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The Space Research Institute (Institut für Weltraum-
forschung, IWF) in Graz focuses on the physics of space 
plasmas and (exo-)planets. With about 100 staff members 
from 20 nations it is one of the largest institutes of the 
Austrian Academy of Sciences (Österreichische Akademie 
der Wissenschaften, ÖAW, Fig. 1).

IWF develops and builds space-qualified instruments and 
analyzes and interprets the data returned by them. Its core 
engineering expertise is in building magnetometers and  
on-board computers, as well as in satellite laser ranging, 
which is performed at a station operated by IWF at the 
Lustbühel Observatory. In terms of science, the institute 
concentrates on dynamical processes in space plasma 
physics and on the upper atmospheres of planets and 
exoplanets.

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 twenty active and 
future international space missions; among these:

 � ESA's Cluster mission, launched in 2000, still provides 
unique data to better understand space plasmas.

 � MMS, launched in 2015, uses four identically equipped 
spacecraft to explore the acceleration processes that 
govern the dynamics of the Earth's magnetosphere.

 � The China Seismo-Electromagnetic Satellite (CSES) was 
launched in February to study the Earth's ionosphere.

 � NASA's InSight (INterior exploration using Seismic 
Investigations, Geodesy and Heat Transport) mission was 
launched in May to place a geophysical lander on Mars 
to study its deep interior. 

 � BepiColombo was launched in October to investigate 
planet Mercury, using two orbiters, one specialized in 
magnetospheric studies and one in remote sensing.

 � The Korean satellite GEO-KOMPSAT-2A (GK-2A) 
was launched in December to conduct space weather 
investigations.

 � ESA's first Small-class mission CHEOPS (CHaracterizing 
ExOPlanets Satellite) will classify exoplanets in detail. Its 
launch is expected in 2019.

INTRODUCTION 

Fig. 1: In spring, the entrance to the Victor Franz Hess Research Center, housing IWF Graz, got an impressive "facelift".
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 � Along an innovative trajectory, Solar Orbiter is to study 
solar and heliospheric phenomena, planned for launch 
in 2020. 

 � ESA's JUpiter ICy moons Explorer (JUICE) will observe 
Jupiter and three of its largest moons, Ganymede, 
Callisto, and Europa. It is planned for launch in 2022.

 � 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 2026.

HIGHLIGHTS IN 2018
 � 2018 broke all records as far as launches are concerned. 

With CSES, InSight, BepiColombo, and GK-2A four 
missions with contributions from IWF Graz were sent 
into space (Fig. 2). 

 � Astronomers have detected an excess of massive stars 
in 30 Doradus, member of the Large Magellanic Cloud. 
The study was published in "Science". 

 � In a "Nature Physics" paper, it was shown that the solar 
atmosphere can be heated through plasma waves.

 � A "Nature Astronomy" study concluded that pseudo-
shocks can act as an energy source for the solar corona.

 � "Science" presented the latest results of NASA's 
MMS satellites, which for the first time captured the 
3D structure of electron-scale dynamics also on the 
nightside of the magnetosphere.

THE YEAR 2018 IN NUMBERS
Members of the institute published 179 papers in refereed 
international journals, of which 48 were first author 
publications. During the same period, articles with authors 
from the institute were cited 5143 times in the international 
literature. In addition, 85 talks and 41 posters were 
presented at international conferences by IWF members. 
Last but not least, institute members were involved in the 
organization of nine international meetings or workshops.

IWF STRUCTURE AND FUNDING
IWF is structured into four research fields represented by 
eight research groups. Wolfgang Baumjohann serves as 
Director, Werner Magnes as Deputy Director.

The bulk of financial support is provided by ÖAW. Signifi-
cant support is also given by other national institutions, 
in particular the Austrian Research Promotion Agency 
(Österreichische Forschungsförderungsgesellschaft, FFG) 
and the Austrian Science Fund (Fonds zur Förderung 
der wissenschaftlichen Forschung, FWF). Furthermore, 
European institutions like ESA and the European Union 
contribute substantially.

Fig. 2: Clockwise, from top left, 

the launch of CSES (© IWF), InSight (Credits: NASA/JPL-Caltech), 

GK-2A (Credits: ESA-CNES-Arianespace), and BepiColombo (© ESA).

