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Abstract
We report on the design and the construction of a sounding rocket payload capable of performing atom interferometry with 
Bose-Einstein condensates of 41 K and 87Rb. The apparatus is designed to be launched in two consecutive missions with a 
VSB-30 sounding rocket and is qualified to withstand the expected vibrational loads of 1.8 g root-mean-square in a fre-
quency range between 20–2000 Hz and the expected static loads during ascent and re-entry of 25 g. We present a modular 
design of the scientific payload comprising a physics package, a laser system, an electronics system and a battery module. A 
dedicated on-board software provides a largely automated process of predefined experiments. To operate the payload safely 
in laboratory and flight mode, a thermal control system and ground support equipment has been implemented and will be 
presented. The payload presented here represents a cornerstone for future applications of matter wave interferometry with 
ultracold atoms on satellites.

Keywords Bose-Einstein condensate · Quantum optics · Atom optics · Atom interferometry · Microgravity · Sounding 
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Introduction

Space offers great potential for studies of fundamental 
physics with cold atoms, such as tests of the universality 
of free fall (Aguilera et al. 2014; Ahlers et al. 2022) and 
the detection of gravitational waves (Loriani et al. 2019). 
Utilizing free-falling atoms of two different species as 
sensitive probes for differential inertial forces, light-pulse 
atom interferometry enables to test the Einstein equiva-
lence principle (EEP) with high accuracy (Schlippert et al. 
2014; Zhou et al. 2015; Asenbaum et al. 2020). For such 
atom interferometers the sensitivity for measuring inertial 
forces acting on the atomic cloud scales quadratically with 
the free fall time. One way to extend current limitations on 
the free fall time, typically set by the size of the baseline, 
is to perform measurements on microgravity platforms 
such as drop towers, parabola flights, sounding rockets 
or satellites instead of ground based setups. Working with 
long free fall times, however, requires the production of 
Bose-Einstein condensates (BECs) due to their small ini-
tial size and narrow momentum distribution. The com-
plexity of such experiments and high demands regarding 
stability and accuracy face us with enormous challenges 
when transferring the sensitive setups into space.

Recent missions on sub-orbital and orbital platforms 
show a fast progress towards high precision measure-
ments with atom optical instruments (Gaaloul et al. 2022; 
Carollo et al. 2022; Becker et al. 2018; Liu et al. 2018; 
Condon et al. 2019) in microgravity environments. Sound-
ing rockets offer excellent microgravity conditions and a 
comparably easy accessible and economically affordable 
platform. In the beginning of 2017, the sounding rocket 
mission MAIUS-1 (Materiewelleninterferometrie unter 
Schwerelosigkeit, matter wave interferometry in micro-
gravity) successfully demonstrated the first BEC of 87 Rb 
in space and conducted further experiments studying their 
coherence properties using atom interferometry (Becker 
et al. 2018; Lachmann et al. 2021).

To go one step further, two additional sounding rocket 
missions MAIUS-2/3 are planned with a newly developed 
payload to measure the differential accelerations of two 
BECs consisting of different species, 87 Rb and 41 K. With 
these measurements, the experiments pave the way for tests 
of the equivalence principle in space with unprecedented 
sensitivity. The technologies developed for these missions 
show a pathway towards future endeavours on space based 
platforms with ultracold atoms (Alonso et al. 2022) like the 
international space station (ISS) (Frye et al. 2019) or satel-
lite missions such as CARIOQA (Lévèque et al. 2022) or 
STE-QUEST (Aguilera et al. 2014; Ahlers et al. 2022).

The generation of dual species BEC mixtures on a 
sounding rocket requires the development of a new appa-
ratus with extended capabilities compared to the single 

species system of MAIUS-1 (Grosse 2016; Schkolnik et al. 
2016). This paper gives a detailed overview of the payload 
of MAIUS-2/3, named MAIUS-B, with a focus on its tech-
nical implementation and qualification and is organized 
as follows: “Experimental Methods” section gives a brief 
overview of the mission objectives and the experimen-
tal capabilities of the apparatus. “Description of Appa-
ratus” section will provide a description of the scientific 
payload which consists of different modules containing 
the experimental chamber, laser system and electronics 
system. Also, a discussion of the thermal control system 
(TCS) and the structure of the software is provided. In 
“Qualification Process”, section the qualification process 
is described and results of vibrational tests are presented.

