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COVER IMAGE
NASA‘s MMS mission will solve the mystery of reconnecting magnetic fields around Earth (Credits: NASA).
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The Space Research Institute (Institut für Weltraumfor-
schung, IWF) in Graz has focused on the physics and ex-
ploration of the Solar System for over 40 years. With about 
100 staff members from 20 nations it is one of the largest 
institutes of the Austrian Academy of Sciences (Österreichi-
sche Akademie der Wissenschaften, ÖAW).

IWF develops and builds space-qualified instruments and 
analyzes and interprets the data returned by them. Its core 
expertise is in building magnetometers and on-board com-
puters, as well as in satellite laser ranging, which is perfor-
med at the IWF laser station Lustbühel. In terms of science, 
the institute concentrates on dynamical processes in space 
plasma physics, on the upper atmospheres of planets and 
exoplanets, and on the gravity fields of the Earth and Moon.

IWF cooperates closely with space agencies all over the 
world and with numerous other national and international 
research institutions. A particularly intense cooperation 
exists with the European Space Agency (ESA).

The institute is currently involved in eighteen active and 
future international space missions:

• BepiColombo will be launched in 2018 to investigate 
planet Mercury, using two orbiters, one specialized in 
magnetospheric studies and one in remote sensing.

• Cassini will continue to explore Saturn’s magnetosphe-
re and its moons until 2017.

• ESA’s first S-class mission CHEOPS (CHaracterizing 
ExOPlanets Satellite) will classify exoplanets in detail. 
Its launch is expected in 2018.

• The China Seismo-Electromagnetic Satellite (CSES) will 
be launched in 2016 to study the Earth’s ionosphere.

• The Chinese Mars Mission is scheduled for launch in 
2022.

• Cluster, ESA’s four-spacecraft mission, is still provi-
ding unique data leading to a new understanding of 
space plasmas.

• GEO-KOMPSAT-2A is a Korean satellite for space  
weather investigations due for launch in 2018.

INTRODUCTION 

Fig. 1: An Atlas V rocket carrying the MMS payload for NASA lifted off from Cape Canaveral Air Force Station in Florida at 10:44 p.m. EDT on 12 March 2015 

(Credits: United Launch Alliance).
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• InSight (INterior exploration using Seismic Investigations, 
Geodesy and Heat Transport) is a NASA Discovery Pro-
gram mission that will place a single geophysical lan-
der on Mars to study its deep interior. It is expected for 
launch not earlier than 2018.

• ESA’s JUpiter ICy moons Explorer (JUICE) will observe 
the giant gaseous planet Jupiter and three of its largest 
moons, Ganymede, Callisto, and Europa. It is planned 
for launch in 2022.

• Juno is a NASA mission dedicated to understand Ju-
piter’s origin and evolution. It is slated to arrive at the 
gas giant planet on 4 July 2016.

• MMS, successfully launched in March 2015 (Fig. 1), is 
using four identically equipped spacecraft to explore 
the acceleration processes that govern the dynamics of 
the Earth‘s magnetosphere and has delivered promi-
sing early results.

• ESA‘s third Medium-class science mission PLATO is a 
space-based observatory to search for planets orbiting 
alien stars. It is planned for launch by 2024.

• Resonance is a Russian space mission of four identical 
spacecraft, orbiting partially within the same magnetic 
flux tube, scheduled for launch in 2018.

• Rosetta finished its main mission in December 2015 and 
received an extension until September 2016.

• Solar Orbiter is to study along an innovative trajectory 
solar and heliospheric phenomena, planned for launch 
in 2018.

• STEREO studies solar (wind) structures with two  
spacecraft orbiting the Sun approximately at Earth’s 
distance.

• THEMIS has been reduced to a near-Earth three-space-
craft mission. The two other spacecraft are now orbi-
ting the Moon in the ARTEMIS mission.

• The Van Allen Probes are two NASA spacecraft, stu-
dying the dynamics of the Earth’s radiation belts.

HIGHLIGHTS IN 2015

• On 12 March 2015 (US local time), NASA’s Mag-
netospheric Multi-Scale (MMS) mission successfully  
launched to explore the dynamics of the Earth‘s ma-
gnetosphere and its underlying energy transfer pro-
cesses. IWF, as biggest non-US partner in MMS, has 
taken the lead for the spacecraft potential control of 
the satellites and is participating in the electron beam 
instrument and the digital fluxgate magnetometer.

• The first results of the Rosetta/Philae mission have been 
published in „Science“ with co-authors from IWF. 
Three papers describe the landing trajectory and show 
that the nucleus of comet 67P/Churyumov-Gerasimen-
ko is not magnetized and that its surface is covered by 
a -160 °C cold and unexpectedly solid layer.

• In order to better predict solar storms, data of seven 
spacecraft have been used, which investigate the solar 
corona, the solar wind, and even the radiation on the 
Martian surface, measured by the Curiosity Rover. 

• For the first time, the secondary soft X-ray emission for 
close-in exoplanets was estimated, which is produced 
due to charge-exchange of heavy stellar wind ions with 
the neutral atmospheric particles. It was found that the 
emissions for a typical hot Jupiter are a million times 
stronger than the emission from the Jovian aurora.

THE YEAR 2015 IN NUMBERS
Members of the institute published 126 papers in refereed 
international journals, of which 34 were first author 
publications. During the same period, articles with authors 
from the institute were cited 3760 times in the international 
literature. In addition, 89 talks and 51 posters have been 
presented at international conferences by members of the 
IWF, including 21 by special invitation from the conveners. 
Last but not least, institute members organized and chaired 
18 sessions at 7 international meetings.

IWF STRUCTURE AND FUNDING
IWF was, as a heritage since foundation, structured into 
three departments. Nowadays, the institute has been 
restructured into four research fields consisting of nine 
working groups (Fig. 2). Wolfgang Baumjohann serves as 
Director, Werner Magnes as Deputy Director.

Fig. 2: IWF research fields and group leaders.

The bulk of financial support is provided by ÖAW. Signi-
ficant support is also given by other national institutions, 
in particular the Austrian Research Promotion Agency (Ös-
terreichische Forschungsförderungsgesellschaft,  FFG) and 
the Austrian Science Fund (Fonds zur Förderung der wis-
senschaftlichen Forschung, FWF). Furthermore, European 
institutions like ESA and the European Union contribute 
substantially.
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Gravimetric and geometric space geodesy techniques 
constitute an integral part in Earth and planetary sciences. 
In order to improve our knowledge about the environment, 
state and evolution of the Earth and the Earth’s only 
natural satellite, the Moon, IWF is engaged in terrestrial 
and lunar gravity field research, selected studies of the 
Earth’s atmosphere and crustal dynamics, and Satellite 
Laser Ranging (SLR) to Earth-orbiting spacecraft and 
debris objects.

GRAVITY FIELD
Gravity field research includes the analysis of data collected 
by Earth- and Moon-orbiting spacecraft and SLR to passive 
satellites.

GRACE FOLLOW-ON
In the last decade, mass change quantification from data 
collected by the GRACE (Gravity Recovery And Climate 
Experiment) gravity field mission advanced to a key source 
of information in climate research. Today, owing to 
improved data processing, the gravity-based inference of 
surface mass change is no longer limited to the Greenland 
and Antarctica ice sheets, but glacier systems attract 
increasing attention. With the GRACE Follow-On mission 
(Fig. 3), due for launch in late 2017, a further step towards 
small-scale mass variation quantification can be expected.

GOCO
The main objective of the Gravity Observations COmbination 
(GOCO) consortium, an Austrian-German-Swiss initiative, 
is to compute high-accuracy and high-resolution global gra-
vity field models from complementary gravity data sources. 
Within this initiative, IWF is responsible for the Satellite La-
ser Ranging (SLR) component. SLR is a powerful technique 
for the estimation of the very long wavelengths components 
of the Earth’s gravity field. The most important parameter 
in this context is C20 - it represents the Earth’s dynamic 
flattening, which is responsible for the largest deviation of 
the real figure of the Earth from its spherical approxima- 
tion. Despite of having data available from a number of de-
dicated gravity field missions such as GRACE and GOCE, 
SLR is still superior for the determination of C20, but the 
technique also significantly contributes to the recovery of 
further low-degree gravity field parameters (Fig. 4). The 
latest satellite-only gravity field model within the GOCO 
series (GOCO05S) was released in 2015. The SLR part was 
set up from measurements to six geodetic satellites. 

Fig. 4: Contribution of SLR to the gravity field model GOCO05S. The 

contribution is largest for the degree-2 spherical harmonic coefficients; C20 

can be considered to be reconstructed from purely SLR.

EARTH & MOON

Fig. 3: Artist’s view of the GRACE Follow-On mission (Credits: GFO 

satellites: AEI/Daniel Schütze, Background: NASA/NOAA/GSFC/

SuomiNPP/VIIRS/Norman Kuring).
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GRAIL
The Gravity Recovery And Interior Laboratory (GRAIL) mis-
sion launched by NASA on 10 September 2011, eclipses 
any previous attempt to recover detailed gravitational fea-
tures of the Moon. The mission consists of two identical 
spacecraft following each other in a low-altitude (~55 km),  
near-circular and near-polar orbit. In order to reconst-
ruct the lunar gravity field the mission performs Ka-band  
range-rate measurements between the two satellites, thus 
allowing continuous data acquisition on the nearside and 
the farside of the Moon. To analyze these observations a 
short-arc integral approach based on the reformulation of 
Newton’s equation of motion as a boundary problem is ad-
opted. Gravitational forces (third-body attractions, tides, 
general relativistic effects) and non-gravitational forces 
(solar radiation pressure, lunar albedo and emissivity) are 
properly taken into account.

