After one or two intermediate torque steps,
which are not further defined, the final bolt pretension torque is applied. In
the last step, the screws were torqued again with the same star pattern and
the same torque to take settling effects into account.

7.2.3 Methodology

Throughout all the tests, stainless steel A2-70 screws in M6 are used for the
CF DN40 flange connections. Without lubricant on the nuts and the screws,
the coefficient of friction is between 0.2 to 0.35 and is assumed to be 0.3.
This results in a tightening torque of 10.4Nm for M6 stainless steel A2-70
screws [Wü22]. Therefore, 10Nm is tested to investigate the influence of
the tightening torque on the leakage rate during static loads. Additionally,
12.5Nm and 15Nm tightening torques are tested, to investigate the impact
of a higher tightening torque on the leakage rate.

Stainless steel (316LN-ESR, 14429-ESU) and aluminum (AluVaC®) mate-
rial for the CF tubes are tested. While stainless steel is a commonly used
material for UHV components, aluminum is of interest because it has around
a three times lower density (see table 2.2 in section 2.2.4.2). The light weight
of aluminum makes it interesting for space missions, where a compact and
low mass design is one of the main design drivers. In addition, aluminum has
a sufficiently low magnetic permeability, which is one of the requirements of
a cold atom interferometer for future space missions.

The AluVaC® components require an annealed copper gasket, used for all
tests where aluminum is involved. To investigate the impact of the copper
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Table 7.2: List of leakage rate test series performed throughout this thesis, with the
different materials, tightening torques, and the gasket treatment of the tested CF
flange connection. The name of the test series, such as 316AluCUA, indicates the
material and if the used gasket is annealed (CUA) or non-annealed (CU).

Test Material Material Gasket Tightening
Series Test Tube 1 Test Tube 2 Treatment Torque

in Nm

1 - 316316CU 316LN-ESR 316LN-ESR non-annealed 10, 12.5, 15
2 - 316316CUA 316LN-ESR 316LN-ESR annealed 10, 12.5, 15
3 - AluAluCUA AluVaC® AluVaC® annealed 10, 12.5, 15
4 - 316AluCUA 316LN-ESR AluVaC® annealed 10, 12.5, 15

gasket for a stainless steel (316LN-ESR, 14429-ESU) CF connection, annealed
and non-annealed copper gaskets are tested. In addition, a mixed flange con-
nection with stainless steel and AluVaC® tubes is tested. Table 7.2 summarizes
the different tests which have been performed throughout this thesis and will
be discussed in the following sections.

All tests are based on an integral leakage rate test method, following the
same test procedure as shown in Figure 7.4. For this test method, the test
specimen is placed inside the test chamber which is filled with helium. The
leakage detector is connected to the test specimen as shown in figure 7.2a,
and constantly measures the leakage rate during the tests.

Prior to the tests, the chamber is evacuated by the backing pump to a
pressure of around 1× 10−1 hPa. In the second step, the three-way valve is
switched to the helium reservoir to flush the chamber. The initial evacua-
tion ensures a pure helium atmosphere inside the chamber and avoids mixing
effects with the air. The chamber is filled to a pressure of 1 100 hPa for all
tests. The leakage rate is monitored and a rise would indicate a leakage of
the setup, which would need to be further investigated before the test can
start. If the leakage detector shows no leak, a wait time of ≥10min is held to
measure the ground value (base value) of the leakage detector.
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Start leakage rate
measurement

Pump down chamber

Flush chamber with helium

wait time ≥ 10min

Increase force +50N

Leakage?
Hold force 2min

(load phase)

No

Yes

Hold force 10min

(load phase)

Release force to 0N and hold 15min

(load-free phase)

Increase force to
last value 50N

Figure 7.4: This flow chart shows the test procedure for the leakage rate measure-
ments, developed within this thesis. Due to the limit of the measuring range of the
force sensor of 2 000N, the last force step is at 1 950N [Els21].
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At this point, the leakage rate test starts with a released linear motor and
a force of 0N. In the first step, the force is increased in 50N steps. If the
leakage rate stays at the ground value, the force step (load phase) is held for
2min, before the force is increased by 50N. 2min are sufficient, considering
the dead time of the leakage detector, which was measured in pre-tests to
be only a few seconds. As shown in the flow chart in figure 7.4, this loop
continues until the leakage detector indicates the first significant increase of
the leakage rate. This marks the first elastic leakage of the tested CF flange
connection, as shown in the raw data plot, for stainless steel at a torque of
12.5Nm, in figure 7.5. At this point, the force and the resulting momentum
on the CF connection is high enough to form a gap and thereby a leakage.
From this point onward, the force (load phase) is held for 10min. This time
was set using the example load phase for the total burn time of all engines of
a Falcon 9 launch into a low earth orbit for approximately 440 s [Spa20].

To investigate which force has caused a temporary (elastic) or a permanent
(plastic) leakage, the force is released to 0N and kept for 15min (load-free
phase). If the leakage rate decreases to its initial base value, the force causes
an elastic deformation (elastic leakage) and the CF connection is able to seal
itself again. In case of a plastic leakage, the leakage rate will settle on a higher
value than the base value, as shown in the first plastic leakage in figure 7.5.

For the duration of the load-free time, several points were taken into ac-
count. Since the test cannot be paused over night, the overall test should be
performed within a maximum of 12 h. However, the load-free phase needs to
be long enough to be able to accept settling effects and to ensure a reliable
leakage rate, which can also be used on longer timescales. The load-free phase
is intended to display the overall microgravity flight of a sounding rocket mis-
sion (approximately 300-360 s). The load-free phase was set for 15min, as a
good trade-off for the tests.

Subsequently, the force will be increased to the next higher force step,
continuing the procedure sequentially up to the last force step of 1 950N.
This upper limit is set by the measuring range of the force sensor of 2 000N.
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Figure 7.5: The plot shows as an example the raw data for stainless steel at a
torque of 12.5Nm (test series 2 of table 7.2). It indicates the leakage rate and the
force increased over time with the points where the first elastic and the first plastic
leakage occurs. The elastic leakage is detected during the load phase, where the
force is held, while the plastic leakage is detected during the load-free phase when
the force is released.