Experimental Methods

The goal of the MAIUS-2/3 missions is to measure the dif-
ferential accelerations of two free falling ultracold atom 
clouds of different atomic species revealing an EEP test. 
Due to their difference in mass and their magnetically tun-
able interatomic interactions 87 Rb and 41 K are appropri-
ate candidates for such studies (Thalhammer et al. 2008). 
Furthermore they offer optical transitions capable of laser 
cooling in a similar frequency range which simplifies the 
setup of the laser system. Their preparation in high atom 
number, low expansion velocity and large overlap is crucial 
for the signal and the suppression of systematic effects. The 
new apparatus MAIUS-B is able to autonomously create 
single- or dual-species BECs containing 87 Rb and 41 K with 
state-of-the-art repetition rates and particle numbers using 
an integrated atom chip. The chip is suitable for magnetic 
delta-kick collimation techniques (Ammann and Chris-
tensen 1997; Deppner et al. 2021; Corgier et al. 2020) of 
both species to lower their expansion velocity enabling a 
long pulse-separation time in the atom interferometer. It fur-
ther allows for fast transport of the atomic ensembles to the 
desired interferometer region within the science chamber 
(Corgier et al. 2018). Employing optical gratings based on 
Raman double-diffraction (Leveque et al. 2009; Hartmann 
et al. 2020) the apparatus can perform atom interferometry 
with the free falling BECs. The rotation rate control system 
of the sounding rocket allows to conduct atom interferomet-
ric measurements up to T = 50 ms without any significant 
loss of contrast or additional Sagnac phase shifts due to the 
rotation of the system (Roura et al. 2014; Berg et al. 2015).

A typical experimental sequence to prepare these mixtures 
starts with loading of a three-dimensional chip magneto-
optical trap (MOT, Wildermuth et al. (2004)) with 87 Rb and 
41 K atoms from a cold atomic beam. Afterwards, the atoms 
are further cooled to sub-Doppler temperatures in a molasses 
stage and optically pumped into the low-field seeking states 
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�F = 2,mF = 2⟩ in order to load them into a cigar shaped 
harmonic magnetic trap, provided by the atom chip with 
trapping frequencies of �Rb(x, y, z) = 2� ⋅ (23, 908, 911) Hz 
for 87 Rb and �K(x, y, z) = 2� ⋅ (33, 1324, 1329) Hz for 41 K, 
respectively.

Here, the 87 Rb atoms are evaporatively cooled by 
removing the high-energetic atoms with a microwave knife 
and subsequent thermalization. Due to interspecies elastic 
collisions, the 41 K atoms are cooled sympathetically until 
both species finally form a BEC (Modugno et al. 2001). 
The microwave frequencies are chosen instead of the com-
monly used radio frequencies in single-species experi-
ments to address only 87 Rb transitions in the evaporation 
process. The magnetic traps containing the condensates 
are moved to their final position, where the atoms are 
magnetically collimated to achieve ultralow expansion 
velocities. Subsequently, the atoms are prepared in the 
magnetically insensitive state �F = 2,mF = 0⟩ by micro-
wave pulses and released into free fall. Due to the fast 
loading of the MOT and high thermalization rates on the 
atom chip trap, the formation of BECs is reached for both 
species after a few seconds, enabling many consecutive 
runs during the parabola flight.

Further information about the generation of BEC mix-
tures and the performance of the system with a ground-
based test setup are given in (Piest 2021; Piest et al. 2019). 
A recent comparison of ground-based experiments with 
simulations reveals the influence of gravity on the ground 
state of the BEC mixture (Pichery et al. 2023).

Description of Apparatus

As shown in Fig. 1 (left) the scientific payload MAIUS-B 
(in red) is located on top of the two stages/engines of a VSB-
30 sounding rocket. It offers a microgravity platform with 
residual accelerations in the 10−5 to 10−6 g range (Stamminger 
2013) for about 325 s during a parabola flight. The onboard 
attitude control system reduces the residual rotations down 
to < 5 mrad/s (Becker et al. 2018).

In the following section, the scientific payload with its 
subsystems is presented in detail.

Payload Overview

In Fig. 1 (right) a detailled view of the scientific payload is 
shown. It is separated into five subsystems which constitute 
a full atom interferometer apparatus using BEC mixtures. 
The subsystems provide the necessary laser frequencies, 
electric currents for the manipulation of atoms as well as a 
thorough monitoring and housekeeping of the overall sys-
tem. The subsystems are (from top to bottom): Electronics 

(EL), physics package (PP), laser system (LS), laser elec-
tronics (LE) and batteries (BA).

They are arranged in this order to place the center of grav-
ity as close as possible (57 mm, according to CAD model) 
to the position of the atoms, considering the complete rocket 
without motors which will be separated after stage burn-out. 
Thus, during the experimental sequences no change in mass 
of the system is expected. Due to the position of the atoms 
close to the center-of-mass, any effects of residual rotations 
on the outcome of the atom interferometer are minimized. 
These effects may enter via a shift of the free ensemble 

Fig. 1  The scientific payload (in red) on top of the two engines of a 
VSB-30 sounding rocket (left) and detailed view of the experimen-
tal payload (right). The payload hull is separated into seven RADAX 
segments. Image from Elsen (2023)
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position during the sequence or a differential phase shift 
of the interferometer arms due to the Coriolis force (Hogan 
et al. 2008; Lenef et al. 1997).

The rocket has a total length of 12 m including 2.8 m 
length of the scientific payload.

Since the experimental time in microgravity depends on 
the payload mass, it is essential to reduce it as much as pos-
sible. The mass budget presented in Table 1 with a total of 
335.3 kg was obtained after a thorough optimization of the 
scientific payload design. It ensures a safe landing with the 
parachute system. Additionally, the manacle-ring, which con-
nects the scientific payload to the rocket motor of the sound-
ing rocket, withstands the expected loads during launch.