In addition to the estimation of a time bias (1/day) and 
empirical accelerations (2/rev) the latest Graz Lunar Gra-
vity Models (GrazLGM) consider a priori information in 
terms of co-variance functions. Fig. 5 shows a free-air gra-
vity anomaly map derived from the GrazLGM300b model, 
revealing numerous craters on the nearside and farside 
of the Moon. Owing to extensive performance tests in the 
framework of a Partnership for Advanced Computing in 
Europe (PRACE) preparatory access project, the analysis 
software has been prepared for High Performance Com-
puting (HPC) environments, and hence IWF in-house HPC 
architecture.

GEODYNAMICS
Presently, there are four Global Navigation Satellite Sys-
tems (GNSS) designed for a wide range of civil and mi-
litary purposes: GPS (USA), GLONASS (Russia), Beidou 
(China), and GALILEO (European Union). Transmitting 
data within the 1-2 GHz frequency range, the scientific goal 
is to use them for investigating physical processes of the 
ionosphere, the troposphere, and the Earth’s crust. Most 
importantly, the receiving permanent stations are the ba-
sis for any global geometric reference. Whereas navigation 
tasks can easily be tackled by handheld receivers with a 
precision of a few meters in real time (may improve to de-
cimeters in the near future), reference frame maintenance 
poses millimeter precision requirements. The arguments 
for using more than one GNSS (referred to as multi-GNSS) 
is less the advantage of having more satellites available 
under difficult topographic conditions, but to get perfor-
mance advantages by combining more signals with diffe-
rent frequencies. This is most obvious for the ionosphere, 
which is a dispersive medium for microwave signals. The 
major disadvantage of the multi-GNSS concept is the hand-
ling of biases between the individual systems (e.g., antenna 
positon variations due to different handling of solar panel 
movements). For this reason, a new Receiver INdependent 
EX-change (RINEX) format has been developed. Data cen-
ters are asked to make multi-GNSS data available. As one 
of the first data centers worldwide, the Lustbühel Observa-
tory realized this task in 2015. A GPS+GLONASS combina-
tion is running daily, which helps to substantially impro-
ve resolving the behavior of the Earth’s crust and climate 
troposphere parameters. Lustbühel Observatory also con-
tributes to the global project REPRO2, which aims at the 
homogenization of 20 years of GNSS results – mainly in the 
context of climate and geodynamic research. Concerning 
the latter, the estimation of local elastic parameters related 
to earthquakes is of particular interest.

Fig. 5: Root mean square (RMS) values per spherical harmonic degree. 

Black graph: GLw0660 signal; color graphs: differences to GL0660.
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ATMOSPHERE
For the period July 2003 to August 2010, the Coronal Mass 
Ejection (CME) catalogue maintained by Richardson and 
Cane lists more than 100 Earth-directed events. These 
events have been sensed in-situ by plasma and field ins-
truments on board of the Advanced Composite Explorer 
(ACE) satellite located at Lagrange point L1 upstream of 
the Earth. Since the majority of CMEs causes a distinct den-
sity enhancement of the Earth’s thermosphere, a statistical 
study based on accelerometer measurements from the low-
Earth orbiting GRACE satellite mission was carried out.

Correlations between neutral density variations and CME 
parameters (magnetic field component Bz, maximum CME 
velocity, etc.) as well as several geomagnetic indices were 
evaluated. The highest correlation coefficient (cc) was de-
termined between density increase and the Bz component 
(cc=-0.92); Fig. 6 shows a latitude-time plot of these two 
quantities. As far as geomagnetic indices are concerned, 
the Disturbance Storm Time (Dst) index (cc=-0.91) and the 
AM index (cc=0.92) show highest correlation with density 
increase. The correlation is less pronounced for the Kp in-
dex and the auroral electrojet.

SATELLITE LASER RANGING
The still ongoing routine tracking of satellites equipped 
with laser retro-reflectors (143 satellites) was again the 
basis for several research activities. Most of the scientific 
achievements and results take advantage of the highly ac-
curate Graz kHz SLR system. For space debris attitude mo-
tion determination, laser measurements can now be com-
bined with simultaneously observed light curves.

Single Photon DART, Nano-DART, Pico-DART: The de-
velopment of the Single-Photon Detection, Alignment and 
Reference Tool (SP-DART) was finalized. To establish a re-
ference, the SP-DART system was installed at the Graz SLR 
station, measuring with both the Graz laser and the DART 
laser system in parallel. In this setup, the SP-DART laser 
transmitter (Fig. 7) was mounted at the SLR telescope. All 
necessary equipment was installed (FPGA range rate gene-
rator, event timer, GPS timing system, meteorology mea-
surement devices, etc.). Using this setup, measurements to 
Earth-orbiting satellites up to Global Navigation Satellite 
System (GNSS) altitude (~20000 km) have been performed 
successfully.

Fig. 7: Principal design of the SP-DART laser transmitter. Both beams at exit 

40 mm diameter, minimum divergence <25 µrad; both lasers operating in 

parallel, no moving parts, pointing stability <15 µrad.

The SP-DART basically is a small SLR station, using a host 
telescope. Combined with a standard astronomical tele- 
scope and a suitable mount – and with a single-photon 
detector installed – it can be considered as a fully opera-
tional SLR station. Different versions are planned for the 
future: using a picosecond laser (referred to as pico-DART) 
for high accuracy applications once such a laser with sui-
table parameters becomes available, or using the already 
available nanosecond laser (nano-DART) for SLR to GNSS 
retro-reflector panels. These realizations may be combined 
with autonomous / automatized SLR operation.

Fig. 6: Latitude-time plot of thermospheric densities derived from GRACE 

accelerometry. The impact of three CMEs in July 2004 inducing severe geo-

magnetic storms can be identified in the density increase and the magnetic 

field measurements observed by ACE (white line).
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Single-Photon DART on tour: In order to demon- 
strate the feasibility of the SP-DART as a „checking tool“ for  
single-photon sensitivity of other SLR stations, the equip-
ment was installed at SLR station Wettzell for testing pur-
poses (Fig. 8). After aligning the SP-DART laser beam 
parallel to the Wettzell laser beam – which turned out to 
be far from trivial – again distances up to GNSS altitude 
could be measured. The return quotes from GNSS satellites 
were similar to those measured in Graz (as an example, for 
GLONASS 128 the return rate was approx. 3%, correspon-
ding to about 60 returns/sec with 15 µJ/pulse), proving that 
both receiver systems (Graz and Wettzell) achieve similar  
single-photon sensitivity. In 2016, further SLR stations – 
but also astronomical sites – are supposed to be visited in 
order to investigate their single-photon sensitivity.

Space debris orbit prediction: Since decades, SLR contri-
butes to precise orbit determination and orbit prediction 
of geodetic satellites and operational spacecraft. Apart 
from this routine task, SLR has the potential to signifi-
cantly improve orbit predictions of (selected) space debris 
objects, and hence to substantially contribute to Space Si-
tuational Awareness tasks. Orbit predictions – in terms of 
Two Line Elements (TLEs) – of the Joint Space Operation 
Center suffer accuracy and reliability. Against this back- 
ground, a Space Debris Data Information System (SDDIS) 
based on SLR data has been established at IWF. Current-
ly, the SDDIS gathers and disseminates tracking data and 
orbit predictions of about 30 space debris objects. Most of  
these objects are abandoned satellites in the highly-popu-
lated low-Earth orbit segment. This segment is of utmost 
interest for any space faring nation.

As an example, Fig. 9 demonstrates the benefit of SLR for 
precise orbit determination/prediction. A posteriori laser 
tracking residuals to Topex/Poseidon reveal the superi-
ority of laser-based orbit predictions over TLEs by about 
two orders of magnitude. This allows not only for daytime 
tracking, but also for accurate attitude and spin determi-
nation.

Fig. 9: A posteriori SLR residuals of Topex/Poseidon. Top: laser-derived or-

bit prediction; bottom: TLE-based orbit prediction. Different scales apply.

Spin determination via light curves: For the time being, 
the standard method to determine satellite spin periods is 
based on the periodicity of laser retro-reflector echoes. In 
addition, a second method was implemented utilizing light 
curve analysis: a dichroic mirror separates light, which is 
reflected by the satellite. Light between 780 nm and 900 nm 
– which is not used for standard SLR detection – is passed 
to four additional single-photon detection and counting 
units. Each detector is sensitive to a different polarization 
state, which is a requirement for future quantum crypto-
graphy experiments. All detectors are operating in a free 
running mode (prepared for a fifth detector sensitive in the 
infrared spectral range). A powerful FPGA board collects 
the single events, giving them a timestamp and transfers 
the data to a Brick-PC for storage (Fig. 10).

Fig. 8: SP-DART laser transmitting part mounted on the Wettzell SLR 

telescope.

Fig. 10: Light curve measurement unit mounted on Graz SLR telescope.
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The data are collected – independently from and simulta-
neously with SLR operation – for a wide range of satellites 
in low to high orbital altitude. Mean light curves (Fig. 11) 
are eventually obtained by utilizing the phase dispersion 
minimization algorithm.