7.3 Experimental Results

As a primary outcome of this thesis, the following sections show the results
of the four performed test series, including their data post-processing and the
test uncertainties. The results are discussed in detail and the findings are
summarized in tables 7.3 and 7.4.
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7.3.1 Data Post-processing and Test Uncertainties

The upcoming sections discuss the results of all four test series (see section
7.2). The tests are conducted by the same test procedure as presented in the
flow chart in figure 7.4, from 0N, increasing the force in steps of 50N up to
1 950N. With the stepwise increase, the points of the first elastic and plastic
leakages are experimentally investigated. Additionally, the absolute leakage
rate should be identified within the boundaries of the test uncertainties of
the test setup. To determine the force and leakage rate values from the raw
data, the mean value of the leakage rate for the load and load-free phase is
calculated for each load step. In the upcoming sections, the leakage rate is
plotted over the associated force values.

As an example, figure 7.6 shows the raw data plot for stainless steel, torqued
at 10Nm (test series 2, copper gasket annealed), which identifies settling
effects once the load is released. These settling effects can be explained by the
elastic behavior, deformation and re-deformation of the CF knife-edge/copper
gasket connection, the mounting screws and the tested tubes. The main
fraction of the elastic behavior is assumed to be happening in the copper
gasket, due to its comparatively soft material. In figure 7.6, two points are
marked, where the settle effects are clearly shown over the entire load-free
phase. A constant decrease of the leakage rate is shown, although the force
is fully released. In the prior force steps, the leakage rate converges against
a value, but the settle effects can be still seen during the initial time once
the load is released. If the mean value is calculated over the entire load-
free phase, these values might not provide a reliable absolute leakage rate
value. The reason is the high values (multiple orders of magnitude) during
the settlement, compared to the expected mean value. This will result in a
high standard deviation of the absolute leakage rate. The standard deviation
s for the mean value of the leakage rate and the force was calculated by
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Figure 7.6: The plot shows as an example the raw data for stainless steel at a torque
of 10Nm (test series 2 of table 7.2). It indicates the settling effects which occur
during the tests.

[Kin19]

s =

⌜⃓⃓⃓
⎷ n∑︁

i=1

(xi − x̄)2

n− 1
, (7.1)

where xi is the +value of the ith data point, x̄ the mean value of the data
set and n the number of data points in the data set. In addition, the un-
certainties of the leakage detector in the y-axis, and the force sensor in the
x-axis, are added and implemented in the result plots. The 0.5% uncertainty
[MM21] of the full scale value (2 kN) of the force sensor (Model KM30z-2KN
by ME-Meßsysteme), results in an absolute uncertainty of ±10N. The leakage
detector has an uncertainty of 15% of the measured value.



148 Investigation of CF-Flange Connections under Mechanical Loads

While the mean value over the entire load-free phase takes the settle effects
into account, it is in many cases not reliable and useful for the determination
of the absolute leakage rate value. Rather, the majority of the settle effects
should be excluded, which can be done by a trimmed mean value. A trimmed
mean excludes a certain percentage α of the highest and lowest values. In the
presence of significant settling effects, it excludes the values during the leakage
rate drop, and results in more accurate absolute values. Literature values for
α are between 10% and 20%, while 0% would result in the (arithmetic) mean
value [Kre05]. For the data-processing in these test sets, an α of 10% was
chosen. This includes the majority of data, and results in a reliable fit for the
data set.

Additionally, the mean value over the last 2min are calculated and plotted.
Within this time, a significant amount of values are taken into account, but
settle effects are almost eliminated, or will result in a high standard devia-
tion and uncertainty. These absolute leakage rate values can be used as an
extrapolation for a permanent leakage rate exceeding the 15min measuring
time. In the visualization of the test results, the mean value, the trimmed
mean value, and the mean value of the last 2min will be plotted in one figure.
These figures will be used to discuss the results in the following sections.

7.3.2 Test Series 1 (316316CU)

This section discusses the results of the test series 1 (TS1) for all three tighten-
ing torques 10Nm, 12.5Nm and 15Nm. The two test tubes are both made
of stainless steel (316LN-ESR) with a non-annealed copper gasket. Figure
7.7 shows the plots of all torques for the mean (upper plot), trimmed mean
(middle plot), and the mean value of the last 2min (lower plot).

In the 10Nm tightening torque test, the first leakage is shown during
the load phase at the 1 150N force step. The force step with a calculated
mean value of 1 149.7N, results in a leakage rate for the trimmed mean of
2.2× 10−9 Pam3 s−1. The ground value was at 2.5× 10−11 Pam3 s−1. In the
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Figure 7.7: The plots of the test series 1 (see table 7.2) with both test tubes made
of stainless steel (316LN-ESR) and a non-annealed copper gasket. The load and
load-free values are plotted for all three tightening torques 10Nm, 12.5Nm and
15Nm.
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following force steps, the leakage rate continuously increases with each force
step throughout the load phase, when the force is applied. To identify if the
force caused a permanent (plastic) leakage, the force is released after the load
phase. Since the upper plot in figure 7.7 includes full settling effects, the high
uncertainties make the values not reliable to determine the absolute leakage
rate. The trimmed mean values indicate a first plastic leakage in the force
range of 1 650 to 1 750N, with a constant increase of the following force steps.
However, the raw data and the plotted uncertainties show that the leakage
rate was not converging yet, and a constant decrease occurred (similar to fig-
ure 7.6). In this case, the mean values over the last 2min are the most reliable
data to determine the absolute values for a permanent (plastic) leakage. It
shows the first increase of the leakage rate at the force range between 1 700 to
1 750N, and goes up to a leakage rate value of 9.4× 10−10 Pam3 s−1 for the
last force step of 1 950N (actual mean value 1 947.9N).