Each subsystem is suspended to the hull segments using 
six circularly arranged aluminum brackets. The brackets are 
equipped with two passive rubber vibration dampers and a 
safety bolt which limits the stretch of the dampers to prevent 
them from damage. Additionally, the bolts also serve as a 
safety measure in case of damper failure. Each suspension 
has to withstand static loads during ascent and re-entry of 

up to 25 g and up to 100 g shock at touchdown. FEM simu-
lations show a safety factor per suspension bracket of more 
than 1.4.

Physics Package

The PP is divided into two main sections, the pumping sys-
tem to maintain the vacuum and the experimental chamber 
with its external components where the experiments are 
performed.

The pumping system includes an ion getter pump (IGP), a 
titanium sublimation pump (TSP) and a pressure sensor. It is 
seperated from the experimental chamber to protect it from 
magnetic stray fields originating from the IGP. To further 
reduce magnetic fields affecting the atoms, the experimen-
tal chamber is surrounded by a three-layer magnetic shield 
of Mu-metal with a measured shielding factor of 10000 
and 2000 in lateral and longitudinal direction, respectively 
(Kubelka-Lange et al. 2016).

The experimental chamber inside the magnetic shield 
without the pumping system is shown in Fig. 2 (left). 
To separate the relatively high partial pressure area 
(source chamber) required for the efficient loading of the 
2D-MOTs from the science chamber with a pressure in the 
10

−11 mbar regime, a two chamber design has been chosen. 
The two chambers are connected via a differential pump-
ing stage (DPS) which maintains their pressure difference. 
Thus, the lifetime of the atomic ensembles in the science 
chamber can be increased due to less collisions with the 
background gas while maintaining a high atom flux from 
the source chamber.

As a reservoir, two ovens containing 1 g of Rb and K 
respectively are connected by a flange to the source cham-
ber. The K oven is kept at a temperature of 46 ◦ C while the 

Table 1  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

Fig. 2  Model of the experimental chamber (left) divided into science- and source chamber. Detailed view of the three-layer atom chip (right)
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Rb oven is left unheated at room temperature. In the source 
chamber the K and Rb atoms are confined in a 2D-MOT 
which directs them through the DPS into the center of the 
science chamber.

To create high magnetic field gradients for atom trap-
ping while keeping the switching times and current con-
sumption low, an atom chip is mounted in the center of 
the science chamber, as shown in Fig. 2 (right). It con-
sists of three layers: First, copper wires with a diameter of 
1 mm in U-, I- and H-shapes are mounted onto the holder 
which can be used to generate high volume quadrupole 
field configurations for the MOT or harmonic magnetic 
traps. Above, a base chip with an electroplated z-shaped 
gold structure as well as two U-shaped loops for applying 
radio- or microwaves frequencies is glued. Glued on top of 
the base chip, a science chip with a 50μm wide z-shaped 
gold structure is closest to the atoms and allows for DC 
currents up to 2 A to create magnetic traps with high trap-
ping frequencies. A mirror coating on top of the science 
chip allows for light configurations addressing the atoms 
from all directions. With the combination of these struc-
tures high volume as well as high frequency traps can be 
realized. Additional coils around both chambers produce 
offset fields in the science chamber and a quadrupole field 
in race-track configuration in the source chamber.

The light for cooling and manipulating the atoms is 
connected to the vacuum chamber via optical fibers and 
external optical setups to collimate and adjust the beams 
in diameter and shape.

Two perpendicular detection systems are used, one 
based on absorption imaging and the other one using the 
fluorescence of the atoms. With absorption imaging, the 
atom ensembles can be resolved using a CMOS camera 
(FLIR Grasshopper GS3-U3-23S6M). The frame rate of 
the camera can be increased up to 1178 Hz by reducing the 
region of interest of the sensor. With this technique, it is 
possible to detect both species separately by fast sequen-
tial imaging. Compared to a setup solely based on a pho-
todiode, our setup allows for an in-depth analysis of the 
interaction-induced deformation of the mixture (Pichery 
et al. 2023), spatial interference patterns (Dickerson et al. 
2013; Lachmann et al. 2021) and higher-order diffraction 
states (He et al. 2021). The fluorescence camera allows 
to observe the ensembles from an orthogonal direction, 
although its spatial resolution does not suffice to detect 
interference patterns.

For matter wave interferometry, a collimator (Schäfter 
+ Kirchhoff, 60FC-4-M15-37) is attached to the vacuum 
chamber and retroreflected on the opposite side while pass-
ing through a quarter-wave plate twice. The vibrations of the 
interferometry mirror are monitored using an accelerometer 
(Innalabs, Inn-202 (Innalabs 2011)) which is mounted rig-
idly behind the mirror.