IWF/ÖAW
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Recent advancements in the in-situ measurements of 
charged particles together with electric and magnetic fields 
at high cadence make near-Earth space a most suitable 
place to study fundamental space plasma processes. IWF 
has been participating in hardware activities of numerous 
space missions in the Earth's magnetosphere, now 
operating, being build, as well as in the planning phase. 
Data taken from operating missions have been extensively 
analyzed at IWF by applying different analysis methods 
and by theoretical modeling. The obtained knowledge 
contributes to the better understanding of different space 
plasma processes in our solar system and beyond.

CSES
The China Seismo-Electromagnetic Satellite (CSES) was 
launched in February 2018. It is the first Chinese platform 
for the investigation of natural electromagnetic phenomena 
with major emphasis on earthquake monitoring from a Sun 
synchronous, polar Low Earth Orbit (LEO).

The CSES magnetometer was developed in cooperation 
between China's National Space Science Center (NSSC), 
the Institute of Experimental Physics of TU Graz (TUG), 
and IWF. NSSC is responsible for the dual sensor fluxgate 
magnetometer, the instrument processor and the power 
supply unit, while IWF and TUG participate with the 
newly developed absolute scalar magnetometer, called 
Coupled Dark State Magnetometer (CDSM). 

In 2018, the technology readiness of CDSM for space 
application was successfully demonstrated. After its first 
turn-on beginning of March it has been operational for 
more than 200 days (Fig. 3). Consequently, the accuracy 
of the magnetic field measurements could be improved 
by more than a factor of thirty. This is also an important 
step towards a successful implementation of the CDSM 
technology for ESA's JUICE mission to Jupiter.

GEO-KOMPSAT-2A
GEO-KOMPSAT-2 (Geostationary Korea Multi-Purpose 
Satellite-2) consists of two spacecraft, which are built and 
managed by the South Korean Space Agency KARI. Both 
satellites focus on meteorological survey measurements 
from a geostationary orbit above Korea. One of the 
spacecraft, GEO-KOMPSAT-2A (GK-2A), carries additional 
instrumentation to investigate space weather phenomena.

In cooperation with ESA and international partners, IWF 
is engaged in GK-2A with a four-sensor magnetometer 
called Service Oriented Spacecraft MAGnetometer (SOSMAG). 
It was developed with ESA technology grants and serves 
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 Technische Universität Braunschweig. 
For detection 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 2018, the flight model of SOSMAG has undergone 
system level testing (vibration, thermal vacuum, ...) on the 
GK-2A spacecraft as part of the Korean Space Environment 
Monitor (KSEM) instrument suit. On 4 December 2018,  
GK-2A was successfully launched aboard an Ariane 5 from 
the European spaceport in Kourou, French-Guyana.

The measurements in Fig. 4 perfectly demonstrate that 
the spacecraft field measured by the AMR sensors can be 
used for the correction of the magnetic field measured by 
the outer boom mounted sensor. It enables a much higher 
quality of the magnetic field measurements and confirms 
the usefulness of the four-sensor SOSMAG design.

NEAR-EARTH SPACE

Fig. 3: Strength of the Earth's magnetic field measured by CDSM along the 
CSES orbits within a latitude range of ±65°.

Fig. 4: Spacecraft interference in the Z component of the outboard sensor is 
corrected with the Y component of AMR sensor 2. 
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Fig. 5: SMILE aims to form an accurate picture of solar-terrestrial magnetospheric physics (© ESA/ATG medialab).

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. Currently the mission is planned to be extended to 
December 2020. IWF is PI/Co-I on five instruments and has 
maintained the Austrian Cluster Data Center. In addition 
to data analysis, IWF also contributes to data archiving 
activities at the Cluster Science Archive (CSA) by also 
producing supporting data products such as science event 
lists.

MMS
NASA's MMS (Magnetospheric MultiScale) mission 
explores the dynamics of the Earth's magnetosphere and 
its underlying energy transfer processes. Four identically 
equipped spacecraft carry out measurements with high 
temporal and spatial resolution. MMS investigates small-
scale basic plasma processes, which transport, accelerate 
and energize plasma in thin boundary and current layers. 
The orbit of MMS, launched in March 2015, was dedicated 
to study dayside magnetopause reconnection during the 
first two years. The apogee was then raised to encounter 
near-Earth magnetotail reconnection in mid 2017. The 
extension phase is proposed for further five years.

IWF has taken the lead for the satellites' spacecraft potential 
control (ASPOC) and is participating in the electron beam 
instrument (EDI) and the digital fluxgate magnetometer 
(DFG). In addition to the operation of these instruments 
and scientific data analysis, IWF is contributing in inflight 
calibration activities.