For the tightening torques of 12.5Nm, all three plots indicate the first in-
crease of the leakage rate at 1 700N and a significant increase of around one
order of magnitude at 1 750N. The mean force of 1 701.8N, results in a leakage
rate of 3.3× 10−11 Pam3 s−1 and 3.2× 10−10 Pam3 s−1 for 1 750.6N. The fol-
lowing force steps continuously increase the leakage rate up to
1.4× 10−7 Pam3 s−1 for the 1 950N (1 950.9N) step. The trimmed mean and
the mean of the last 2min, shows no increase of the leakage rate up to the
last force step of 1 950N. In this case no permanent leakages occur due to the
applied force.

The tightening torques of 15Nm indicates no leakages throughout the load
and the load-free phase. In comparison to each other, it is shown that the
leakage rate for the stainless steel tubes with a non-annealed copper gasket
depend on the tightening torque. The lower torque of 10Nm results in an
earlier leakage than for 12.5Nm, for the load and load-free phase, while 15Nm

indicates no leakage at all.
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7.3.3 Test Series 2 (316316CUA)

In test series 2 (TS2), the results for all three tightening torques, with both
test tubes made of stainless steel (316LN-ESR) and an annealed copper gasket,
are presented. Figure 7.8 shows the load and free load phase for the different
determinations of the leakage rate value. The first leakage is indicated for
the tightening torque of 10Nm at the load phase with the calculated force of
1 500.0N. Throughout this load phase, the leakage rate was rapidly dropping
over one order of magnitude and then settled at a certain leakage rate value.
The raw data indicates that once the force was applied, an initial leakage
occurred, but due to elastic material behavior, the gap causing the leak was
getting smaller again. This was only the case for the 1 500N and 1 550.0N

force step. Once the force was high enough, this behavior was not observed
anymore. Because of that, the mean values for the last 2min should be
considered for the quantification of the absolute leakage rate value. The
leakage rate at the 1 500N force step is then calculated to 1.0× 10−9 Pam3 s−1.
This absolute value should only be used as a leakage rate on longer time scales.
The following force steps continue to increase the leakage rate, except for the
force step at 1 700N. This indicates that the force 1 700N was not high enough
to cause a higher leakage.

The upper plot in figure 7.8 indicates, while considering the uncertainties,
that the first permanent (plastic) leakage occurs at the 1 800N force step.
As shown in the raw data plot in figure 7.6, the values are affected by the
settling effects. For the 15min measuring time, the values are not converged
yet and a longer measuring time would have been needed. Irregardless, the
test procedure was followed for all tests to ensure repeatable and consistent
tests within the overall time constraints for the tests (see section 7.3.1). For
the absolute value of the leakage rate, the mean of the last 2min should
be used. These values indicate a slow increase of the leakage rate from the
1 850N (1 850.1N) force step onward, with a slightly increased leakage rate of
3.5× 10−11 Pam3 s−1 compared to the ground value of 2.9× 10−11 Pam3 s−1.
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Figure 7.8: The plots of the test series 2 (see table 7.2) with both test tubes made
of stainless steel (316LN-ESR) and an annealed copper gasket. The load and load-
free values are plotted for all three tightening torques 10Nm, 12.5Nm and 15Nm.
(upper plot adapted from [Els21])
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The last force step of the calculated force value of 1 948.8N has a leakage rate
of 8.2× 10−11 Pam3 s−1.

Within the test of the tightening torque of 12.5Nm, the first significant
leakage is indicated at the 1 400N (1 398.8N) force step. The force results
in a leakage rate of 6.2× 10−9 Pam3 s−1 for the trimmed mean value. The
following force steps increase the leakage rate consistently up to a leakage
rate of 2.1× 10−4 Pam3 s−1 for the last force step of 1 950N (1 948.0N). The
plot of the load-free phase indicates a significant leakage rate increase at the
force step of 1 750N (1 748.8N), which results in a permanent leakage rate
of 3.1× 10−9 Pam3 s−1 for the trimmed mean value. The mean value for the
last 2min, is at 3.0× 10−9 Pam3 s−1 in the same range.

The tightening torque of 15Nm indicates no leakages throughout the load
and the load-free phase, as shown in all plots in figure 7.8. Test series 2 shows
that a tightening torque of 12.5Nm indicates the first leakages, for the load
and load-free phase, at a lower force step than for 10Nm. However, higher
force steps above 1 750N, result for 10Nm compared to 12.5Nm, in a higher
leakage rate during the load phase. This shows that the applied force needs
to be taken into account when deciding on the tightening torques. Since
the load-free phase shows higher leakage rates even at lower force steps, a
tightening torque of 12.5Nm is not advisable for stainless steel (316LN-ESR)
CF tubes with an annealed copper gasket.
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7.3.4 Test Series 3 (AluAluCUA)

In test series 3 (TS3), two test tubes made of aluminum (AluVaC®) are inves-
tigated. An annealed copper gasket is used and the tests are performed for all
three tightening torques 10Nm, 12.5Nm and 15Nm. The load and load-free
phase of the tests are presented in figure 7.9 for the different determinations
of the leakage rate value.

The tightening torque of 10Nm shows the first leakage for a force of 1 050N
(1 049.7N) within the load phase. At this point, the first increase of the
leakage rate to a value of 6.3× 10−10 Pam3 s−1 is shown, for the mean value
of the last 2min. The leakage rate increases with the following force steps
up to 1 350N, but afterwards the leakage rate is rather constant or evenly
decreasing. The leakage rate increases again once the force is greater than
1 800N.

The first plastic leakage is shown during the load-free phase for the force
step of 1 350N with a calculated value of 1 333.9N. The leakage rate in the
following steps decreases where the force is less than 1 500N. The leakage rate
for forces greater than 1 500N, increases consistently up to the last value of
1 950N. This behavior indicates, that after the initial increase of the leakage
rate, the following force steps were not high enough to cause further perma-
nent leakages. This could be explained by the lower strength of aluminum,
compared to stainless steel (see table 2.2).