Laser System

The laser system provides the light fields at 780 nm and 767 
nm for the experiments with Rb and K, respectively. This 
light enables laser cooling and optical pumping of the atoms 
as well as atom interferometry and imaging of the BECs. 
Additionally, light for an optional optical dipole trap at 1064 
nm is provided. The system is driven and controlled by the 
laser electronics and delivers light via eleven polarization 
maintaining (PM) fibers directly to the optical ports of the 
collimators at the PP. A photograph of the laser system is 
shown in Fig. 3. For a schematic overview of the optical 
setup we refer to (Mihm 2020). The system is assembled 
onto a 30 mm thick baseplate which also serves as the heat-
sink. It consists of five functional modules named (from bot-
tom to top): beat-module, laser-module, reference-module, 
Zerodur-module and distribution-module. The laser light is 
generated directly at the required wavelengths of 780 nm, 
767 nm and 1064 nm by micro-integrated diode lasers with-
out the need of frequency-doubling, as it would be the case 
for lasers operating at telecom wavelength. The ten lasers 
are mounted onto both sides of the heatsink. Two of the 
ten laser modules are distributed feedback (DFB) lasers at 
780 nm and 767 nm, which serve as reference lasers. The 
other eight laser modules are based on a master-oscillator-
power-amplifier-configuration (MOPA) concept, where an 
extended cavity diode laser (ECDL) serves as the master 
oscillator and a semiconductor optical amplifier provides 
the power boost. Due to their narrower linewidth compared 
to DFB lasers, ECDLs are the most suitable choice in atom 
interferometry in order to minimize the impact of laser fre-
quency noise on the phase sensitivity (Le Gouët et al. 2007).

Fig. 3  Photograph of the laser system. a Distribution-module, b 
Zerodur-module, c reference-module, d heatsink, e laser-module, f 
beat-module
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Each ECDL-MOPA laser provides more than 350 mW 
optical power ex fiber of spectral narrow light at 767 nm, 
780 nm and 1064 nm, respectively (Wicht et al. 2017; Kürbis 
et al. 2020).

A single ECDL-MOPA laser emits at 1064 nm and pro-
vides light for the optical dipole trap. This laser is mounted in 
the reference module and is followed by a fiber pigtailed opti-
cal isolator mounted in the Zerodur-module, a fiber pigtailed 
acousto-optic modulator (AOM) for pulse shaping and a fiber 
switch to block residual light. The two DFB reference lasers 
are mounted onto the top side of the heatsink in the reference 
module. Each reference laser is frequency stabilized to the 
most prominent spectroscopy transitions of 85 Rb and 39 K, 
respectively, by means of modulation transfer spectroscopy 
(MTS) (Shirley 1982). The MTS setups are implemented in 
one spectroscopy module per species, which are based on 
a robust Zerodur assembly technology (Mihm et al. 2019; 
Duncker et al. 2014). Similar frequency references were pre-
viously used on sounding rocket missions (Lezius et al. 2016; 
Dinkelaker et al. 2017; Schkolnik et al. 2016).

Three ECDL-MOPAs emitting light at 780 nm and four 
ECDL-MOPAs at 767 nm are mounted in the laser-module 
onto the bottom side of the heatsink. They are frequency 
stabilized in the beat-module with respect to the reference 
lasers with a dynamic frequency offset. The main optical 
output power from the ECDL-MOPA modules operating at 
780 nm and 767 nm is fiber coupled to five highly compact 
and robust optical benches. These consist of Zerodur-made 
baseplates with glued-on optics for low-loss beam manipula-
tion in free space, including superposition of light of differ-
ent wavelengths in the same polarization state with dichroic 
mirrors and laser pulse shaping with AOMs. The Zerodur-
benches also feature mechanical shutters, built from metal 
blades fixed to the shaft of stepper motors, to block resid-
ual light that might harm the experiment when no light is 
required. From the Zerodur-benches, light is guided via PM 
optical fibers into the distribution module. Here, the light 
fields for laser cooling of both atomic species are finally 
overlapped and split in a fiber beam splitter array to provide 
the required beam balance. The light-grid pulses for Raman 
double-diffraction interferometry of Rb and K are also over-
lapped in a fiber beam splitter, before passing a fiber pig-
tailed AOM for common pulse shaping and a fiber switch 
for blocking residual light. From the distribution module, 
the light is finally guided to the PP via eleven PM opti-
cal fibers, each one connected to its respective collimator. 
Temperature sensitive components, such as ECDL-MOPAs 
or fiber beam splitters, are equipped with individual tem-
perature control provided by the laser electronics. Multiple 
photodiodes and negative temperature coefficient (NTC) 
sensors allow for monitoring of the laser system’s condition 
and troubleshooting. The five functional modules are con-
nected via hinges to allow opening of the highly integrated 

system for maintenance if necessary. All fiber connections 
are spliced to minimize losses.

Electronics System

The electronic system consists of three subsystems, called 
batteries (BA), the laser electronics (LE) and general elec-
tronics (EL). They are all mounted on base plates which also 
serve as heatsinks within the TCS.

The grounding of all subsystems is defined by the BA. 
However, a second galvanically isolated circuit is defined by 
a set of batteries sitting in the EL supplying the chip- and 
coil current drivers. This minimizes any effects of ground 
shifts of the overall system to the atoms. Furthermore, the 
use of switching regulators has been avoided throughout the 
whole payload to comply with the required ultra-low noise 
performance for laser and atom-chip current drivers. Addi-
tionally, due to the high density of the payload, no efficient 
electromagnetic shielding of their high frequency noise is 
technically feasible.