One of the big advantages of this method compared to al-
ternative techniques lies in the independence of the measu-
rements from the “visibility” of retro-reflectors, as the de-
tected signal is sunlight reflected from the whole satellite. 
In total, the spin periods of more than 40 GLONASS satel-
lites have been determined by one or by both of the men-
tioned methods (Fig. 12), with the benefit that ambiguities 
can be resolved easily. The spin periods determined via 
light curve analysis show excellent agreement with SLR re-
sults. The intensity curves of the reflected light allow draw- 
ing conclusions on the orientation of the satellites relative 
to the observer. For the Compass G2 satellite, as an exam- 
ple, two reflection peaks intensify within a few hundred 
seconds. This is the case when the observing direction coin-
cides with the intensity maximum of the diffuse reflection 
of a satellite surface.

Fig. 12: Spin periods (in seconds) of various GLONASS satellites measured 

with SLR (green), light curves (red), or both (blue).

Space debris real-time pointing determination by  
wide-angle image analysis: Laser ranging to space debris 
often suffers from inaccurate orbit prediction. This can be 
improved by the so-called “stare and chase” method. An 
astronomical imaging camera with high sensitivity is com-
bined with a common photo-objective of low focal length 
to generate a wide field of view of about ten degrees. 
The camera records the stellar background with a 25 Hz  
frame rate by “staring” in an approximate direction where 
the debris is expected. As soon as the debris – illuminated 
by sunlight – enters the field of view, software determines 
the pixel values of the object on the chip (Fig. 13). Simulta-
neously, by analyzing the stellar background with a plate 
solving algorithm, the pointing information to the passing 
satellite is recorded in equatorial coordinates.

Fig. 13: Tandem-X satellite passing through the field of view (a-d) 

being identified by automatized software while recording the pointing 

information.

The idea is to use this pointing information to calcula-
te more accurate orbit predictions for the remaining part 
of the pass – or for the next pass – of the satellite, thus 
allowing to conduct SLR measurements to this target  
(“chase”), which in turn improves orbit prediction ac-
curacy. 

Fig. 11: Light curve of the Compass G2 satellite. One phase interval (x-axis) 

corresponds to a spin period of 7.14 s.
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Near-Earth space is an ideal environment to study funda-
mental plasma processes based on in-situ measurements of 
the charged particles together with electric and magnetic 
fields. IWF is participating in the hardware activities of 
numerous spacecraft missions, now operating, being built 
or planned.  Based on different analysis methods sup-
ported by theoretical models, the data taken from these  
missions have been extensively analyzed and new physical 
knowledge is obtained.

CLUSTER
The Cluster spacecraft have been providing data since 2001 
for studying small-scale structures of the magnetosphere 
and its environment as the first four spacecraft mission in 
space. IWF is PI/Co-I on five instruments and maintained 
the Austrian Data Centre. All data are archived in Cluster 
Science Archives (CSA) including supporting data pro-
ducts such as science event lists and ground-based data. 
The mission is planned to be extended to December 2018.

THEMIS/ARTEMIS
NASA’s THEMIS mission, launched in 2007, consisted of 
five identical satellites flying through different regions 
of the magnetosphere. In autumn 2010 the two outer  
spacecraft became ARTEMIS, while the other three  
THEMIS spacecraft remained in their orbit. As Co-I of the 
magnetometer, IWF is participating in processing and ana-
lyzing data.

MMS
NASA’s MMS mission (Magnetospheric Multiscale) ex-
plores the dynamics of the Earth‘s magnetosphere and 
its underlying energy transfer processes. Four identical-
ly equipped spacecraft carry out three-dimensional mea- 
surements in the Earth‘s magnetosphere. MMS investiga-
tes the small-scale basic plasma processes, which trans-
port, accelerate and energize plasmas in thin boundary and  
current layers. IWF, which is the biggest non-US par-
ticipant in MMS, has taken the lead for the spacecraft 
potential control (ASPOC) and is participating in the 
electron beam instrument (EDI) and the digital flux- 
gate magnetometer (DFG). MMS was launched on 12 
March 2015 at 10:44 pm US local time (Fig. 15). Until the 
end of August, all spacecraft were successfully commis- 
sioned, followed by the official start of the first scientific 
phase on 1 September 2015.

NEAR-EARTH SPACE

Fig. 14: Launch of the four MMS spacecraft with an Atlas V rocket from 

Kennedy Space Center (Credits: Ben Cooper, launchphotography.com).
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Active Spacecraft Potential Control (ASPOC) instru-
ment: ASPOC neutralizes the spacecraft potential by relea-
sing positive charged indium and thereby controlling the  
spacecraft potential. This enables accurate measurements 
also in sparse plasma environments essential to study pro-
perties of reconnection, which is the main scientific goal of 
MMS.

After launch, ASPOC participated in the commissioning 
campaign, which consisted of nine different activities 
including low/high voltage tests and cross-instrument 
checkouts. It has been shown already in early commis- 
sioning phase that ASPOC controls the spacecraft potential 
below 4 V in consistence with the science requirement of 
MMS. Since the completion of the commissioning activities 
in July, all ASPOC units are operating in nominal mode 
without any problems and are participating in the science 
phase activities as shown in Fig. 15. The ASPOC level 1/2 
science data products are processed on a daily basis and 
are immediately available from the Science Data Center at 
LASP/Colorado.

Electron Drift Instrument (EDI): IWF contributed to EDI 
with the Gun Detector Electronics (GDE) and the electron 
gun. The GDE was developed by Austrian industry in close 
cooperation with the institute, while the electron gun was 
entirely developed by IWF.

EDI is based on the Cluster development with several im-
provements. Because of the use of high voltage, the EDI in-
strument has been switched on a few weeks after launch, to 
avoid discharges due to residual gas in the instrument. The 
operation is changed to reduce the stress to the sensitive 
high voltage optocoupler, thus optimizing the instrument’s 
lifetime. The 500 eV energy mode has become the preferred 
operation mode. The 1 keV beam energy is used only if re-
quired by the plasma conditions.

A statistic over the first month of operation shows good 
quality of the returns (Fig. 16). In the perpendicular direc- 
tion the entire polar angle of 95° can be used. In the parallel 
direction a portion of the high angle region is shadowed by 
neighboring instruments.

Fig. 16: Statistics of beam returns for the instrument aboard MMS1  

(Credits: UI/Scott Bourns).

Digital FluxGate magnetometer (DFG): DFG is based on a 
triaxial fluxgate magnetometer developed by the Universi-
ty of California, Los Angeles, and a front-end Application 
Specific Integrated Circuit (ASIC) for magnetic field sen-
sors. The ASIC has been developed by IWF in cooperation 
with the Fraunhofer Institute for Integrated Circuits.

Until launch, IWF contributed to the system level testing 
of the DFG instruments with the careful evaluation of com-
prehensive test data acquired from the DFGs by the FIELDS 
central processing unit. During commissioning phase, IWF 
supervised the first power-on of the four DFG magneto-
meters as well as the boom deployments. It was followed 
by the comparison of the calibration parameters obtained 
in-flight with those measured before launch. It turned out 
that they match very well.

Spin axis offset calibration and combined data product: 
Methods for determining spin axis offset of the fluxgate 
magnetometers AFG and DFG using absolute magnetic 
field values deduced from EDI could be further improved. 
From August 2015 it was possible to apply the time-of-
flight (TOF) method successfully and to constrain the spin 
axis offsets. This has improved the absolute accuracy of 
AFG and DFG to better than 0.2 nT. By themselves, search 
coil and fluxgate magnetometers cannot provide the best 
possible signal-to-noise ratio. Thus, it is beneficial to com-
bine data sets from both instruments for advanced scienti-
fic analysis. Based on MMS flight data, a refinement of the 
combination model took place, an adaptation of the combi-
nation software could be finished, and regular processing 
of burst data has been started.

Fig. 15: ASPOC ion beam current (orange) and spacecraft potential (blue) 

during one orbit. It can be seen that the spacecraft potential is kept to a 

near-constant level of about 2 V when ASPOC is operating.
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CSES
The China Seismo-Electromagnetic Satellite (CSES) is schedu-
led for launch at the end of 2016 and will be the first Chine-
se platform for the investigation of natural electromagnetic 
phenomena with major emphasis on earthquake monitor- 
ing from a Sun synchronous, polar, Low Earth Orbit. The 
CSES magnetometer is developed in cooperation between 
the National Space Science Center (NSSC) of the Chinese 
Academy of Sciences, IWF, and the Institute of Experimen-
tal Physics of the Graz University of Technology (TUG). 
NSSC is responsible for the dual sensor fluxgate magne-
tometer, the instrument processor, and the power supply 
unit. IWF and TUG participate with the newly developed 
absolute scalar magnetometer, called Coupled Dark State 
Magnetometer (CDSM). In 2015, the CDSM Qualification 
Model (Fig. 17) was delivered to China and the qualifica- 
tion tests have been successfully finished.

PHYSICS
Various data from ongoing missions are analyzed and 
theoretical models are developed to describe the physical 
processes in near-Earth space. The studies deal with inter-
actions between solar wind and magnetosphere, internal 
disturbances in the magnetosphere such as plasma flows 
and waves, and plasma instabilities including magnetic re-
connection.

Frequencies of standing magnetopause surface waves: It 
has been proposed that the subsolar magnetopause may 
support its own eigenmode, consisting of propagating 
surface waves which reflect at the northern/southern ion- 
ospheres forming a standing wave. While the eigenfre-
quencies of these so-called Kruskal-Schwarzschild (KS) 
modes have been estimated under typical conditions, the 
potential distribution of frequencies over the full range of 
solar wind conditions has been unknown.