THEMIS/ARTEMIS
NASA's THEMIS (Time History of Events and Macroscale 
Interactions during Substorms) 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 in orbit around the Moon, 
while the other three THEMIS spacecraft remained in their 
orbit. As Co-I of the magnetometer, IWF is participating in 
processing and analyzing data.

SMILE
The Solar wind Magnetosphere Ionosphere Link Explorer 
(SMILE) is a joint mission between ESA and the Chinese 
Academy of Sciences (CAS). It aims to build a more 
complete understanding of the Sun-Earth connection by 
measuring the solar wind and its dynamic interaction 
with the magnetosphere (Fig. 5). IWF is Co-Investigator 
for two instruments: the Soft X-ray Imager (SXI), led by the 
University of Leicester, and the magnetometer (MAG), led 
by CAS.

The institute, in close cooperation with international 
partners, contributes  to the SXI instrument the instrument's 
control and power unit EBOX. IWF is coordinating the 
development and design of the Digital Processing Unit 
(DPU) and is responsible for the mechanical design and the 
tests at box level. In 2018,  IWF established the concept for 
the DPU prototype and completed the preliminary design 
of the box mechanics.

In addition to the hardware activities, IWF is participating 
in the SMILE science preparation such as modeling and in-
situ science working group activities.

IWF/ÖAW
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ANALYTICAL MODEL  
FOR A BENT MAGNETOTAIL
Most of the existing analytical models of two-dimensional 
magnetotail-like configurations are symmetrical with 
respect to the equatorial plane. In this study an analytical 
model is created for asymmetrical configurations and is 
used to reproduce the current sheet bending and shifting 
in the vertical plane (see Fig. 6). Such an asymmetry is 
expected to arise from the Earth dipole tilting and non-
radial propagation of the solar wind, as observed by 
spacecraft such as THEMIS in the Earth's magnetotail. 

INTERCHANGE HEADS  
IN THE EARTH’S MAGNETOTAIL
On the anti-sunward side of the Earth, the terrestrial 
magnetic field lines are stretched out to form an elongated 
structure called the magnetotail. At the center of this 
structure the magnetic field strength normally decreases 
continually with increasing distance away from the Earth. 
However, periodically, the magnetotail is disrupted in 
a process called a substorm; the cause of this disruption 
remains controversial. A fortuitous configuration of five 
space probes is used to investigate a possible mechanism 
for this disruption. The probes observed the formation 
of a substantial region where the magnetic field strength 
possessed a minimum (rather than always decreasing). 
By comparing with the results of plasma computer 
simulations, it is shown that this region should generate an 
instability that produces dawnward propagating clumps 
of more dipolar field lines, in agreement with the probe 
observations.

The magnetic field minimum appeared to have radial 
size of about 2.5 Earth radii (RE) and azimuthal size that 
could be as large as 10 RE. This structure was present for 
over three hours in the plasma sheet at around -11 RE. 
Ballooning/InterChange Instability (BICI) heads were 
observed tailward of the minimum ∂BZ/∂X≈-10nT/RE. 
The BICI heads appeared to drift azimuthally toward 
dawn, in accord with Particle-In-Cell (PIC) simulations 
of a charged current sheet (Fig. 7). The signatures of the 
latter, e.g., a finite average EZ directed toward the center 
of the plasma sheet, are verified by the THEMIS data. One 
dawnward-drifting BICI head is studied taking advantage 
of the available high-resolution THEMIS observations and 
comparing with the PIC simulation run. A prediction of 
the earlier PIC simulation for a neutral current sheet, that 
duskward-drifting BICI heads are subject to a current-
driven ion-cyclotron instability, is found to be true also 
for dawnward-drifting BICI heads in the charged current 
sheet simulations. This specific prediction and the THEMIS 
data indicate the presence of electromagnetic ion-cyclotron 
wave activity that ripples the background BICI head shape.

Fig. 7: Structure of one BICI head as seen in the cross-product of the electric 
and magnetic field components that were obtained from Particle-In-Cell 
simulations of a charged current sheet (left) and from spin-averaged data of 
the THEMIS observations.