In the following the three subsystems are discussed in 
more detail.

Batteries

The BA provides 24 outputs which distribute the voltages 
throughout the scientific payload. Each of these ports pro-
vide 6.6 V and 20 V and are controlled separately via the 
software. Furthermore, output currents and voltages are 
monitored for all ports. The power is delivered by LiFePO

4
 

batteries with 15 Ah each, assembled into two packs. The 
first pack has a 2S2P configuration with 6.6 V and the sec-
ond pack has a 6S1P configuration with about 20 V. This 
leads to a possible autonomous operation time of 40 min 
of the overall system, which is sufficient for the parabola 
flight with additional temporal margin. The batteries can 
be charged with up to 20 A. To guarantee a safe operation, 
their charging and output currents are protected with 30 A 
fuses and the individual outputs to the experiment with 10 A 
fuses. Furthermore, the temperature within the module is 
monitored. In case of overheating, the charging current is 
additionally regulated by the firmware.

Laser Electronics

The LE delivers currents for lasers, generates the control 
loops for frequency stabilization and monitors laser frequen-
cies. Additionally it synthesizes and amplifies radio frequen-
cies (RF) to drive the AOMs and it contains a temperature 
control system to stabilize the temperature of the lasers and 
other sensitive optical components. It consists of two similar 
submodules mounted on opposite sides of the heatsink, one 
for the Rb and one for the K section of the lasersystem.
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To allow for a modular assembly of scientific electron-
ics, stackable cards similar to the PC/104 format form basic 
building blocks of the MAIUS-B electronic system. Each 
side of the LE contains two stacks formed by several cards. 
One of them contains current drivers for the power ampli-
fier lasers, the other one current drivers for the diode lasers 
and their respective frequency controllers. The laser current 
drivers are designed to provide a low-noise current output 
up to 2 A in order to operate ECDL-MOPA systems or DFB 
lasers. The frequency controllers offer frequency stabili-
zation of the reference lasers, control of frequency offsets 
between lasers and also allow for a phase lock loop (PLL) 
between two lasers. The latter is required to perform mat-
ter wave interferometry with light pulses based on Raman 
double-diffraction.

General Electronics

The EL supplies currents for the coils and for the atom chip 
structures of the PP. The chip and coil current drivers deliver 
up to 10 A and are configured together in one stack. To mini-
mize heating and losses of the magnetically trapped atoms 
(Folman et al. 2002), they feature a low-noise current source. 
A second stack in this module houses the RF electronics and 
further auxiliary electronics. It generates microwave and RF 
signals needed for the evaporation and state preparation of 
the atoms. A dedicated atom chip protection module con-
tains fuses and switching capabilities and additionally allows 
to monitor the currents delivered to the chip structures. The 
EL houses the main computer which stores the predefined 
experimental sequences. Furthermore, it is responsible for 
housekeeping and telemetry data processing.

Communication System

Communication between the different electronic stacks is 
based on a network made of polymer optical fibers which 
has shown to have a number of advantages compared to a 
more conventional Ethernet-based approach (Oberschulte 
et al. 2021). Besides the reduction of cable routing com-
plexity and weight when using only a single wire, the use 
of plastic fibers also prevents ground loops between the 
connecting electronic components. The used protocol com-
bines clock recovery, in-band signaling, data transfer and 
prioritized trigger delivery over a single fiber. The raw sig-
nal at 150 MHz enables clock recovery and data transfer at 
50 MHz. For in-band signaling and error detection 8b/10b 
line code is used as a transport-level protocol (Widmer and 
Franaszek 1983). On network layer four nibbles in each 
packet are used for the routing through the network from 
master nodes to endpoints with up to four hops. A single 
packet can be indefinitely long: Beginning and end are sig-
naled by 8b/10b control words. Congestion is prevented by 

feedback control signals which temporarily stop the data 
flow in case of full buffers at the receiving end. For the 
experiments simultaneous execution of programmed actions 
at the endpoints is important. Thus, a special, prioritized 
symbol is used as a global trigger; it will be transferred to 
all endpoints with a deterministic delay.