In the tightening torque of 12.5Nm, the first leakage throughout the load
phase is observed at the force step of 1 700N (1 698.5N). The applied force re-
sults in a significant increase of the leakage rate to a value of
9.7× 10−6 Pam3 s−1 for the mean and the trimmed mean value over the en-
tire measuring time. The mean value calculated over the last 2min settles the
leakage rate in the same range with a value of 9.1× 10−6 Pam3 s−1. In the
following force steps, the leakage rate increases with a maximum force step
of 1 900N. The last step of 1 950N results in a lower leakage rate, but in the
same order of magnitude.
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Figure 7.9: The plots of the test series 3 (see table 7.2) with both test tubes made of
aluminum (AluVaC®) and an annealed copper gasket. The load and load-free values
are plotted for all three tightening torques 10Nm, 12.5Nm and 15Nm. (upper
plot adapted from [Els21])
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Figure 7.10: The plot shows the raw data for aluminum at a torque of 12.5Nm
(test series 3 of table 7.2). It shows the leakage rate and the force over time.

The load-free plot for 12.5Nm indicates the first permanent leakage at the
same force step of 1 700N. The raw data plot in figure 7.10 shows that after the
force is released, the leakage rate can be initially observed in the range from
2× 10−9 Pam3 s−1 to 4× 10−9 Pam3 s−1. However, after around 8min, the
leakage rate drops suddenly to a value of 3.4× 10−11 Pam3 s−1. Throughout
the remaining load-free phase, the leakage rate stays at this value, which is
in the same order of magnitude as the ground value of 2.6× 10−11 Pam3 s−1.
The next two force steps exhibit similar behavior with a sudden drop after
a certain amount of time. The last three force steps show no such behavior,
but also indicate settling effects as already seen throughout other tests. The
sudden drop can be explained by the elastic behavior of the test specimen.
Although it is assumed that the highest fraction of this behavior is caused by
the softer copper gasket, the tightening screws of the CF connection will also
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have an impact. The initial gap caused by the previously applied force results
in a permanent leakage, but the gap and the leakage was sealed again. In the
determination of the absolute value, only the mean value over the last 2min

can be used as an extrapolation on longer time scales. In the load phase at
the 1 850N force step, the leakage rate changes over a wide range. This is
caused by the leakage detector, which changes its operation mode from fine
to gross leakage mode (see section 2.2.6).

The tightening torque of 15Nm showed no leakage in the load or the load-
free phase, which is similar to the test series above. In comparison to each
other, the tightening torque of 10Nm shows an earlier elastic or plastic leak-
age, than for 12.5Nm. The load phase for the 12.5Nm plot shows that once
the leakage occurred, the leakage rate itself was above the leakage rate for
the 10Nm tightening torques. The plots of the load-free phase indicate an
earlier increase of the leakage rate for 10Nm than for 12.5Nm. The test of
the aluminum tubes show a dependency on the leakage rate, where the first
leakages (elastic or plastic) occur earlier for lower tightening torques.
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7.3.5 Test Series 4 (316AluCUA)

In test series 4 (TS4), the tests were conducted with one test tube made
of stainless steel (316LN-ESR) and one made of aluminum (AluVaC®), with
an annealed copper gasket. In the tightening torque of 10Nm, no increase
of the leakage rate was observed throughout the load and load-free phase.
The ground value of the leakage rate during this test was in the range of
3.2× 10−11 Pam3 s−1.

The 12.5Nm tightening torque indicates a first leakage throughout the
load phase for the force step of 1 600N (1 600.1N). However, the leakage
rate is only increasing to a value of 3.2× 10−11 Pam3 s−1, which is in the
same range as the ground value for the tightening torque of 10Nm. The
following force steps are not causing a significant increase of the leakage rate,
with the highest value of 3.7× 10−11 Pam3 s−1 for the last force step. The
same behavior is seen for the load-free phase plot, where the first increase is
shown at the 1 600N force step and a slow increase occurs for the following
values. The highest leakage rate was observed at the last force step at a value
of 3.2× 10−11 Pam3 s−1. Considering the uncertainties for the leakage rate,
there are no significant leakages occurring for the load and load-free phase for
the 12.5Nm tightening torque.

Throughout the load phase of the tests, with a tightening torque of 15Nm,
the force step of 1 750N (1 752.4N) results in the first significant leakage.
The raw data plot in figure 7.12 shows that after the initial leakage, the
leakage rate decreases rapidly. This indicates that the applied force is not
high enough to obtain the leakage, which results in a high standard deviation
and uncertainty for the determination of the absolute leakage rate value. The
mean value over the last 2min shows the most reliable leakage rate value
(1.3× 10−9 Pam3 s−1) considering the uncertainties. The plots in figure 7.11
show that, within the next force steps, the leakage rate is again in the range
of the ground value (3.3× 10−11 Pam3 s−1). The leakage rate is at a constant
level and no further leakages occur up to the last force step. During the
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Figure 7.11: The plots of the test series 4 (see table 7.2) with one test tube made
of stainless steel (316LN-ESR) and one of aluminum (AluVaC®), and an annealed
copper gasket. The load and load-free values are plotted for all three tightening
torques 10Nm, 12.5Nm and 15Nm.
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load-free phase there is no increase of the leakage rate observed, which shows
that no permanent (plastic) leakages occurred. In summary, it can be stated
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Figure 7.12: The plot shows the raw data for aluminum and stainless steel at a
torque of 15Nm (test series 4 of table 7.2). It shows the leakage rate and the force
over time.

that for the test with one test tube in aluminum and one in stainless steel,
no significant leakages for the 10Nm tightening torque occurred, and only
minor increased leakage rates occurred for 12.5Nm. In this context, it is
worth mentioning that the ground value for 10Nm was in the same region as
the determinant values of the indicated leakages for the 12.5Nm tightening
torque. The only significant increase was observed at a tightening torque of
15Nm. For the following force steps, the leakage rate was at the ground value
again.
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7.4 Comparison of Results

This section compares the results of the four test series (see table 7.2). Table
7.3 summarizes the data points where the first elastic leakage occurs and table
7.4 summarizes the data for the first plastic leakage, indicating a permanent
leakage. While the different tests are explained in detail in each of the dedi-
cated sections, these tables show an overview of the findings throughout this
thesis of all the test series. The dependency of the tightening torque on the
leakage rate within each test series can also be found within the different test
sections. In the tables, the determination method is marked, as well as the
total test uncertainties as discussed in section 7.3.1.