Fig. 6: Normalized magnetic potential Ψ(x,z) is shown by color in a plane, 
passing through the Earth and the Sun perpendicular to the ecliptic. The 
Earth is outside the left boundary. The solid curves plot magnetic field lines 
and isolines of the plasma pressure and current density. The white curve 
shows the current sheet center. Normalization constants are L ~1 Earth 
radius and B0 ~10 nT.
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MAGNETIC RECONNECTION RATE  
IN THE EARTH’S MAGNETOTAIL
In the Earth's magnetotail, magnetic reconnection releases 
stored magnetic energy and drives magnetospheric 
convection. The rate at which magnetic flux is transferred 
from the reconnection inflow to outflow regions is 
determined by the reconnection electric field Er, which is 
often referred to as the unnormalized reconnection rate. To 
better quantify the efficiency of reconnection, this electric 
field Er is often normalized by the characteristic Alfvén 
speed and the reconnecting magnetic field. This parameter 
is generally called the normalized reconnection rate R. A 
magnetotail reconnection event with weak geomagnetic 
activity (AE < 200 nT) observed by MMS on 11 July 2017 is 
extensively studied and relevant simulation is performed. 
In this event, the MMS spacecraft crossed the reconnection 
separatrix boundary, an edge boundary of the region where 
the reconnected field lines are filled, and then entered the 
electron diffusion region (EDR), a central reconnection 
region where the magnetic topology change occurs and 
the flux is dominantly sustained by Er. To support the 
observations, two-dimensional fully kinetic simulation 
of this MMS event is employed (Fig. 8) by using initial 
simulation parameters from the observations as input. 

In both the simulation and the MMS observations, R and Er 
are successfully obtained from direct measurements in the 
EDR and indirect measurements at the separatrix using a 
recently proposed remote sensing technique. The measured 
normalized rate for this MMS event is R~0.15-0.2, consistent 
with theoretical and simulation models of fast collisionless 
reconnection. This corresponds to an unnormalized rate of 
Er~2-3 mV/m. Based on quantitative consistencies between 
the simulation and the MMS observations, it is concluded 
that the estimates of the reconnection rates are reasonably 
accurate. Given that past studies have found Er of the order 
~10 mV/m during strong geomagnetic substorms, these 
results indicate that the local Er in magnetotail reconnection 
may be an important parameter controlling the amplitude 
of geomagnetic disturbances.

MAGNETOTAIL FLOW DIRECTION  
AND DAWN-DUSK ASYMMETRY
Plasma sheet fast flows are the main transporter of 
mass, flux, and energy in the Earth's magnetotail and 
result directly from magnetic reconnection. With limited 
observations near or beyond lunar orbit during the 
last decades, these flows were mainly studied within  
XGSM > -60 RE. Utilizing five years (2011–2015) of ARTEMIS 
data from around -60 RE, it is found that a significant 
fraction of fast flows is directed earthward, comprising 43% 
(vx > 400 km/s) to 56% (vx > 100 km/s) of all observed flows 
(Fig. 9). This suggests that reconnection within and beyond 
-60 RE have a similar occurrence rate. For fast convective 
flows (vpx > 400 km/s), this fraction of earthward flows is 
reduced to about 29%, which is in line with reconnection 
as source of these flows and a downtail decreasing Alfvén 
velocity. More than 60% of tailward convective flows occur 
in the dusk sector (as opposed to the dawn sector), while 
earthward convective flows are nearly symmetrically 
distributed between the two sectors for low AL (> -400 nT) 
and asymmetrically distributed toward the dusk sector 
for high AL (< -400 nT). This indicates that the dawn-
dusk asymmetry is more pronounced closer to Earth and 
moves farther downtail during high geomagnetic activity. 
It is inferred that near-Earth reconnection is preferentially 
located at dusk, whereas midtail reconnection (X > -60 RE) is 
likely symmetric across the tail during weak substorms and 
asymmetric toward the dusk sector for strong substorms, 
as the dawn-dusk asymmetric nature of reconnection onset 
in the near-Earth region progresses downtail.

Fig. 8: (a) 2D simulation result of out-of-plane component of the electric 
field Ey’=Ey+(VexB)y with the orbit path of the virtual spacecraft. (b, c) Plots 
from virtual observations (b) and MMS-3 observations (c) of the three 
components of the magnetic field and the electron bulk velocities. 

Fig. 9: Percentage of flow datapoints with vpx > 200 km/s observed in the 
dusk sector relative to AL thresholds. 