Using models of the magnetosphere and magnetosheath 
applied to an entire solar cycle’s solar wind data, time-
of-flight calculations yielding a database of KS mode fre-
quencies have been performed. Under non-storm times or 
northward interplanetary magnetic field (IMF), the most 
likely fundamental frequency is calculated to be 0.64 mHz, 
consistent with previous estimates and indirect observa-
tional evidence for KS modes. However, the distributions 
exhibit significant spread (Fig. 18) demonstrating that KS 
mode frequencies, especially higher harmonics, should 
vary considerably depending on the solar wind conditions.

The subsolar magnetopause eigenfrequencies are found 
to be most dependent on the solar wind speed, southward 
component of the IMF, and the Dst index, with the latter 
two being due to the erosion of the magnetosphere by re-
connection. Furthermore, the possible occurrence of KS 
modes is shown to be strongly controlled by the dipole tilt 
angle.

Fig. 17: CDSM Qualification Model with sensor, optical fibers and electronics 

unit (from left to right).

Fig. 18: Distributions of fundamental KS mode frequencies for different 

conditions. Most likely frequencies as well as median frequencies and inter-

quartile ranges of the distributions are indicated.

GEO-KOMPSAT-2A
A prototype of a Service Oriented Spacecraft MAGnetometer 
(SOSMAG) is being developed for ESA‘s Space Situatio-
nal Awareness program, which shall serve as a ready-to-
use space weather monitoring system to be mounted on 
a variety of different spacecraft built without a magnetic  
cleanliness program. Up to two high resolution boom- 
mounted fluxgate-magnetometers, the Digital Processing 
Unit (DPU) and the boom are provided by Magson GmbH 
and the Technical University of Braunschweig. For detec-
tion and characterization of magnetic disturbers on the 
spacecraft, two magnetometers based on the anisotropic 
magnetoresistive (AMR) effect were developed in a joint 
effort by Imperial College London and IWF. In 2015, the 
electronics design has been updated so that SOSMAG 
can be used for space weather research aboard the South 
Korean GEO-KOMPSAT-2A mission as part of the Korean  
Space Environment Monitor (KSEM) instrument suit. It will 
be launched into a geostationary orbit in May 2018.
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Anharmonic oscillatory flow braking in the Earth’s mag- 
netotail: Plasma sheet bursty bulk flows often oscillate 
around their equilibrium position at about 10 RE downtail. 
The radial magnetic field, pressure, and flux tube volume 
profiles usually behave differently earthward and tailward 
of this position. Using data from five THEMIS probes, the 
profiles were reconstructed with the help of an empirical 
model and application of thin filament theory to show that 
the oscillatory flow braking can occur in an asymmetric 
potential. Thus, the thin filament oscillations, shown in  
Fig. 19, appear to be anharmonic, with a power spectrum 
exhibiting peaks at both the fundamental frequency and 
the first harmonic. Such anharmonic oscillatory braking 
can explain the presence of the first harmonic in Pi2 pul-
sations (frequency doubling), which are simultaneously 
observed by magnetometers on the ground near the conju-
gate THEMIS footprint.

Motion of X-lines: Magnetic reconnection, being a pro-
cess of rapid energy conversion, plays a key role in mag-
netospheric dynamics. Some past studies indicate that the 
reconnection X-line, where the field lines are merged, can 
move in a specific direction in the magnetotail. A detailed 
statistical study of X-line motion in the Earth’s magnetotail 
is presented, using in situ multi-spacecraft measurements.  
The X-line velocity is obtained for 24 reconnection events 
observed by the Cluster spacecraft between 2001 and 2005. 
The data set consists of 10 single X-lines and 14 X-lines 
from time intervals of multiple reconnection. Except for 
two X-lines from multiple reconnection, all the X-lines 
move tailward (radial outward) along the current sheet, 
which is consistent with the direction of the pressure gra-
dient. The X-lines also propagate outward from the mid-
night sector in the dawn-dusk direction. The X-line speed 
in the Earth-tail direction is comparable and proportional 
to the reconnection inflow speed, as shown in Fig. 20, and 
approximately 0.1 of the reconnection outflow speed. The-
se results suggest that both the global pressure distribution 
and the local reconnection physics may affect the motion 
of the X-line.

Fig. 20: Reconnection inflow speed versus the X-line speed in radial 

direction, both normalized to the reconnection outflow speed, c = 0.86 is the 

correlation coefficient. Black line is the linear regression 

Fig. 19: Anharmonic thin filament oscillation in an asymmetric potential 

around the equilibrium position at X = −14 RE at 6:21 UT: (a) coordinate x, 

(b) velocity v, (c) phase portrait (x,v), and (d) wavelet spectrum of v. Ground 

BH magnetic field component observed by magnetometers at Rankin Inlet, 

Nunavut in Canada on 23 March 2009 between 6:00 and 6:40 UT, and their 

wavelet spectra.
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Configuration of magnetotail current sheet: Multi-point 
measurements of magnetic field and plasma parameters by 
THEMIS are used to study the current sheet configuration 
in the magnetotail. Events are selected when simultaneous 
crossings of the current sheet took place at three distan-
ces downtail, i.e., x<−25 RE, x~−17 RE, and x~−10 RE. The 
vertical velocity of the current sheet (flapping motion) is 
determined and based on this velocity, the current sheet 
thickness L(x) and the current density j0(x)≈(c/4π)B0/L are 
determined. Here B0(x) is the amplitude of the Earthward 
component of the magnetic field Bx. Fig. 21 shows two ex-
amples of the current sheet parameters.

Multi-event analysis reveals that the current sheet is rela-
tively stable over 1-3 hours. It is also shown that the cur-
rent sheet can be very stretched, i.e. a large gradient scale 
of Bz(x), also in the near-Earth region, so that the current 
sheet has a near one-dimensional configuration. These pro-
files suggest that the role of the kinetic effects become also 
important for the current sheet in the near-tail region un-
like the expectation that the current sheet configuration is 
more dipolar like, i.e. a large normal component Bz and/or 
steeper radial gradient in Bz.

Density derivation using spacecraft potential: ASPOC in-
struments aboard the Cluster and MMS missions minimi-
ze spacecraft charging effects, by reducing the spacecraft 
potential to values not higher than a few volts. While in 
operation, MMS/ASPOC emits indium ion beams with 
energy ranging between 4-12 keV. Although ASPOC ope-
ration increases the accuracy of plasma measurements, it 
prevents from a direct use of the spacecraft potential va-
riation to derive plasma densities. For this reason, a new 
reconstruction method of uncontrolled spacecraft potential 
from controlled spacecraft potential data is developed, in 
order to provide estimates of electron plasma densities in 
tenuous regions, using multi-spacecraft observations. Data 
from the Cluster mission in the magnetotail region were 
used for this purpose.

This method was applied for Cluster data to obtain photo-
electron emission curves between 2001 and 2004. The plas-
ma density profile was then reconstructed using spacecraft 
potential from data with active spacecraft potential control 
(Fig. 22). It was found that photoelectron emission and the 
obtained plasma density exhibit variations over time that 
were related to solar cycle variations.

Fig. 22: Spacecraft potential reconstructions and plasma density estimates 

for a period during August-October 2003, when the spacecraft were 

orbiting at the tail (a) the reconstructed spacecraft potential (green line) and 

comparison with the uncontrolled spacecraft potential of another spacecraft 

(black line), (b) the original spacecraft potential data with ASPOC on before 

the reconstruction, (c) the electron density estimates (green and yellow 

lines) and comparison with electron density measurement from the PEACE 

particle detector aboard Cluster.

Fig. 21: Current sheet parameters (from top to bottom: normal component 

of the magnetic field, Bz; current sheet thickness, L; current density, j0) 

along the magnetotail shown for four events. Grey boxes show the part of 

magnetotail current sheet, where almost constant thickness L was observed.
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IWF is engaged in many missions, experiments and corre-
sponding data analysis addressing solar system phenome-
na. The physics of the Sun and the solar wind, its interac- 
tion with solar system bodies, and various kinds of planeta- 
ry atmosphere/surface interactions are under investigation.

SUN & SOLAR WIND
The Sun’s electromagnetic radiation, magnetic activity, 
and the solar wind are strong drivers for various processes 
in the solar system.

SOLAR ORBITER
Solar Orbiter is a future ESA space mission to investigate 
the Sun, scheduled for launch in 2017. Flying a novel tra-
jectory, with partial Sun-spacecraft corotation, the mission 
plans to investigate in-situ plasma properties of the near 
solar heliosphere and to observe the Sun’s magnetized at-
mosphere and polar regions. IWF builds the digital pro- 
cessing unit (DPU) for the Radio and Plasma Waves (RPW) in-
strument aboard Solar Orbiter and has calibrated the RPW 
antennas, using numerical analysis and anechoic chamber 
measurements. Furthermore, the institute contributes to 
the magnetometer.

Radio and Plasma Waves (RPW): RPW will measure the 
magnetic and electric fields at high time resolution and will 
determine the characteristics of the magnetic and electro- 
static waves in the solar wind from almost DC to 20 MHz. 
Besides the 5 m long antennas and the AC magnetic field 
sensors, the instrument consists of four analyzers: the ther-
mal noise and high frequency receiver; the time domain 
sampler; the low frequency receiver; and the bias unit for 
the antennas. The control of all analyzers and the commu-
nication will be performed by the DPU, developed by IWF.