For the tightening torque of 15Nm there was no elastic or plastic leakage
detected for TS1, TS2 or TS3. While the tests indicate that this tightening
torque is advisable for CF DN40 flanges, this torque is 1.5 times higher than
the standard tightening torque (10.4Nm) for the used stainless steel A2-70
screws. A higher torque could lead to material failure on longer time scales,
which could result in damage and leakages within the UHV system. However,
on the measured time scales, the data showed no direct disadvantage for the
leakage rate of the CF flange connection.

In the load phase of TS1, the lower tightening torque of 10Nm showed the
first increase in the leakage rate at a lower force step (1 150N), compared to
1 500N within TS2. The same is observed for the load-free phase, which also
indicates that the first plastic leakage occurs at a lower force step (1 700N)
for TS1. The data indicates an advantage in using an annealed copper gasket
for the tightening torque of 10Nm for stainless steel (316LN-ESR) CF DN40
tubes.

In contrast, the tightening torque of 12.5Nm shows that TS1 has a higher
first elastic and plastic leakage compared to TS2. The higher tightening
torque, together with the non-annealed copper gasket, leads to a higher force
before leakages occur. In the load-free phase of TS1 no leakage was observed,
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while for TS2 plastic leakages occurred from a force step of 1 750N onward.
For the decision of the type of copper gasket used for stainless steel CF tubes,
the data indicates that the tightening torque needs to be taken into account.

In the comparison between stainless steel (TS1 and TS2) and aluminum
(TS3), the tightening torque of 10Nm shows, for both the load and load-free
phase, a leakage at a lower force step for aluminum. For the tightening torque
of 12.5Nm, TS3 shows a first elastic leakage at the same force step of 1 700N
as for TS1. However, the leakage rate values for TS3 show, compared to TS1,
a significant increase of the leakage rate of around five orders of magnitude.
The load-free phase of TS3 indicates similar values as for the TS2, while TS1
shows no leakages at all. This data shows, that for aluminum CF tubes, a
tightening torque of 12.5Nm is advisable. Compared to stainless steel, the
data for aluminum, for a tightening torque of 12.5Nm, shows similar behavior.
For this torque, the data shows no disadvantage in using aluminum CF tubes
instead of stainless steel.

Deviating from the other tests, TS4 shows no elastic or plastic leakage for
a tightening torque of 10Nm. The data for the tightening torque of 12.5Nm

indicates an elastic and plastic leakage from 1 600N onward. However, the
leakage rate values are in the same range as the lowest measurable limits
of the leakage detector, and no significant leakage occurs for all force steps.
Throughout TS4, one leakage was seen for the tightening torque of 15Nm at
the force step of 1 750N while the load was applied, although further force
steps showed no leakages. The load-free phase of TS4 indicated no permanent
leakage for 15Nm, similar to the other test series. This indicates that the use
of different materials, stainless steel (316LN-ESR) and aluminum (AluVaC®),
shows a positive effect on the leakage rate. The tightening torque of 10Nm is
most advisable for a mixture of these materials, up to applied force of 1 950N.
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Table 7.3: This table summarizes the data of the experimental leakage rate tests
(see table 7.2). It shows the values for the first elastic leakage for the different
tightening torques (10Nm, 12.5Nm, 15Nm). The leakage rate is presented for all
determination methods, the mean value (M), the trimmed mean value (T), and the
mean value for the last 2min (L). It includes total uncertainties for the force and
leakage rate value.

Test Tightening Force Calculated Total Det. Leakage Total
Series Torque Step Force Unc. Method Rate Unc.

in Nm in N in N in N in Pam3 s−1 in Pam3 s−1

M 2.2× 10−9 5.3× 10−10

10 1150 1149.7 11.0 T 2.2× 10−9 4.2× 10−10

L 2.2× 10−9 3.4× 10−10

M 3.6× 10−11 1.4× 10−11

TS 1 12.5 1700 1701.8 12.8 T 3.5× 10−11 8.3× 10−12

316316CU L 3.3× 10−11 5.4× 10−12

M
15 >1950 >1951.7 12.0 T no leakage detected

L
M 5.3× 10−9 7.7× 10−9

10 1500 1500.0 12.0 T 4.8× 10−9 7.0× 10−9

L 1.0× 10−9 1.8× 10−10

M 6.2× 10−9 1.4× 10−9

TS 2 12.5 1400 1398.8 11.4 T 6.2× 10−9 1.3× 10−9

316316CUA L 5.7× 10−9 1.0× 10−9

M
15 >1950 >1946.8 13.9 T no leakage detected

L
M 2.5× 10−9 2.2× 10−9

10 1050 1049.7 11.1 T 2.3× 10−9 1.8× 10−9

L 6.3× 10−10 1.7× 10−10

M 9.7× 10−6 2.1× 10−6

TS 3 12.5 1700 1698.5 13.9 T 9.7× 10−6 2.0× 10−6

AluAluCUA L 9.1× 10−6 1.5× 10−6

M
15 >1950 >1946.7 14.4 T no leakage detected

L
M

10 >1950 >1950.6 12.4 T no leakage detected
L

M 3.3× 10−11 7.2× 10−12

TS 4 12.5 1600 1600.1 12.0 T 3.7× 10−11 6.4× 10−12

316AluCUA L 3.1× 10−11 5.4× 10−12

M 2.7× 10−9 1.9× 10−9

15 1750 1752.4 12.9 T 2.6× 10−9 1.7× 10−9

L 1.3× 10−9 2.3× 10−10
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Table 7.4: This table summarizes the data of the experimental leakage rate tests
(see table 7.2). It shows the values for the first plastic (permanent) leakage for
the different tightening torques (10Nm, 12.5Nm, 15Nm). The leakage rate is
presented for all determination methods, the mean value (M), the trimmed mean
value (T), and the mean value for the last 2min (L). It includes total uncertainties
for the force and leakage rate value.