IWF/ÖAW
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MULTI-SCALE CURRENTS OBSERVED  
BY MMS IN THE FLOW BRAKING REGION
Earthward high-speed plasma jets from magnetic 
reconnection are braked in the near-Earth plasma sheet 
interacting with Earth's dipole field and creating field-
aligned currents. Characteristics of current layers in the 
off-equatorial near-Earth plasma sheet boundary are 
studied with high time-resolution measurements from 
the MMS mission. The four MMS spacecraft observed fast 
flow disturbances (up to about 500 km/s), most intense 
in the dawn-dusk direction (green lines in Fig. 10c). 
Field-aligned currents (Fig. 10b) were initially within the 
expanding plasma sheet (event i, ii), where the flow and 
field disturbances showed the distinct pattern expected in 
the braking region of localized flows.

Subsequently, intense thin field-aligned currents layers 
(events iii and iv) were detected together with Earthward 
streaming hot ions. Average disturbances and thickness of 
the current layers are shown in Fig. 10e-h. Intense Hall-
current layers were found adjacent to the field-aligned 
currents (during times indicated by black bars in Fig. 10 d). 
These observations show that both the near-Earth plasma 
jet diversion and the thin Hall-current layers formed 
around the reconnection jet boundary are the sites where 
diversion of the perpendicular currents take place that 
contribute to the observed field-aligned current pattern 
as predicted by simulations of reconnection jets. Hence, 
multiscale structure of flow braking is preserved in the 
field-aligned currents in the off-equatorial plasma sheet 
and is also translated to the ionosphere to become a part of 
the substorm field-aligned current system.

Fig. 10: MMS observations between 10:01-10:04 on 10 August 2016. (a) Energy spectra from electrons, (b) field-aligned (black) and perpendicular (red) 
components of the currents, (c) ion flow, (d) northward component of the electric field in ion frame (blue), Hall electric field (green, red), and convection electric 
field (black). Vertical dashed lines in (b-d) indicate the field aligned current events (i-iv). Black bars in (d) show the times of small-scale Hall-currents. (e-h) 
Average direction of the disturbance vectors of different parameters in northward (H) and duskward (D) direction during event (i-iv). Vertical width of orange 
area in (e-h) represents the thickness of the field-aligned current sheet. 
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PLASMA FLOW PATTERNS IN  
AND AROUND MAGNETOSHEATH JETS
The magnetosheath is commonly permeated by localized 
high-speed jets downstream of the quasi-parallel bow shock. 
These jets are much faster than the ambient magnetosheath 
plasma, thus raising the question of how the plasma reacts 
to incoming jets. A statistical analysis has been performed, 
based on 662 cases of one THEMIS spacecraft observing 
a jet and another (second) THEMIS spacecraft providing 
context observations of nearby plasma, to uncover the flow 
patterns in and around jets (see Fig. 11).

The following results are found: along the jet's path, 
slower plasma is accelerated and pushed aside ahead of 
the fastest core jet plasma (see yellow and orange areas 
in Fig. 11). Behind the jet core, plasma flows into the path 
to fill the wake. This evasive plasma motion affects the 
ambient magnetosheath, close to the jet's path. Diverging 
and converging plasma flows ahead and behind the jet 
are complemented by plasma flows opposite to the jet's 
propagation direction, in the vicinity of the jet. This vortical 
plasma motion results in a deceleration of ambient plasma 
when a jet passes nearby.

SELF-CONSISTENT TANGENTIAL-
DISCONTINUITY-TYPE CURRENT SHEET
The description of the dynamics of charged-particles in an 
inhomogeneous magnetic field is a fundamental problem 
in space plasma physics. Since this dynamics has the 
characteristics of a nonlinear oscillator, the traditionally 
used approaches involve certain limiting conditions 
regarding the scales of magnetic field, particle motion, and 
the assumptions about conservation of specific invariants 
(e.g., the magnetic momentum, integrals of action etc.). 
Such approaches naturally restrict the details considered 
in the particle dynamics which are described in terms 
of integral characteristics and averaged parameters of 
motion. However, in some regions, the exact account of 
particle trajectory details and the motion features (e.g., the 
phase of gyration) are of crucial importance. 

A method for the description of particle dynamics, based 
on a new system of differential equations for the particle 
pitch-angle and gyro-phase derived from the analysis of 
the particle trajectory in a given magnetic field (Fig. 12), 
has been developed. It enables an easy and self-consistent 
description of a number of elementary problems, which 
form the basis for more complex natural cases in space 
physics. The developed method can generalize the case 
of particle ensembles, which enables finding a set of self-
consistent solutions for tangential current sheets in the 
frame of a kinetic approach.

Fig. 11: Illustration showing the motion of ambient magnetosheath plasma 
(blue) and jet plasma (red) within and in the vicinity of a jet. Bold arrows 
show motion after subtracting the magnetosheath background flow. Fig. 12: Example of particle trajectory in a given magnetic field geometry.