The DPU EM4 qualification model and, at the end of 2015, 
the first flight model of the DPU (Fig. 23) have been deliver-
ed to LESIA, Observatoire de Paris. Large effort has been 
made for a solder qualification for three packages used in 
the DPU. One is the 3DPlus EEPROM, which consists of 
a stack of eight memory components. Because of its un- 
usual height, this package is very sensitive to vibration loads 
and the solder process is critical. A test board with 3DPlus 
components and LCC3 packages has been built, vibration 
tested and thermally stressed over 200 cycles (full temper- 
ature range). Finally, the solder joints have been inspec-
ted by micro-sectioning. The results are positive and IWF 
is certified to solder these components. For the third com- 
ponent the micro-sectioning is still ongoing. Furthermore, 
a detailed analysis and qualification program has been exe-
cuted for the FPGA design. In cooperation with French spe-
cialists the design has been reviewed, simulated, tested and 
an extensive statistics has been established, demonstrating 
the compliance with the ESA ESCC design rules.

PHYSICS
The kinetic slow mode as a candidate process for solar 
wind heating: The solar wind exhibits various kinds of 
broadband fluctuations in the magnetic field, ranging from 
mHz to tens of Hz in frequency. Solar wind turbulence at 
frequencies around 1 Hz is particularly interesting and 
important in understanding the dissipation mechanism 
of magnetohydrodynamic turbulence by ion motion and 
the heating mechanism in the solar wind. Yet what kind 
of fluctuation modes rule the heating mechanism through 
wave-particle interactions? A theoretical plasma wave stu-
dy has revealed the possible existence of the kinetic slow 
mode in the solar wind on spatial scales around the ion  
gyro-radius (~100-1000 km in the solar wind). The kinetic 
slow mode represents the lowest-frequency compressible 
waves propagating quasi-perpendicular to the mean mag-
netic field on the ion gyro-radius scales (Fig. 24) and can 
heat the solar wind ions through proton Landau resonance. 
The properties of the kinetic slow mode are studied, and 
the mode is testable against the solar wind observations.

SOLAR SYSTEM

Fig. 23: Flight model of the DPU or the RPW instrument aboard Solar Orbiter.

Fig. 24: Dispersion relations for kinetic slow, kinetic Alfvén, whistler, and 

ion Bernstein modes are theoretically evaluated in the diagram spanning the 

wave numbers normalized to the proton inertial length on the x-axis and the 

frequencies normalized to the proton gyro-frequency on the y-axis.
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A new process for strong non-radial eruptions of solar cor- 
onal mass ejections: On 7 January 2014, one of the fastest 
CMEs of the current solar cycle, with an initial speed of 
about 2500 km/s, erupted from solar disk center. Major 
alerts were sent out by space weather prediction offices 
such as NOAA because the CME was thought to be Earth 
directed, which lead to a global news coverage of the event. 
However, it turned out very unexpectedly that the CME 
missed Earth almost entirely, and no significant geomag- 
netic activity followed. To figure out the causes, data pro-
vided by the Heliophysics System Observatory were ana-
lyzed, from STEREO-A and B, SOHO, SDO, Wind, Mars 
Express, and the radiation instrument on the Curiosity rover 
on Mars.

For connecting the observations from the Sun to the plan-
ets, the Ellipse Evolution (ElEvo) model was introduced 
for the CME shock based on hydrodynamic drag equations 
and an elliptic shape. The model can analytically predict 
planetary CME shock arrival times and speeds and can 
also be used in real time. From STEREO, SDO and SOHO 
imaging it could be unambiguously derived that a CME 
erupted from the source region to about 40° west of Earth, 
confirmed by a Forbush decrease at Mars and the arrival of 
a weak shock at Wind (Fig. 25). This is the strongest non-ra-
dial eruption of a CME that has ever been observed. The 
cause for the eruption was a “channeling” by the active re-
gion magnetic fields, which is a so far largely unrecognized 
process. It has been further confirmed with other studies 
on modeling the coronal magnetic fields of the active re- 
gion producing this CME.

Statistical description of magnetic fluctuations in the so-
lar wind: The interplanetary magnetic field exhibits fluc-
tuations over a huge range of temporal and spatial scales. 
Although the variability of fluctuations is high and the 
number of involved physical processes is large, statistical 
physics offers a reduction scheme, in which the scale de-
pendent histograms can be explained in terms of a limited 
set of theoretical probability distribution functions. Uncon-
ditional and conditional statistics based on thresholding of 
physical parameters has revealed, that the histograms of 
magnetic fluctuations associated with multi-scale or iner- 
tial-range turbulent processes during alternating high-
speed low-speed solar wind streams, can be described 
in terms of additive and multiplicative processes with or 
without correlations. It was shown that the additive nor-
mal (Pn) and multiplicative log-normal (PLn) theoretical 
distributions represent a limiting case of kappa (Pκ) and 
log-kappa (PLκ) distributions. In terms of correlations, 
the transition from long-range (log-)kappa to short-range 
(log-)normal correlations is obtained in the limit of κ  ∞, 
where κ is the so-called non-extensivity parameter. The re-
sults suggest that the kappa family of model distribution 
functions offers the desirable flexibility in statistical model- 
ing of interplanetary magnetic field fluctuations (Fig. 26).

Fig. 25: Heliospheric positions of various planets and spacecraft on 7 January 

2014. The shape of the CME shock given by ElEvo is plotted for different 

time steps as indicated by colors.

Fig. 26: Probability distribution functions from the direct measurements 

in the solar wind. Top: multi-scale histograms; bottom: inertial range 

histograms; left: unconditional statistics; center/right: conditional statistics 

based on thresholding. Theoretical distributions: Pn - normal, PLn - log-

normal Pκ - kappa, PLκ - log-kappa distribution functions.
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MERCURY
Mercury is now in the center of attention because of the 
current NASA MESSENGER mission and the upcoming 
ESA/JAXA BepiColombo mission. The planet has a weak 
intrinsic magnetic field and a mini-magnetosphere, which 
strongly interacts with the solar wind.

BEPICOLOMBO
Two spacecraft, to be launched in 2018, will simultaneously 
explore Mercury and its environment: the Japanese Magne-
tospheric (MMO) and ESA‘s Planetary Orbiter (MPO). IWF 
plays a major role in developing the magnetometers for 
this mission: it is leading the magnetometer investigation 
aboard the MMO (MERMAG-M) and is responsible for the 
overall technical management of the MPO magnetometer 
(MERMAG-P). For MPO, IWF also leads the development 
of PICAM, an ion mass spectrometer with imaging capa-
bility, which is part of the SERENA instrument suite, to 
explore the composition, structure, and dynamics of the 
exo-ionosphere.

During 2015, the instrument teams at IWF supported sys-
tem level testing of both MMO and MPO spacecraft (Fig. 
27). It included e.g. detailed functional and electromag-
netic compatibility tests. The IWF magnetometer group 
assembled the MERMAG-P spare model and finished all 
related environmental tests.

For PICAM the main task in 2015 was the completion of the 
flight model campaign and the refurbishment of the qual- 
ification model as flight spare. The flight model was de- 
livered to ESA by the end of March, and it was integrated 
on MPO in exchange with the qualification model. The lat-
ter was upgraded to be flight capable by the end of 2015.

PHYSICS
Long-term rotational state and spin-orbit coupling of Mer-
cury: Together with the Departments of Mathematics of 
the Universities of Namur (Belgium) and Milan (Italy), the 
long-term behavior of the coupling between the rotational  
state and the orbital motion of Mercury (which is currently 
in a 3:2 spin-orbit resonance) has been investigated. The 
study allows providing bounds (in the order of 0.1 rad) to 
both the latitudinal and longitudinal libration angles for a 
long but finite time. The main conclusion is that Mercury’s 
current spin-orbit coupling is practically stable (and may 
persist for orders of magnitude exceeding the age of the 
solar system).

Mercury’s surface-exosphere environment: The efficien-
cy of sputtered elements by H+ and He2+ solar wind ions 
from Mercury‘s surface and their contribution to the exo- 
sphere have been studied for various solar wind conditions. 
A 3D solar wind–planetary interaction hybrid model was 
used for the production of particle precipitation maps on 
the surface. The sputter yields are calculated by coupling a 
surface-plasma interaction model with a 3D exosphere mod- 
el. Due to Mercury‘s magnetic field, for moderate solar 
conditions the plasma precipitates only around the poles. 
For extreme solar events (i.e., fast solar wind, CMEs), the 
solar wind plasma has access to the entire dayside area. In 
such cases the release of particles from the planet‘s surface 
can result in an exospheric density increase of more than 
one order of magnitude. The escape rates are also about 
an order of magnitude higher. Furthermore, the amount of 
He2+ ions in the precipitating solar plasma flow enhances 
also the release of sputtered elements from the surface in 
the exosphere. The modelled results are in good agreement 
with MESSENGER satellite observations of sputtered Mg 
and Ca elements, shown in Fig. 28.

Fig. 27: The proto-flight model of the BepiColombo Mercury Planetary Orbiter 

(MPO) in the test center at ESA‘s European Space Research and Technology 

Centre (Credits: ESA/A. Le Floc’h).

Fig. 28: Column densities for a moderate a slow and fast solar wind case 

of sputtered O and Mg along the Sun-planet direction at 10 Mercury radii 

and projecting the density integrated along the lines of sight onto the noon-

midnight plane.
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VENUS & MARS
Two terrestrial planets are located just inside, Venus at 0.7 
AU (AU = Astronomical Unit, distance Earth-Sun), and 
just outside, Mars at 1.5 AU, of the Earth’s orbit around 
the Sun. Venus has a radius slightly smaller than Earth and 
is differentiated; it does, however, not exhibit an internal  
magnetic field. Mars has a radius about half as big as that 
of the Earth, is also differentiated, but only exhibits rem-
nant surface magnetization of a now defunct internal dy-
namo. Venus is characterized by a very dense atmosphere, 
whereas Mars has a very tenuous one. Both planets genera-
te a so-called induced magnetosphere by their interaction 
with the solar wind.