Software

The general architecture of the software inherits from the 
concepts initially developed for the MAIUS-1 mission 
(Weps et al. 2018). It consists of three main components: the 
experiment control software (ECS), the experiment design 
tools (EDT) and the ground control software (GCS) which 
are described below in detail. The ECS is running on the 
onboard computer installed in the sounding rocket. It has 
direct communication with the experiment control electron-
ics which perform the real-time execution of experiments. 
As the software doesn’t need to handle real-time it runs in 
an Ubuntu Linux environment. For communication with 
the electronics the TCP/IP protocol via Ethernet is used 
which is then bridged to the optical fiber network. On the 
other side, it uses the RF link of the rocket to directly com-
municate with the ground software. The task of the ECS 
is to control the experiment execution as well as collect-
ing telemetry from the different subsystems. Due to the 
large amount of hardware and domains involved, the soft-
ware development is supported through a model-driven 
approach. This model-driven approach covers the drivers 
for the control electronics as well as the experiments the 
software shall execute. A minimal core system is manu-
ally implemented in the C++ programming language. C++ 
offers high performance which is needed due to the limited 
amount of resources on the onboard computer. Furthermore, 
compared to the C programming language, it allows better 
code organization through object orientation. The hardware 
and the experiments are provided as high-level descriptions 
by engineers and scientists using self-developed domain-
specific languages (DSLs). In case of the hardware, the 
DSL description is used to generate C++ code which is then 
compiled with the rest of the ECS. For the experiments the 
DSL description is based on YAML ain’t markup language 
(YAML) which is interpreted and executed onboard during 
flight. Two main descriptions, called sequences and graphs, 
have been created to describe the experiments conducted 
during flight. Sequences are abstract descriptions of single 
experiments. Graphs are shaped as decision trees and use 
sequences as basic blocks. They allow a dynamic execu-
tion of the sequences depending on the outcome of previous 
experiments. The EDT comprise the components used by 
the experimentalists in order to create or monitor experi-
ments. For this, different graphical user interfaces allow to 
create new sequences and graphs in a convenient way. Also, 
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machine learning algorithms are implemented to optimize 
the experimental parameters (Wigley et al. 2016). Finally, 
the GCS is the set of applications running on the ground 
stations from where the mission will be controlled and 
monitored. It allows communication of telecommands and 
telemetry with the ECS using a central telemetry and tel-
ecommand (TMTC) service. The TMTC forwards telecom-
mands from the ground stations and distributes the telem-
etry received from the ECS. Thus, it is possible to upload 
sequences and visualize and store telemetry during flight. 
However, the execution of the experiments is expected to be 
fully autonomous.

Thermal Control System and Ground Support 
Equipment

The TCS of the MAIUS-B apparatus takes two operation 
modes into account, the laboratory and flight mode. In labo-
ratory operation the payload is actively cooled via the con-
nected ground support equipment (GSE) and all components 
which produce heat within the payload are considered. Dur-
ing ascent and re-entry aerodynamic drag adds a further heat 
source to the system. However, no active cooling is possible 
and the design of the TCS in flight mode relies solely on the 
thermal mass. For the flight, only conduction is assumed 
since natural convection does not occur in microgravity.

The estimated internally produced thermal loads are 
presented in Table 2. Each subsystem except for the PP is 
equipped with an active liquid cooling with the respective 
baseplates acting as heatsinks. The design of the heatsinks 
for EL, LS, and LE include two base plates screwed together. 
A meander is mounted inside these base plates and is con-
nected to the intermodule coolant hoses. The base plate of 
the PP is not equipped with liquid cooling. Nevertheless, to 
support an efficient heat transfer of heat-producing ampli-
fiers sitting on top of the PP, these are connected to an addi-
tional liquid cooled plate. With a comparatively low heat 
load of 28.8 W the heatsink of the BA is made of a single-
layer base plate with a meander mounted below.

We performed a ground-based flight simulation to test 
the functionality of the payload without external cooling. 
During this test, the payload was able to operate for 25 min 

within its temperature limits. The temperature of the laser 
system and electronics heatsink was rising from 19.0 ◦C to 
24.2 ◦C and from 19.0 ◦C to 24.7 ◦C , respectively. The hull 
segments were not heated to mimic the aerodynamic drag 
during flight. Nevertheless, we expect a minor influence due 
to measurements in the flight of MAIUS-1 (Grosse et al. 
2019). The expected system operating time from active cool-
ing disconnection, including launch, to re-entry is 16 min. 
The test results therefore indicate a safe flight operation 
within a sufficient temperature margin.

The TCS is divided into two cooling cycles which are 
connected via umbilicals to the GSE, as shown in Fig. 4. A 
Huber Unichiller 007 is used for the laser cycle and a Huber 
Unichiller 010 for the electronic subsystems. These chill-
ers provide a maximum flow rate of 25L/min and allow for 
pressure loss compensation of up to 2.5bar. In laboratory 
operation, the TCS with its two chillers is able to continu-
ously stabilize the temperature of the payload as required, 
compensating for all internal heat loads listed in Table 2.

Since the GSE is placed on the launch pad within the 
exhaust gas of the rocket, the chiller is integrated into 
metal cases. These cases are made of aluminum and will 

Table 2  Internal heat loads of 
the MAIUS-B apparatus

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

Fig. 4  Schematic overview of the two cycle cooling concept within 
the TCS. The electronics cycle (in blue) feeds the subsystems BA, LE 
and EL and the laser cycle (in green) the LS and PP. Figure adapted 
from Elsen (2023)
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be covered with a fire resistant pyroblanket to withstand 
the rough conditions inside the launch tower. Due to the 
low ambient temperature at the launch site/landing area and 
to avoid damage caused by freezing of the remaining cool-
ing liquid inside the payload, a thermo fluid (glycol/water 
mixture) is used. The mixture with 44% of glycol prevents 
freezing down to −30 ◦C and a mixture with 52% glycol 
down to −40 ◦C . This, however results in a higher viscosity 
of the cooling liquid as discussed in “Flow Rate Measure-
ment” section.