IWF/ÖAW
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IWF is engaged in many missions, experiments and 
corresponding data analysis addressing solar system 
phenomena. The physics of the Sun and the solar wind, 
its interaction with solar system bodies, and various kinds 
of planetary 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 2020 (Fig. 13). Flying a 
novel trajectory, 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 
atmosphere and polar regions.

IWF has built the Digital Processing Unit (DPU) for the Radio 
and Plasma Waves (RPW) instrument aboard Solar Orbiter and 
has calibrated the RPW antennas, using numerical analysis 
and anechoic chamber measurements. Furthermore, the 
institute has contributed to the magnetometer.

RPW will measure the magnetic and electric fields at high 
time resolution and will determine the characteristics of 
magnetic and electrostatic 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 thermal 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 communication will be performed by 
the DPU, developed by IWF.

ENSEMBLE PREDICTION OF A HALO 
CME USING HELIOSPHERIC IMAGERS
The "ELlipse Evolution model based on HI observations" 
(ELEvoHI) is a prediction utility designed to forecast 
arrivals of coronal mass ejections (CMEs) at Earth or at 
other planets in the inner heliosphere. It uses the advantage 
of side-view observations performed by the heliospheric 
imagers (HI) aboard STEREO, enabling continuous 
observations of CMEs throughout their propagation up to 
1 AU and beyond. These white-light images are the main 
input for the ELEvoHI forecasting tool. Other input data 
come from solar wind in situ observations at 1 AU and from 
coronagraph observations. The latter provide information 
on the shape of the CME portion propagating within the 
ecliptic plane, the region of interest for the prediction.

ELEvoHI includes an interaction of the CME with the 
ambient solar wind leading either to a deceleration or an 
acceleration of the CME. In the current study, ELEvoHI 
was enhanced to be able to perform ensemble modeling. 
This is done by varying the input parameters of the CME 
frontal shape leading to a set of different prediction runs 
and therefore to an estimation of the prediction uncertainty 
(Fig. 14). ELEvoHI ensemble prediction was applied to a 
halo CME, remotely observed from STEREO-B and in situ 
detected by the MESSENGER spacecraft and STEREO-B. 
The almost exact arrival predictions for this event 
encourage the further development of ELEvoHI to prepare 
it for real-time predictions in the near future.

SOLAR SYSTEM

Fig. 13: The Solar Orbiter spacecraft at the premises of prime contractor 
Airbus Defence and Space in Stevenage, UK (© Airbus Defence and Space).

Fig. 14: Distribution of the ELEvoHI ensemble prediction for MESSENGER 
(blue) and STEREO-B (red). 
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EQUATORIAL MHD SHALLOW-WATER 
WAVES IN THE SOLAR TACHOCLINE
The influence of a toroidal magnetic field on the dynamics 
of shallow-water waves in the solar tachocline is studied. A 
sub-adiabatic temperature gradient in the upper overshoot 
layer of the tachocline provides a negative buoyancy force to 
the deformed upper surface, which feels less gravitational 
field compared to the real gravity. This reduced gravity 
causes a significant reduction of the surface gravity speed, 
which leads to trapping of the shallow-water waves near 
the equator. It also increases the Rossby wave period up to 
the timescale of solar cycles (11 years). It is found that the 
toroidal magnetic field splits equatorial Rossby waves into 
fast and slow magneto-Rossby modes. For a reasonable 
value of normalized reduced gravity, global equatorial 
fast magneto-Rossby waves have a periodicity of 11 years, 
matching the timescale of activity cycles (Fig. 15).

The solutions are confined around the equator between 
latitudes ±20°–40°, coinciding with the sunspot activity 
belts. Equatorial slow magneto-Rossby waves have a 
periodicity of 90-100 years, resembling the Gleissberg cycle, 
the observed long-term modulation of the cycle strength. 
The equatorial magneto-Kelvin waves have a periodicity of 
1-2 years and may correspond to the observed annual and 
quasi-biennial oscillations. It is also found that equatorial 
magneto-inertia-gravity waves have periods of hundreds of 
days and may be responsible for the observed Rieger-type 
periodicity.  The equatorial MHD shallow-water waves in 
the upper overshoot tachocline capture all time-scales of 
observed variations in solar activity for expected physical 
parameters of the tachocline. The equatorial waves might 
play a distinct role in the temporal evolution of the solar 
magnetic field  and hence in the solar dynamo.