INSIGHT
The planned March 2016 launch of NASA’s InSight  
mission to Mars had to be suspended due to problems with 
the prime instrument. IWF is contributing to the HP³ (mole) 
experiment, which is to explore the mechanical properties 
of the Martian soil as the mole penetrates the ground to a 
planned depth of about 3 m.

A so-called “pile driving model” was developed, which is 
able to predict the displacement of the mole in the soil in 
response to subsequent hammer strokes. Fig. 29 shows the 
displacement of the mole elements caused by a single ham-
mer stroke in a cohesionless material. 

For a more accurate simulation of the soil response, a 
particle-code called LIGGGHTS was used. Thereby it is 
possible to calculate the soil deformation and the local  
changes of density due to the mole penetration. A coupling 
of a multi body system of the hammer mechanism and the 
soil model allows also for efficiency investigations at dif- 
ferent depths.

CHINESE MARS MISSION
China plans a Mars orbiter and lander to be launched in 
2022. The main mission will conduct a comprehensive 
remote sensing and a surface landing on the Red Planet. 
IWF will contribute a magnetometer.

PHYSICS
Venusian ionosphere: Examination of Venus Express (VEX) 
low altitude ionospheric magnetic field measurements dur- 
ing solar minimum has revealed the presence of strong mag- 
netic fields at low altitudes over the north pole of Venus. 
77 events with strong magnetic fields as VEX crossed the 
northern polar region were identified between July 2008 
and October 2009 (Fig. 30). These events all have strong 
horizontal fields, slowly varying with position. They 
do not show a preference for any particular Interplane-
tary Magnetic Field (IMF) orientation. However, they are 
found over the geographic pole more often when the inter- 
planetary field is in the Venus orbital plane than when it 
is perpendicular to it. The structures were found most fre-
quently in the -E hemisphere, determined from the IMF 
orientation. The enhanced magnetic field is mainly quasi 
perpendicular to solar wind flow direction and it is sug- 
gested that these structures form in the low altitude colli- 
sional ionosphere where the diffusion and convection 
times are long.

Venus proton cyclotron waves (PCW) near solar maxi-
mum: Already in the first years of VEX in solar minimum 
the magnetometer data allowed to identify PCWs in the 
regions upstream of the Venus bowshock. These wa-
ves are a tracer for newborn planetary H+ ions, escaping 
from the planet‘s exosphere and being lost to the solar 
wind. The escape of H from Venus and Mars has an im-
portant influence on the different evolution of their re- 
spective atmosphere over the timespan of the solar sys-
tem evolution. Now the magnetometer data were investi- 
gated for the occurrence of upstream PCWs for two Venus  
years, when the solar activity was near its maximum. Sur-
prisingly, more wave occurrences were found, although 

Fig. 29: Displacement of the mole elements and plastic displacement of the 

soil around the tip immediately after a hammer stroke, as calculated by the 

“pile driving model” for mole penetration.

Fig. 30: Superimposed magnetic field profiles of the 77 selected events. 

Note that the magnetic field Bz component of the structures have been 

transformed into the same bipolar directions.
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the solar wind is expected to be more turbulent and less 
favorable for such wave generation for maximum condi-
tions. Also, the waves were mainly found for times with 
IMF pointing towards the Sun, but their overall properties 
were similar to those at solar minimum. An explanation 
for the unexpected results was found from the specific so-
lar wind conditions for the unusual solar maximum. The 
solar maximum was very weak, with times of extremely 
low proton density and low to medium velocity. Still the  
higher UV emission leads to an increase in the generati-
on of newborn Venusian protons against a background 
of very low solar wind density. The thus enhanced ratio 
of plan-etary protons to solar wind protons is the driver 
for the increased generation of PCWs. Furthermore, it was 
found that the asymmetry in the wave occurrence is due to 
the southward tilt of the solar current sheet with prevai-
ling inward IMF polarity in the northern lobe for this so-
lar maximum. Since the VEX orbit is approximately in the 
ecliptic plane, it is mainly above the tilted current sheet in 
the northern lobe and the magnetometer will observe more 
inward polarity for the specific time interval investigated.

JUPITER & SATURN
Jupiter and Saturn are the two largest planets in the solar 
system. Because of their atmospheric composition they are 
called “gas giants”. Both planets rotate rapidly (approxi-
mately with a 10 hours period) and are strongly magne-
tized, with the Jovian multipole field tilted at 10° and the 
Kronian field almost dipolar and perfectly aligned with the 
rotational axis. The magnetospheres are dominated by in-
ternal plasma sources, generated by the large number of 
moons, particularly Io at Jupiter and Enceladus at Saturn. 
The gas giants are also strong sources of radio emissions.

CASSINI
The Cassini mission is in its 11th year since Saturn orbit 
insertion. In 2015 Cassini performed the last equatorial or-
bits and the last flybys of the moons Dione and Enceladus 
during its long mission. In 2016 flybys at Saturn’s largest 
moon Titan will be used to raise its orbital inclination over 
60°. IWF participated in Cassini with the Radio and Plasma 
Wave Science (RPWS) instrument.

JUICE
ESA’s first Large-class mission JUpiter ICy moons Explorer 
(JUICE) is planned for launch in 2022 and arrival at Jupiter 
in 2030. In 2015, the contract for building the JUICE space- 
craft was signed by ESA and Airbus Defence and Space 
(Fig. 31). JUICE will spend at least three years making de-
tailed observations of the giant gaseous planet Jupiter and 
three of its largest moons, Ganymede, Callisto and Europa. 
IWF is taking part with Co-I-ship for three different select-
ed instrument packages.

For the Jupiter MAGnetometer (J-MAG) IWF supplies an atom- 
ic scalar sensor, which is developed in collaboration with 
TU Graz. In 2015, the design of J-MAG was consolidated 
and the manufacturing of the laboratory model has been 
started. The Particle Environment Package (PEP) is a plas-
ma package with sensors to characterize the plasma en-
vironment in the Jovian system and the composition of the 
exospheres of Callisto, Ganymede, and Europa. IWF parti-
cipates in the PEP consortium on Co-I basis in the scienti-
fic studies related to the plasma interaction and exosphere 
formation of the Jovian satellites. IWF is also responsible 
for the antenna calibration of the Radio and Plasma Wave In-
vestigation (RPWI) instrument. Numerical simulations for 
a configuration of three dipoles mounted on the magne-
tometer boom have shown that the exact positions of the 
feed points are crucial for the antenna reception properties.Fig. 31: Artist’s impression of the JUICE spacecraft in the Jupiter system 

(Credits: Airbus Defence and Space).
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COMETS & DUST
Comets and interplanetary dust are the remainders of the 
building blocks from which the solar system was formed, 
although dust can also be created by collisions of e.g. as-
teroids. With the arrival of Rosetta at comet 67P/Churyu-
mov-Gerasimenko the study of comets has started again 
after a few decades since the last cometary mission.

ROSETTA
Rosetta arrived at comet 67P/Churyumov-Gerasimenko 
(67P/CG) in August 2014 and has since followed the comet 
along its orbit past perihelion (Fig. 33). The nominal mis- 
sion ended at the end of 2015, however, it has been extend- 
ed until September 2016.

IWF is participating in five instruments, on PI basis for 
the Micro-Imaging Dust Analysis System (MIDAS) and Co-I 
basis for the Rosetta Plasma Consortium (RPC), the Rosetta 
Lander Magnetometer and Plasma Monitor (ROMAP), the 
Multi-Purpose Sensor (MUPUS), and the Cometary Secondary 
Ion Mass Spectrometer (COSIMA).

PHYSICS
Location and stability of μm-sized dust particles in the so-
lar system: Together with the Department of Mathematics 
of the University of Rome Tor Vergata (Italy), the possibili-
ty of stable motions of µm-sized dust particles in the vicini-
ty of the Lagrange points L4, L5 in the solar system (as well 
as in planetary systems) has been investigated. Conditions 
on the physical parameters (size, density, optical proper-
ties), which are necessary for temporary capture, have been 
derived.

It turned out that the time of temporary capture (stabili-
ty time) close to the tadpole regime of motion is strongly 
affected by solar radiation, i.e. by the so-called Poynting- 
Robertson effect caused by relativistic particle–photon in-
teractions. For 10-100 µm sized particles, the orbital stabili-
ty is only 1000-10000 years.

Gravity field and rotational state of comet 67P/C-G: In 
collaboration with the department SYRTE (Systèmes de  
Référence Temps-Espace) of the Observatoire de Paris IWF 
successfully determined the gravity field and the basic ro-
tational properties (Fig. 34) of comet 67P/C-G. The results 
are based on a polyhedron model of the comet’s nucleus, 
obtained from the OSIRIS and NAVCAM experiments 
aboard the Rosetta spacecraft.

Fig. 33: Images of comet 67P/C-G taken with OSIRIS narrow-angle camera on 12 August 2015, just a few hours before the comet reached perihelion, about  

330 km from the comet (Credits: ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA).

Fig. 34: Nutation parameters (caused by solar torque) versus mean anomaly 

M for normalized polar moment of inertia c=0.25. Dotted lines: actual 

parameters; shaded regions: possible offsets due to outgassing effect.