Umbilicals and Sealing

After the subsystems are integrated in flight configuration 
into the hull segments, the payload needs to be accessible for 
coolant, power and data connection. Several umbilicals are 
connected until lift-off to ensure active liquid cooling of the 
TCS, monitor and charge the batteries, enable data transfer, 
and allow an activation of the TSPs within the PP. As shown 
in Fig. 5, the quick connectors are equipped with a lanyard 
steel cable which will be attached to the launch pad. This 
will unlock the plug automatically by the pull of the rocket 
as it lifts off during launch.

The payload is pressurized with artificial air to ensure a 
constant and reproducible environment for the LS. To this 
end, it is sealed with sealing plates on the bottom and top 
hull segments using rubber O-rings. The seven hull seg-
ments (cf. Fig. 1) are connected to each other by standard-
ized RADAX flanges, also sealed with rubber O-rings. To 
pressurize the payload, both sealing plates are equipped with 
a Swagelok bulkhead fitting and ball tap as well as further 
feedthroughs for liquid cooling and power/data connec-
tion. All power and data connections use hermetic military 

grade connectors. Cables and hoses from the umbilical to 
the GSE need to withstand the high temperatures during 
launch. Thus, these lines are equipped with a fire protection 
which is rated up to 200 ◦C.

Qualification Process

The qualification process starts with pressuring tests of 
the hull segments to verify the integrity of the sealed pay-
load compartment. Moreover the TCS is tested by meas-
uring the flow rate of the cooling liquid and simulated 
via finite-element method (FEM) analysis. Furthermore, 
random frequency vibration tests on component and sub-
system level are conducted. Prior to flight campaign, the 
overall payload in launch configuration requires additional 
tests including a bench test, a spin balance test and further 
vibration tests. In the following sections these tests are 
discussed in more depth.

Payload Pressuring Test

To measure the pressure loss over time, the hull segments 
including the sealing plates prepared in flight configura-
tion are pressurized with artificial air (20% oxygen and 
80% nitrogen). To simulate the conditions during the actual 
flight, where the pressure difference between the outside 
(vacuum) and the inside of the payload (atmospheric pres-
sure) will be around 1000 - 1100 hPa, the payload will be 
pressurized to an absolute pressure of 2100 hPa. The pres-
sure is monitored and logged for 90 h. During the measure-
ment, a pressure loss of 40 hPa has been detected. The same 
sealing concept was used for the MAIUS-A payload, where 
no leakages were observed during the flight mission (Grosse 
et al. 2019). Thus, we don’t expect any significant leakages 
before and during the upcoming flights.

Flow Rate Measurement

For the TCS and as an input for thermal simulations it is 
important to measure the flow rate of the cooling cycles. 
In general, a higher viscosity of the cooling liquid leads to 
a reduction of the flow rate. A too small flow rate could 
possibly cause problems in transporting heat out of the sys-
tem. The viscosity of glycol at room temperature is 21 times 
higher compared to water (Tsierkezos and Molinou 1998). 
Therefore, two different glycol-water mixtures are tested 
(44% and 52% glycol) to measure the effect of the higher 
viscosity. To measure the flow rate of the chiller without the 
cooling cycle as a reference, a test with a flow rate sensor 
and two short connection hoses (0.8 m each) is set up. The 
test shows a flow rate of 6.4 L/min.

Fig. 5  Coolant (left) and power umbilicals (right). The umbilicals 
for coolant liquid are equipped with a Swagelok quick-coupling. The 
electrical umbilicals use push-and-pull quick connectors from Sou-
riau. Both are mounted at the upper and lower hull segments. Picture 
from Grosse (2016)
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To simulate a realistic setup of a single cooling cycle 
without the subsystems being included, the length of 
the cooling hoses within the hull is augmented to 21 m 
including similar amount of fittings. Further, the inlet and 
outlet of the chiller are connected with the actual hoses 
as shown in Fig. 6. On the opposite side, both hoses are 
mounted to the upper umbilicals to simulate the most dis-
advantageous configuration. The flow rate sensor is con-
nected with two 0.8 m hoses directly to the lower coolant 
umbilicals. As a result, flow rates of up to 5.2 L/min (44% 
glycol) and 4.8 L/min (52% glycol) are measured. This 
shows that the percentage of glycol has a direct impact 
on the flow rate. Nevertheless, FEM simulations based 
on these results show that the flow rate is sufficient to 
operate the TCS.

Vibration Tests

A sequential vibration qualification on component, sub-
system and payload level throughout the technology life 
cycle is approached in this project. All vibration tests are 
conducted for a duration of 60 s for all three axes in a fre-
quency range of 20 − 2000 Hz. Within component level, 
all critical parts are tested hard-mounted with a root mean 
square (RMS) value of 8.1 g to minimize the risk of a fail-
ure during following subsystem or payload level tests. The 
subsystem level tests were performed in a cylindrical shaker 
adapter using the identical mounting as in the hull segments 
including a vibration isolation. The qualification on subsys-
tem level is achieved with the vibration test profile given 
in Table 3. The actual vibrational loads during flight are 
expected to be one-third of the qualification level (Grosse 
2016). Before and after each random test a resonance sine 
frequency sweep from 5 Hz to 2000 Hz with an amplitude 
of 0.25 g and a sweep rate of 2 Oct/min is performed. By 
comparing the measured frequency responses of the pay-
load during the two resonance runs the test specimen are 
screened for structural flaws.