MAGNETIC HELICITY  
IN THE CORONA OF THE SUN
A long-standing topic in Solar and Heliospheric physics 
research is the mechanism that heats the corona, the outer 
atmosphere of the Sun, to millions of °C. The corona 
is hence much hotter than the surface of the Sun. In 
particular, there are hot loops in the corona that emit EUV 
light. Computer simulations have now reproduced several 
loops in the core of the active region (CL1) at the location 
where they were really observed. From the model data the 
magnetic helicity is deduced, which can be understood as a 
twist within the magnetic fields. This helicity is particularly 
strong and changes its sense (from left- to right-handed) 
along the strongly heated loop CL1 in the corona. Magnetic 
helicity can be determined also in the heliosphere, where 
the same sign as on the solar surface is expected. But, so 
far, the heliospheric observations from the Ulysses mission 
show the opposite sign. A reversal of the helicity within 
the corona is now found, which can explain the Ulysses 
observations from the inner heliosphere (Fig. 16).

NONLINEAR DENSITY FLUCTUATIONS 
IN THE SHOCK-UPSTREAM PLASMA
Shock-upstream plasma in interplanetary space exhibits 
large-amplitude disturbances in the plasma density and the 
magnetic field, and serves as a natural laboratory of waves 
and nonlinear processes in space plasma. Using in-situ 
Cluster spacecraft data, the density fluctuations are found 
to be largely correlated to the magnetic field fluctuations 
which justifies the linear-mode picture of plasma dynamics 
(magnetosonic wave). Moreover, deviations of the density 
fluctuations from the linear-mode are found to be weakly 
and nonlinearly correlated to the magnetic energy density, 
which supports the theoretical prediction of quasi-static 
balance; that the nonlinear density response in plasma is 
controlled by the magnetic energy density and the thermal 
condition of the plasma (Fig. 17).

Fig. 15: Periods of global magneto-Rossby and magneto-Kelvin waves vs the 
normalized reduced gravity (n is the poloidal wave number).

Fig. 17: Slope value of 
the nonlinear relation be-

tween plasma density and 
magnetic energy density 

as a function of the sound 
speed to the Alfvén speed 

squared, a measure of 
plasma thermal pressure. 

Data points represent 
the measurements in the 
shock-upstream plasma 

and curves in gray 
represent the theoretical 

prediction.

Fig. 16: 3D visualization of the magnetic helicity (red and blue for positive 
and negative helicity) above an active region in the solar corona. The 
gray background is the solar surface, where white and black are patches 
of strong magnetic fields with opposite polarity. Orange shows where 
extreme-UV light is emitted along loops (colored lines).
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MERCURY
Mercury is now in the center of attention because of the  
ESA/JAXA BepiColombo mission. The planet has a weak 
intrinsic magnetic field and a mini-magnetosphere, which 
strongly interacts with the solar wind.

BEPICOLOMBO
The launch of BepiColombo was one of the great space flight 
events in 2018. The two spacecraft, JAXA's Magnetospheric 
(MMO) and ESA's Planetary Orbiter (MPO), which will 
simultaneously explore Mercury and its environment from 
2026, took off from the European spaceport in Kourou, 
French Guiana, aboard an Ariane-5 rocket on 20 October.

IWF played a major role in developing the magnetometers 
for this mission: it is leading the magnetometer investigation 
aboard the MMO (MMO-MGF) and responsible for the 
overall technical management of the MPO magnetometer 
(MPO-MAG). For MPO, IWF also led the development of 
PICAM, an ion mass spectrometer with imaging capability, 
which is part of the SERENA instrument suite, to explore 
the composition, structure, and dynamics of the exo-
ionosphere. 

In the months until the launch, the spacecraft systems 
and their payload saw the final tests in Europe, the 
transportation to South America on board of two Antonov 
airplanes, the mating of all BepiColombo elements and 
finally the installation on the rocket only seven days before 
launch. The final functional test of the instruments on 
earth were completed on the first weekend of May and the 
payload was declared flight ready. 

The launch, the spacecraft separation, the first acquisition 
of a signal, the solar array and antenna as well as 
magnetometer boom deployments all ran according to 
plan. One of three onboard monitoring cameras provided 
the first spectacular image from space only a few hours 
after launch (Fig. 18).