22IWF/ÖAW

SOLAR SYSTEM



The field of exoplanet research (i.e. investigation of planets 
around stars other than our Sun) has developed strongly, 
in the past decade. Since the discovery of 51 Peg b, the first 
Jupiter-type gas giant outside our Solar System, more than 
1000 exoplanets, about 800 planetary systems with more 
than 170 multiple planet systems have been detected. Better 
observational methods have led to the finding of so-called  
super-Earths, some of them even inside the habitable zone 
of their host star. However, the majority of super-Earths 
have low average densities, which indicate that they are 
surrounded by dense hydrogen envelopes or volatiles. 
By minimizing the uncertainties of the radii with the up- 
coming missions CHEOPS and PLATO, densities and hence 
the structure of these planets will be better determined.

The institute concentrates on the study of planetary atmo-
spheres using both theory and observation, focusing on the 
analysis of exoplanet evaporation and mass loss processes. 
Further research is conducted towards star-planet inter-
action phenomena through the collection and analysis of 
transmission and emission exoplanet observations.

CHEOPS
ESA’s first Small-class mission CHEOPS (CHaracterizing 
ExOPlanets Satellite) will be the first space mission dedicat- 
ed to characterize exoplanets in detail. It will focus on exo-
planets with typical sizes ranging from Neptune down to 
Earth diameters orbiting bright stars. This mission will also 
try to specify the components of their atmospheres.

The electrical subsystem for CHEOPS consists of two units, 
the BEE (Back-End-Electronics) and the camera. IWF is res-
ponsible for the development of the fully redundant BEE. 
The institute develops the DPU (digital processing unit) 
and its boot software, while the PSU (power supply unit) is 
a contribution of RUAG Space Austria. The BEE provides 
the electrical interface to the spacecraft and performs the 
control of the CHEOPS instrument. Commands are routed 
from the spacecraft through the BEE to the camera and the 
image data are compressed and packetized for transmis-
sion.

The preliminary design review for the BEE has been suc-
cessfully completed and the development of the DPU 
prototypes was started. In parallel, the BEE Structural 
and Thermal Model (STM) was assembled by IWF and 
delivered to Airbus Spain (Fig. 35). The vibration tests at 
spacecraft level have been successfully finished. The first 
prototype was integrated with the power supply into an 
electrical representative BEE model. The delivery to Airbus 
is scheduled for the first quarter of 2016. Two more DPU 
prototypes have been assembled and tested. One has been 
delivered to the Institute of Astronomy of the University 

of Vienna for the development of the application software, 
while the last one remains at the institute as reference for 
the boot S/W development. Presently, the Engineering and 
Qualification Model (EQM) of the DPU is built. The inte-
gration of the BEE EQM is scheduled for the beginning of 
2016.

PLATO
PLATO (PLAnetary Transits and Oscillations of stars, Fig. 
36) is the third Medium-class mission in ESA‘s Cosmic Vi- 
sion program. It will monitor relatively nearby stars,  
searching for tiny, regular dips in brightness as their planets 
transit, temporarily blocking out a small fraction of the 
starlight. By using 34 separate small telescopes and cameras, 
PLATO will search for planets around up to a million 
stars spread over half of the sky. It will also investigate 
seismic activity in the stars, enabling a precise characteri- 
zation of the host star of each planet discovered, including 
its mass, radius and age. PLATO will identify and study 
thousands of exoplanetary systems, with an emphasis on 
discovering and characterizing Earth-sized planets and  
super-Earths in the habitable zone of their parent star – the 
distance from the star where liquid surface water could 
exist.

IWF together with the Institute of Astrophysics (IfA), Uni-
versity of Vienna, is participating in the development of 
the on-board PLATO data processing chain. The PLATO 
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Fig. 35: Structural model of the CHEOPS spacecraft during preparation for 

vibration test. The BEE STM, can be seen on the folded-out panel at the left 

side.

23IWF/ÖAW

EXOPLANETARY SYSTEMS



instrument will search for planets around up to a million 
stars, measuring the small variations in brightness by high 
precision photometry. Sixteen digital processing units and 
two so called “fast DPUs” will process the image data. The 
pre-processed information will be routed to the instrument 
control unit (ICU), where it needs to be compressed and 
packetized for the telemetry transfer. The front end of the 
ICU builds the Router and Data Compression Unit (RDCU), 
built by IWF and IfA, which combines two functions. On 
one hand it bundles the SpaceWire channels from the six 
DPUs and six ancillary units into one link to the memory 
in the instrument controller. In addition, it provides a fast 
data compressor realized by hardware logic in an FPGA.

PHYSICS
On the stellar activity – planet surface gravity correlation 
of systems hosting hot Jupiters: The chromospheric ativ- 
ity index logR’HK of stars hosting transiting hot Jupiters 
appears to be correlated with the planets‘ surface gravity. 
One of the possible explanations is based on the presence 
of condensations of planetary evaporated material located 
in a circumstellar cloud that absorbs the CaII H&K and 
MgII h&k resonance line emission flux, used to measure 
chromospheric activity. A larger column density in the 
condensations, or equivalently a stronger absorption in the 
chromospheric lines, is obtained when the evaporation rate 
of the planet is larger, which occurs for a lower gravity of 
the planet. This selection based on the systems’ interstellar 
reddening was considered to minimize systematic effects 
on the logR’HK measurements. A mixture model was ap-
plied to the data (logR’HK values and planets’ surface grav-
ities) gathered for the selected sample of systems. It was 
found that the data are best fit by a two-linear-regression 
model. This result was interpreted in terms of the Vaughan- 
Preston gap. A Monte Carlo approach led to conclude that 
the two intercepts fit the observed peaks of the distribution 
of logR’HK for main-sequence solar-like stars (see Fig. 36). 

The intercepts also correlate with the slopes, as predicted 
by the model based on the condensations of planetary 
evaporated material. These findings bring further support 
to the model, although it was not possible to firmly exclude 
different explanations, such as star-planet interactions.

Deep mixing effects in starspot variability: The current 
knowledge on plasma convective mixing in stellar inte-
riors is based on theoretical modelling, which provides 
the basis for the empirical relations between the mixing 
and observable stellar parameters. A model-independent 
approach to study the mixing process is still a challenge. 
The new spectral-correlation method, verified for the Sun 
and applied to the Kepler mission photometry of main se- 
quence stars, shows that deep mixing is manifested in stel-
lar photometric light curves. The timescales of the stochastic 
change in the spectral power of stellar rotational variability 
were measured for first and second rotational harmonics of 
hundreds of Kepler stars. These timescales, which charac-
terize the dynamics of global starspot patterns have been 
shown to obey Kolmogorov’s theory of turbulence.

Deep mixing affects the relation between the cyclic frequen- 
cy ωcyc of short-periodic activity cycles and the inverted 
Rossby number Ro-1 ∝ τ (Fig. 38), where τ is the characteristic 
timescale of deep mixing, known as the turnover time in 
the standard mixing length theory. It has been shown that τ 
can be found by the conversion of the measured timescales 
of the first and second rotational harmonics into the 
timescale of laminar convection. This connection opens the 
way to determine the model-independent turn-over time. 
The discovered new branch on the ωcyc - Ro-1 diagram (the 
central cluster in Fig. 37) connects the branch of inactive 
stars with the area populated by super-active objects. 
The formation of the discovered branch is due to the 
α-quenching effect, which saturates the magnetic dynamo 
and decreases the cycle periods with the increase of Ro-1.

Fig. 36: Chromospheric emission index logR’HK vs. inverse of the planet 

surface gravity for the considered systems with the two best-fitting 

regression lines of the mixture model in black and red. The open circles 

show systems that could belong to either correlation.

Fig. 37: The relation between normalized cyclic frequency ωcyc of stellar 

activity cycles and the inverted Rossby number Ro-1.
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Instruments aboard spacecraft are exposed to harsh en-
vironments, e.g., vacuum, large temperature ranges, radi-
ation, and high mechanical loads during launch. Further-
more, these instruments are expected to be highly reliable, 
providing full functionality over the entire mission time, 
which could last for more than a decade.

VACUUM CHAMBERS
The Small Vacuum Chamber is a manually controlled, cylin-
drical vacuum chamber (160 mm diameter, 300 mm length) 
for small electronic components or printed circuit boards. 
It features a turbo molecular pump and a rotary dry scroll 
forepump. A pressure level of 10-10 mbar can be achieved.

The Medium Vacuum Chamber has a cylindrical stainless 
steel body with the overall length of 850 mm and a diame-
ter of 700 mm. A dry scroll forepump and a turbo molecu-
lar pump provide a pressure level of about 10-7 mbar. A tar-
get manipulator with two axes and an ion beam source are 
installed. This chamber mainly serves for functional tests of 
the ion mass spectrometer for BepiColombo.

The Large Vacuum Chamber has a horizontal cylindrical 
stainless steel body and door, a vision panel, two turbo 
molecular pumps and a dry scroll forepump. A pressure 
of 10-7 mbar can be achieved. The cylinder has a diameter 
of 650 mm and a length of 1650 mm. During shutdown the 
chamber is vented with nitrogen. A target manipulator in-
side the chamber allows for computer-controlled rotation 
of the target around three mutually independent perpen-
dicular axes. The vacuum chamber is enclosed by a perm- 
alloy layer for magnetic shielding. To enable the baking 
of structures and components (to outgas volatile products 
and unwanted contaminations), the chamber is equipped 
with a heater around the circumference.