Test Tightening Force Calculated Total Det. Leakage Total
Series Torque Step Force Unc. Method Rate Unc.

in Nm in N in N in N in Pam3 s−1 in Pam3 s−1

M 3.9× 10−6 4.1× 10−5

10 1700 1700.5 12.3 T 1.3× 10−10 4.4× 10−10

L 4.7× 10−11 8.0× 10−12

M
TS 1 12.5 >1950 >1951.0 12.8 T no leakage detected

316316CU L

M
15 >1950 >1951.7 12.0 T no leakage detected

L
M 5.4× 10−7 6.8× 10−6

10 1850 1850.0 12.8 T 5.0× 10−11 5.0× 10−11

L 3.5× 10−11 5.6× 10−12

M 8.8× 10−9 1.3× 10−7

TS 2 12.5 1750 1748.8 11.9 T 3.1× 10−9 5.2× 10−10

316316CUA L 3.0× 10−9 4.7× 10−10

M
15 >1950 >1946.8 13.9 T no leakage detected

L
M 5.5× 10−8 6.7× 10−8

10 1350 1333.9 14.1 T 5.0× 10−8 2.4× 10−8

L 3.7× 10−8 5.9× 10−9

M 3.2× 10−9 4.1× 10−8

TS 3 12.5 1700 1698.5 13.9 T 1.3× 10−9 1.3× 10−9

AluAluCUA L 3.4× 10−11 5.5× 10−12

M
15 >1950 >1946.7 14.4 T no leakage detected

L
M

10 >1950 >1950.6 12.4 T no leakage detected
L

M 2.7× 10−11 5.8× 10−12

TS 4 12.5 1600 1600.1 12.0 T 2.6× 10−11 4.9× 10−12

316AluCUA L 2.6× 10−11 4.3× 10−12

M
15 >1950 1951.2 12.5 T no leakage detected

L
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8.1 Summary

MAIUS-B aims to operate the first dual-species ultracold atom interferom-
eter on a sounding rocket throughout the two upcoming missions MAIUS-2
and MAIUS-3. As one of the primary outcomes of this thesis, the UHV sys-
tem of the scientific payload MAIUS-B was newly designed, assembled and
qualified (see chapter 6). A detailed overview of the scientific payload of
MAIUS-B is given in chapter 5. The new thermal and mechanical design is
introduced, which was designed and implemented within the scope of this the-
sis. This includes the new TCS and GSE concept, the mass and size budget,
the suspension, and the umbilical and sealing concept. In addition, this thesis
provides the science community with the first data set of the investigations
on CF flange connections under mechanical loads. These results, as presented
in section 7.3, can be used to improve the design and assembly process of
UHV systems for a wide range of future space missions, such as cold atom
experiments.

In October 2018, the overall payload design of the scientific payload MAIUS-
B, flying on both missions MAIUS-2 and MAIUS-3, passed its CDR. Following
this, the five subsystems; electronics (EL), physics package (PP), laser system
(LS), laser electronics (LE), and batteries (BA), were assembled in a flight
configuration, tested, and qualified towards the first launch mission MAIUS-2,
planned for 2023. The scientific payload is integrated into seven hull segments
in a RADAX design, with an outer diameter of 500mm. The overall scientific
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payload design, including a general mission and payload overview, and a brief
introduction of all five subsystems, is given throughout chapter 5.

Compared to the 2017 successfully launched sounding rocket mission MAIUS-
1, which contained the scientific payload MAIUS-A, the MAIUS-B payload
design was adapted and redesigned from a single-species to a dual-species
ultracold atom experiment for the missions MAIUS-2/3. MAIUS-A had a
final mass of 309.2 kg and a length of 2 790mm. First design iterations for
MAIUS-B, performed within this thesis, showed an additional mass and length
of approximately 90 kg and 930mm, respectively. Since the same two-stage
VSB-30 sounding rocket is used, the MAIUS-B payload was optimized for
mass and size, also within the scope of this thesis, to fit into the limits of
340 kg and 3m. These limits are given by the parachute system of the rocket,
and the maximum stress of the manacle-ring, connecting the payload and the
rocket motors. In addition, a higher payload mass results in a lower apogee
during the parabolic flight and thereby in a shorter microgravity and exper-
imental time. As a first approximation, in an investigation performed by
MORABA, with the used motors and nose cone type, a reduction of around
0.55 s per kg is indicated.

The mass and size optimizations conducted throughout this thesis started
with a reduction of the thickness of the hull segments from 5mm to 4mm,
resulting in a mass reduction of around 10 kg. In cooperation with the subsys-
tem responsible, the design of the subsystems was continuously mass and size
optimized. One of the main size optimizations was done by the new design
of the PS, as part of the PP, which results in a 233.5mm lower height. As
an outcome of this thesis (see section 5.7.1), a mass of 335.3 kg and a length
of 2.8m was derived, which ensures a safe flight, parachute landing, and min-
imizes the losses in experimental time. This mass results in a microgravity
time of approximately 330 s throughout the MAIUS-2/3 missions.