Above structural changes, further system specific parame-
ters or functions have been monitored and checked for degra-
dation or malfunction due to vibrational loads. For the laser 
system, parameters like optical powers along the various 
beampaths including coupling efficiencies and the alignment 
of optical components are of particular interest.

In case of the physics package, the vacuum pressure is 
a critical test parameter, which should be in the range of 
10

−10 mbar. Such an ultra-high vacuum pressure is required 
by the experiments for the efficient BEC production and 
atom interferometry. Throughout the vibration tests, the vac-
uum system was able to comply with this requirement. Also 
the effect of the vibrations on the vapour pressure of 87 Rb 
within the source chamber is probed. Results for the lon-
gitudinal vibration profile are shown in Fig. 7. The vapour 
pressure is measured spectroscopically by monitoring the 
absorbed light due to the D2-transition which is scanned 
by an external spectroscopy laser. Given the number of 

Fig. 6  Flow rate test of the cooling cycles of MAIUS-B. The case 
which houses the chiller is placed right next to the scientific payload 
(red hull segments). The orange hoses are equipped with a fire protec-
tion to avoid damage during launch. Picture from Elsen (2023)

Table 3  Random vibration test profiles on subsystem level with 
power spectral density (PSD) and RMS values

Lateral Longitudinal

Frequency PSD Frequency PSD

in Hz in  g2/Hz   in Hz in  g2/Hz  

20 - 400 0.002 20 - 900 0.002
400 - 600 0.03 900 - 1600 0.01
600 - 1300 0.002 1600 - 1800 0.06
1300 - 2000 0.03 1800 - 2000 0.03
RMS Value 5.41 g RMS Value 5.18 g
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absorbing atoms and the temperature of the source cham-
ber, the vapour pressure can be inferred by using the ideal 
gas law. The observed rise of the vapour pressure can not 
necessarily be attributed to the vibrations due to additional 
heat transfer from the vibration table and air condition to 
the experiment. However, it could be demonstrated that no 
significant increase, decrease or jumps of the vapour pres-
sure are expected after rocket launch which could alter the 
atomic flux during flight experiments.

At the time we performed the vibration tests, the meas-
ured vacuum pressure was in the low 10−10 mbar regime 
which is an order of magnitude above the current value. 
The expected lifetime of magnetically trapped Rb or K due 
to background gas collisions with hydrogen molecules is 
in the order of several seconds for a background pressure 
of 10−9 mbar (Folman et al. 2002). Due to the much better 
vacuum conditions at present, it is expected that these results 
will be outperformed by future vibration tests.

All subsystems were successfully vibration tested and qual-
ified for the flight onboard the MAIUS-B sounding rocket.

Summary and Outlook

A payload for parabolic flights on a VSB-30 sounding rocket 
is presented which is able to generate ultracold mixtures of 
41 K and 87 Rb and perform matter wave interferometry in 
microgravity. The apparatus consists of five modules which 
condense the functionality of a lab filling setup into the chal-
lenging constraints of a sounding rocket. To allow an auton-
omous operation during the parabolic flight, the software 
executes a graph which determines the chronology of experi-
mental sequences based on a decision tree. To cope with 
the expected heat load of approximately 708 W, the TCS is 
designed to actively cool the experiment in laboratory opera-
tion and passively during flight. All subsystems are expected 

to withstand the static and dynamic loads and work within the 
operational requirements during launch and re-entry which 
has been demonstrated in dedicated vibration tests.

To test the functional interaction of the payload in its 
final configuration during flight, further qualification tests 
are going to be carried out: In the bench test all payload sys-
tems including the scientific payload, the recovery system, 
the ignition unit, the attitude control system, and service 
module are brought together and are operated in flight like 
configuration. Its aim is to screen for interferences between 
the payload systems, test the on-board software and to train 
the personnel in the procedures performed prior to and dur-
ing flight.

The spin and balance test is a procedure to ensure the 
stability of the payload during ascent. Here, the payload 
is rotated with up to 2 Hz along its longitudinal axis to 
determine static and dynamic unbalances from the forces 
observed, which are compensated by installing counter 
weights. The maximal rotation rate during ascent of the 
rocket is expected to be 2.7 Hz, thus the mechanical stabil-
ity of the payload components under flight-like conditions 
is also tested during spin balancing.

The findings of the planned experiments aboard the 
MAIUS-2/3 missions will advance the knowledge of the 
physics of ultracold quantum gases in microgravity. Further, 
a successful mission presents a technological milestone for 
possible future applications of cold quantum gases in orbital 
platforms including inertial sensing, space geodesy up to 
gravitational wave detection.
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