The Thermal Vacuum Chamber is fitted with two turbo mo-
lecular pumps, a dry scroll forepump, and an ion getter 
pump, which together achieve a pressure level of 10-6 mbar 
and allow quick change of components or devices to be test- 
ed. A thermal plate installed in the chamber and liquid 
nitrogen are used for thermal cycling in a temperature 
range between -90 °C and +140 °C. The vertically oriented 
cylindrical chamber allows a maximum experiment diame-
ter of 410 mm and a maximum height of 320 mm.

The Surface Laboratory Chamber is dedicated to surface 
science research. It has a diameter of 400 mm and a height 
of 400 mm, extendable up to 1200 mm. One rotary vane 
pump and one turbo-molecular pump achieve a minimum 
pressure of 10-5 mbar. With an external thermostat the 
chamber temperature can optionally be controlled between 
-90 °C and +50 °C.

The Sample Chamber contains an 8µ particle filter and al-
lows measurements of grain sample electrical permittivity. 
One rotary vane pump achieves a minimum pressure of 
10-3 mbar.

HIGH-PERFORMANCE COMPUTER LEO
The new high-performance computer LEO comprises a  
login-server for job processing and 32 compute nodes with 
a total of 1320 CPU cores. The software library is imple-
mented with so-called “environment modules”, which 
enable users to quickly include one specific software ver-
sion, while other users might need a different version. For 
large-scale simulations there is an attached storage server 
that provides some 150 TB of hard disk space with different 
backup levels. The compute nodes use solid-state drives 
(SSD) for a massive-parallel cluster filesystem. Crucial for 
high-performance computing is also the 40 Gbit/s network 
with nanoseconds latency, which is implemented fully by 
Infiniband hardware. Emergency procedures documenta-
tion allows for a complete re-installation of the operating 
system within about two hours working time. The LEO 
hardware, shown in Fig. 38, automatically downloads and 
processes data from the MMS mission and is actively used 
for simulation-based research.

INFRASTRUCTURE

Fig. 38: LEO storage server and compute nodes.
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OTHER TEST FACILITIES
The Temperature Test Chamber allows verifying the resistance 
of electronic components and circuits to most temperatures 
that occur under natural conditions, i.e., -40 °C to +180 °C. 
The chamber has a test space of 190 l and is equipped with 
a 32-bit control and communication system. 

The second Temperature Test Chamber is used for fast cycling 
electronic components and circuit. The temperature range 
is -70 °C to +180 °C. The chamber has a test space of 37 l 
and is equipped with similar interfaces for communication.

The Penetrometry Test Stand is designed to measure mechan- 
ical soil properties, like bearing strength. The UV Expo-
sure Facility is capable to produce radiation between 200- 
400 nm (UV-A, UV-B, UV-C).

Magnetometer calibration: A three-layer magnetic shield-
ing made from mu-metal is used for all basic magnetome-
ter performance and calibration tests. The remaining DC 
field in the shielded volume is <10 nT and the remaining 
field noise is <2 pT/√Hz at 1 Hz. A special Helmholtz coil 
system allows generating field vectors of up to ±30000 nT 
around the sensor under test.

The Magnetometer Temperature Test Facility is used to test 
magnetic field sensors between -170 °C and +220 °C in a 
low field and low noise environment. Liquid nitrogen is 
the base substance for the regulation, which is accurate to 
±0.1 °C. A magnetic field of up to ±100000 nT can be applied 
to the sensor during the test cycles.

FLIGHT HARDWARE PRODUCTION
Clean room: Class 10000 (according to U.S. Federal Stan-
dard 209e) certified laboratory with a total area of 30 m2. 
The laboratory is used for flight hardware assembling and 
testing and accommodates up to six engineers.

Clean bench: The laminar flow clean bench has its own 
filtered air supply. It provides product protection by 
ensuring that the work piece in the bench is exposed only 
to HEPA-filtered air (HEPA = High Efficiency Particulate 
Air). The internal dimensions are 118 x 60 x 56 cm3.

Vapor phase and IR soldering machine: The vapor phase 
soldering machine is suitable for mid size volume produc-
tion. The maximum board size is 340 x 300 x 80 mm3. Va-
por phase soldering is currently the most flexible, simplest 
and most reliable method of soldering. It is ideally suited 
for all types of surface mounted device (SMD) components 
and base materials. It allows processing of all components  
without the need of any complicated calculations or having 
to maintain temperature profiles. For placing of fine pitch 
parts and rework of electronic boards an infrared soldering 
and precision placing system is used.

The new DispenseMate 585 (Fig. 39) is a solder paste print-
er in a compact benchtop format. This machine allows a 
precise dosing of solder pastes on PCBs. As an option, a 
dispenser for precise glue application can be used. The  
range of motion is 525 x 525 mm.

Fig. 39: Solder paste printer.
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PUBLIC OUTREACH
IWF is actively engaged in science education and public 
outreach. 2015 PR activities again concentrated on ESA‘s 
comet chaser Rosetta.

From 29 April to 4 May, the “Space Technology 2015” sym-
posium took place during the Graz Spring Fair. IWF par-
ticipated in the exhibition “Faszination Raumfahrt” and 
presented numerous payload models of the BepiColombo, 
COROT, Venus Express, MMS, and Rosetta missions to 
over 40000 visitors. On 30 April, special guest Matt Taylor  
(Fig. 40), ESA Rosetta Project Scientist, talked about how to 
land on a comet and IWF director Wolfgang Baumjohann 
presented IWF’s contributions to this mission.

During the URANIA symposium “Rosetta & Philae”on 29 
May several IWF members reported about the first results 
of this outstanding ESA mission.

On 2 October, Deputy Mayor Martina Schröck organized 
the second “Grazer Weltraumtag” in downtown Graz, 
which was visited by about 2000 people. IWF guided the 
visitors to the distant worlds of comets and exoplanets and 
informed about the magnetosphere as the Earth’s protect- 
ive shield. The program included several magnetometry 
experiments, computer games, a children’s corner, a re- 
mote controlled Mars Rover tour, a stage discussion and 
last but not least a “How to cook a comet” show.

On 13 November, an “Einstein-Junior” families’ afternoon 
was organized at IWF. About 30 children (Fig. 41) and their 
parents learned about Rosetta and Philae on their way to co-
met 67P/CG. The program included several movie shows, 
a guided tour through the cometary lab, a “How to cook a 
comet” show, and a finishing quiz, where the young space 

experts answered easily even the most difficult questions. 
The celebratory end of this afternoon was the night launch 
of two water rockets.

From 23-26 November, a “Post Alpbach” meeting was held 
at Schloss St. Martin, where Günter Kargl served as tutor.

During summer time, six high-school students performed 
an internship at IWF under the “Talente-Praktika” program 
of FFG. They worked on MMS data calibration, cometary 
dust and MIDAS, El Niño from space, a miniaturized mag-
netic field instrument, VLF wave propagation, and the geo-
physics/meteorology of the Novara expedition.

Throughout the rest of the year, many different groups 
and school classes visited the institute and were guided  
through the labs and the planetary garden.

AWARDS & RECOGNITION
For his successful public outreach work, especially in the 
context of the Rosetta mission, IWF director Wolfgang 
Baumjohann was named “scientist of the year” 2014 by 
the Austrian Club of Education and Science Journalists  
(Fig. 42). On 31 January, he was invited as guest of honor 
to the Vienna Ball of Sciences held in Vienna’s townhall.

MEETINGS
Wolfgang Baumjohann served as Vice Director and on the 
Program Committee of the Summer School Alpbach, which 
took place from 14 to 23 July and was dedicated to „Quan- 

OUTREACH

Fig. 40: ESA Rosetta Project Scientist Matt Taylor and fans during the Graz 

“Space Technology 2015” symposium.

Fig. 41: Children participating in the “Einstein-Junior” families’ afternoon 

at IWF.
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tum Physics and Fundamental Physics in Space”. Every 
year, 60 students and about 25 lecturers and tutors from  
among ESA’s member states are invited to this meeting.

Additionally, H. Lammer and M. Scherf were members of 
program and/or scientific organizing committees for three 
international conferences and/or workshops.

T. Al-Ubaidi, M. Andriopoulou, M.Y. Boudjada, G. Kargl, 
M.L. Khodachenko, G. Kirchner, H. Lammer, C. Möstl,  
R. Nakamura, G. Stangl, and M. Volwerk organized or 
chaired 18 sessions at 7 international meetings.

LECTURING
In summer 2015 and in winter term 2015/2016 IWF mem-
bers gave lectures at the University of Graz, Graz Universi-
ty of Technology, University of Vienna, TU Braunschweig, 
FH Joanneum, and FH Wiener Neustadt.

THESES
Besides lecturing, members of the institute are supervising 
Bachelor, Diploma, Master and Doctoral Theses. In 2015, 
the following supervised theses have been completed:

Juvan, I.: Exoplanet Transit Light Curve Study and Anal-
ysis Concerning Star-Planet Interactions and Exomoons, 
Master Thesis, Universität Graz, 75 pages (2015)

Pfannekuche, M.: Charakterisierung von Spektralprofilen 
in thermisch getriebenen Sternwinden, Bachelor Thesis, 
TU Braunschweig, 47 pages (2015)

Purkhauser, A.: On the Use of Doppler Measurements for 
Dynamic Orbit Computation. Case Study: GRAIL, Mas-
ter Thesis, Technische Universität Graz, 58 pages (2015)

Reimond, St.: Representation of the Gravity Field of Irreg-
ularly Shaped Bodies, Master Thesis, Technische Univer-
sität Graz, 72 pages (2015)Fig. 42: Chairman Oliver Lehmann congratulated Wolfgang Baumjohann 

(Photo: R. Ferrigato).
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