The suspension of the payload within the hull segments was adapted com-
pared to MAIUS-A as part of this thesis, to house the more dense and compact
payload of the new overall design layout. All components of the subsystems
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are mounted on an instrument platform, mounted by five M5 x 12mm stainless
steel (class 10.9) screws to the hull via brackets. These brackets consists of two
vibration dampers and one safety pin, as a safety measure to avoid damaging
movement by mechanical loads during the flight. Building up on the heritage
of MAIUS-A, the suspension concept (including the vibration dampers, safety
pins and the brackets itself) was adapted throughout this thesis, as shown in
chapter 5.7.2. Each subsystem is equipped with a total of six brackets beside
the PP (as shown in section 5.4), which required a second mounting level and
a total of twelve brackets, to account for the high mass of 73.8 kg and a length
of 754.5mm. To ensure a safe operation, a load assessment for the bracket
safety factor and for the safety against the connection slippage (bracket to
hull segment) was performed in this thesis. For the loads, an acceleration of
127.5m s−2 (13.0 g0) for the rocket ascent, 245.3m s−2 (25.0 g0) throughout
the re-entry phase, and shocks between 490.6m s−2 (50.0 g0) and 981.0m s−2

(100.0 g0) during the landing and the motor ignition were considered. Consid-
ering the PP as the heaviest subsystem, and assuming a worst case scenario
with only one mounting level and six brackets, the load assessment showed
a minimum safety factor of 1.4. The safety factor against slipping, between
the bracket and the hull segment, with a total of five screws per bracket, re-
sults in a minimum factor of 5.6 for the PP. This shows that the suspension
designed throughout this thesis is capable of carrying the MAIUS-B payload
up to 981.0m s−2 (100.0 g0) with a reasonable safety margin.

Another outcome of this thesis, was the newly developed and implemented
TCS (see section 5.3). Its new design compensates for a high amount of
electronic components in a very compact and dense design on the one side, and
temperature sensitive components on the other side. The estimated internal
heat load produces an overall load of 707.6W. In addition, a hull temperature
up to 120 °C (393.15K), caused by aerodynamic drag during ascent of the
rocket, was taken into account. The new TCS design is divided into two
liquid cooling cycles, one for the three electronic subsystems (BA, LE, EL)
and one for the PP and LS. Each cooling cycle is connected via umbilicals
to the GSE, where two chillers provide the liquid cooling until lift-off. The
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chillers are placed on the launch tower and therefore built into an aluminum
case, additionally covered by pyroblankets, to withstand the exhaust gas of the
launching rocket. While the active liquid cooling is automatically unlocked
during lift-off, the MAIUS-B TCS is designed to account for the temperature
rise during the flight, while keeping all temperature sensitive components
within their required temperature range. Beside this flight mode, the TCS
concept was also designed to take the laboratory operation into account. This
required the active cooling to compensate for high internal heat loads during
the ground operation, testing, and optimization of the experiment prior to
launch.

Within the scope of this thesis and as a contribution to the MAIUS-B
payload, the TCS concept was developed to include the instrument platform
of the subsystems as the heatsink. As explained in detail in section 5.3, this
newly developed design concept takes on the one side the heat loads of the
different subsystems into account, and realizes on the other side a compact and
mass optimized design of the instrument platforms. For the EL, LE and LS,
two plates with a milled groove are mounted together, with a stainless steel
meander inside. The BA is only equipped with one plate to reduce mass, since
it has a comparatively low heat load of 28.8W. The PP is equipped with a
heatsink and several high power amplifiers at the back wall of the pump stack.
The TCS, as designed and implemented within this thesis, is a key technology
development for the successful transition from a single-species experiment as
in MAIUS-A, to a dual-species experiment in MAIUS-B. With its size and
mass optimized design, this concept can be used for a multitude of future
space missions, but is also easily applicable for ground based experiments.

To prevent freezing down to -40 °C (233.15K), a glycol/water mixture with
52% glycol is used as the cooling liquid throughout the cooling cycles. A
flow rate test (explained in section 5.3), was performed within this thesis and
showed for the 52% glycol mixture, a flow rate of 5.2 Lmin−1. This was taken
into account for the overall TCS concept.
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The laser modules require a controlled pressure environment between
800 hPa and 1 100 hPa. Therefore, the payload is sealed and pressurized with
artificial air (80% nitrogen and 20% oxygen) to around 1 000 hPa. The seal-
ing is done by two sealing plates, on both sides of the payload, with a rubber
o-ring. The umbilicals and feedthroughs for cooling, data and power connec-
tion from the GSE to the payload, were redesigned and implemented within
this thesis, as shown in section 5.7.3. The MAIUS-A payload used DSUB
connectors, which showed leakages at the sealing plate, especially for the high
power feedthroughs. Compared to MAIUS-A, military grade connectors are
used in MAIUS-B for the power and data connections. A pressure test with
the hull assembly and the sealing plates was performed as part of thesis, which
showed a pressure loss of 40 hPa over 90 h. During a pre-test, only the upper
and lower hull segment, including the sealing plates and feedthroughs, were
tested. A pressure degradation of 6 hPa over 48 h, compared to 55 hPa over
40 h within MAIUS-A, indicates the improvement of the new sealing concept.

A new UHV system for the MAIUS-B PP, including the new pumps, the
new mounting concepts of the EC, the new DPS, and the new ovens, were
designed and successfully implemented as one of the contributions of this
thesis. The vacuum system as shown in chapter 6, is capable of maintaining
a pressure of 2× 10−11 hPa, which is one order of magnitude better than the
required pressure of 5× 10−10 hPa. The pumping concept is realized with
two TSPs and one IGP. The first TSP and the IGP are within the PS and
placed on top of the PP to avoid interference with the experiment. In contrast
to MAIUS-A, the IGP is mounted horizontally to the instrument platform,
which results in a lower height. To place the TSP, it is designed in a 90°
angle. The second TSP is mounted close to the experiment to account for the
high outgassing rate of the atom chip and its Teflon cables.

The mounting of the EC was adapted throughout this thesis to provide a
better accessibility for the assembly and the laboratory operation. The DPS
between the 2D and 3D-MOT chamber, was newly designed and now provides
a better alignment. A new oven design was implement within this thesis to
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accommodate both atom species, 87Rb and 41K, and is currently operated
throughout the ground tests of the MAIUS-B PP prior to launch.

The qualification process (see section 6.3) of the MAIUS-B PS and PP,
including the new UHV system, was performed as a main part of this thesis.
Throughout the vibration tests, conducted at the vibration test facility at
the ZARM in Bremen, the PP was qualified up to a level of 19.6m s−2

RMS

(2.0 g0RMS). The expected maximum load level during the sounding rocket
flight was given with 17.7m s−2

RMS (1.8 g0RMS). For the qualification, the
pressure was monitored and showed the performance of the UHV system under
vibration loads. The qualification of the PP requires a pressure of below
5× 10−10 hPa within 19 s after the 60 s test. These 19 s are derived from the
flight mission, where 19 s after the load phase and the stage burnout, the
experimental sequences start. At this point, the pressure is required to ensure
a sufficient experiment performance. During the vibration test of the MAIUS-
B PP at a level of 19.6m s−2

RMS (2.0 g0RMS), the pressure level was reached
within the 19 s and the qualification test was passed.

CF flange connections play a major role in the UHV design of current and
future space missions. At the same time, as indicated by the qualification
tests in section 6.3, the pressure rise during mechanical loads is caused by
leakages through the CF connections. To investigate the leakage rate of CF
flange connections, this thesis provides the first set of data on the influence
of static loads. Therefore, a test setup (see 7.2.2) was designed and built
throughout this thesis, to test CF DN40 flange connections as used within
the MAIUS-B UHV system. Four test series were conducted to investigate
the influence of the tightening torque (10Nm, 12.5Nm, 15Nm), the flange
material (aluminum [AluVaC®], stainless steel [316LN-ESR, 14429-ESU]), and
different OFHC copper gaskets (annealed, non-annealed).

For the performed tests, the applied force on the test flanges subsequently
increased up to 1 950N, which indicates when the first elastic and plastic
leakages occur. In section 7.3, the findings of this thesis throughout the
performed tests are discussed and presented in detail. TS1 and TS2 indicate
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that for the two stainless steel flanges, a non-annealed copper gasket should be
used with a tightening torque of 12.5Nm or 15Nm. However, for a tightening
torque of 10Nm, the non-annealed copper gasket results in an elastic and
plastic leakage for a lower applied force than for the annealed copper gasket.

TS3, with two aluminum flanges tested with the required annealed copper
gasket, shows a similar behavior to stainless steel with a non-annealed gasket,
for all tightening torques. The leakage rate increases in case of an elastic or
plastic leakage, for aluminum compared to stainless steel, and is several orders
of magnitude higher.

The TS4, with a flange connection made by one stainless steel flange and one
aluminum flange, showed that a tightening torque of 10Nm is recommended.
Throughout the tests, no elastic or plastic leakages within this tightening
torque were measured. However, the tightening torque of 12.5Nm and 15Nm

also showed no significant leakages.

While all tests indicate that in many cases a tightening torque of 15Nm

seams to be advisable, is it important to state that this torque exceeds the
standard tightening torque (10.4Nm) for the used stainless steel A2-70 screws.
This could lead to material failure on longer time scales and result in damage
and leakages within the UHV system. However, on the measured time scales,
the data showed no direct disadvantage for the leakage rate of the CF flange
connection.

This thesis has generated the first data set as seen in tables 7.3 and 7.4,
which can be used for future UHV systems to optimize the design and the
assembly process of space suitable UHV designs.
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8.2 Outlook

The scientific payload of MAIUS-B on a sounding rocket, with a dual-species
atom interferometer with 87Rb and 41K BECs, marks the next step towards
future missions on the ISS or onboard a satellite. As the next milestones
prior to launch, the payload will be fully assembled and integrated into the
hull. This is followed by a bench and flight simulations test, and the final spin
and vibration test campaign of the integrated payload. Once the payload has
passed all tests, the flight ready payload is transported to the launch site in
Sweden for the launch campaign MAIUS-2.

After the first flight campaign, the flight data will be investigated. In the
time up to the MAIUS-3 launch, the payload will be investigated in detail
to identify, repair, or exchange possibly damaged parts of the payload. In
addition, further ground operations, optimizations and experiments are per-
formed. Following the same procedure as for MAIUS-2, the scientific payload
is transported again, prior to the launch campaign of MAIUS-3.

In parallel to this thesis, a new oven design is in development and currently
being tested. The current design of the oven has a glass ampule which is
broken, and can cause a high gas input when cracked, as well as produce glass
debris which can block the flow. For the new design, the oven is filled in a
separated oven filling chamber prior to the actual assembly into the vacuum
system. Therefore, the new oven design should include a valve which can be
remotely controlled. This allows for a transport from the oven filling chamber
to the experiment. Such a design will also allow control of the rubidium and
potassium partial pressure.

For future UHV system designs, alternative pumping concepts should be
investigated, with consideration to the mass and the size. An investigation or
a concept study for future UHV system designs could identify the usability of
COTS systems for future space missions. However, new pumps would need to
be vibration tested to qualify their ability to be used within a space mission.
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The data on leakage rates for CS flanges under mechanical load, as provided
within this thesis, can also be extended. The test setup design in this thesis
could be used to test a wider range of materials, different screws, different CF
flange sizes, or gasket types.

Such a data set could help to set up an FEM simulation as a prediction
tool throughout the design process. In this case, the experimental data can
be used to verify the simulation and identify flaws in the FEM model. Such a
leakage rate prediction tool would identify which applied loads would result
in a leakage. So far, it is only possible to identify possible design flaws of the
vacuum system design during the vibration test, once the system is already
finally assembled and pumped down. At this point, major design changes
would cost time, money, and human resources, all limited throughout a space
mission. If the prediction tool already indicates leakages during the design,
changes can mostly be implemented in hours or days instead of months. An
FEM based prediction tool is currently under development at the University
of Bremen. In addition to static load tests, additional dynamic tests will be
performed and the FEM model will be extended.
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