The first power-on of the two magnetometers including 
detailed commissioning took place end of October and 
beginning of November. MPO-MAG was even turned 
on before boom deployment, which allowed for a 
characterization of the spacecraft magnetics during the 
deployment (Fig. 19). All magnetic field sensors are in good 
health and in-flight calibration has already been started. 
While MMO-MGF was kept on only for a few hours, since 
the MMO spacecraft is sitting within the Sun shield during 
the cruise phase, MPO-MAG was already successfully 
operated over several weeks.

As the last sensor of all, PICAM was turned on in the frame 
of the SERENA commissioning on 15 December. After the 
acquisition of the first "Hello, world" from space, checkouts 
of the low and the high voltage circuits verified, that the 
sensor survived the launch without damages. Transition to 
science mode was tested successfully. The received science 
data contained all zeros as expected due to limitation of 
high voltage for safety measures. So calibration is left for 
the delta near-Earth commissioning phase in summer 2019.

Fig. 18: First image by the onboard monitoring camera installed on the 
BepiColombo Mercury Transfer Module (MTM). The view looks along one 
of the extended solar arrays. The structure in the bottom left corner is one 
of the sun sensors on the MTM, with the multi-layered insulation clearly 
visible. (Credits: ESA/BepiColombo/MTM).

Fig. 19: MPO magnetometer measurements during boom deployment on 25 October with pictures taken by one of the selfie cameras of the BepiColombo 
Mercury Transfer Module (Credits: data: ESA/BepiColombo/MPO/MAG/TUBS-IGeP/IC London/IWF Graz; images: ESA/BepiColombo/MTM).
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VENUS
Just inside the Earth's orbit around the Sun at 0.7 AU, 
the terrestrial planet Venus has a radius slightly smaller 
than Earth and is differentiated, but does not exhibit an 
internal magnetic field. Venus is characterized by a very 
dense atmosphere and generates a so-called induced 
magnetosphere by its interaction with the solar wind.

IMF PENETRATION THROUGH  
THE IONOSPHERE OF VENUS
Although Venus does not have an intrinsic magnetic field, 
interplanetary magnetic field can potentially penetrate 
the ionosphere of Venus by the diffusion process and 
permeate the planetary surface and interior. For the 
first time the magnetic diffusion time is quantitatively 
estimated. Over this time scale the magnetic field can 
penetrate the ionosphere of Venus and reach the planetary 
surface. The calculation is based on the estimate of 
Pedersen conductivity using the electron density data 
from Pioneer Venus Orbiter, the theoretical profile for the 
neutral-electron and neutral ion collision frequencies at 
Venus, and the magnetic field profile from Venus Express. 
The magnetic diffusion time falls in the range between 12 
hours (under solar minimum conditions) and 54 hours 
(under solar maximum conditions, Fig. 20). Penetration of 
the interplanetary magnetic field through the ionosphere 
of Venus is possible when the solar activity and the solar 
wind remain undisturbed for a period of several days.

TURBULENCE IN THE  
VENUSIAN MAGNETOSHEATH
The characteristic scaling features of fluctuations in the 
dayside Venusian magnetosheath downstream of the bow 
shock were investigated using Venus Express data. A bow 
shock comes in two different types: the quasi-parallel 
(Qpar) where the bow shock normal and the interplanetary 
magnetic field (IMF) are quasi-parallel, and the quasi-
perpendicular (Qperp) bow shock where the two are 
perpendicular. Depending on behind which kind of bow 
shock the magnetic field fluctuations were measured in 
the magnetosheath, it was found that the characteristic 
scaling features of the fluctuations and turbulence were 
different. Although the Venusian dayside magnetosheath 
is much thinner than the Earth's magnetosheath, fully 
developed turbulence can be still observed downstream 
of the Qperp bow shock (Fig. 21 left), while the turbulence 
is not dominant downstream of Qpar bow shock (Fig. 21 
right). This means that the source of the turbulence in the 
Venusian magnetosheath is likely to be the QperpIMF.

Fig. 21: Venus Express (VEX) trajectories, magnetic fields, the shock normal 
angles, and power spectrum densities for two downstream intervals of a Qpar 
bow shock on 19 May 2006 (left) and a Qperp bow shock on 16 February 2008 
(right). The left case with α ~1.50 in the bottom panel indicates a developed 
turbulence during this interval. The right case with α ~0.95 indicates that 1/f 
noise dominates during this interval.

Fig. 20: Electron number density ne from Pioneer Venus Orbiter radio 
occultation measurement, model collision frequency between electrons and 
neutral particles νen and that between ions and neutral particles νin, magnetic 
field B from Venus Express and model magnetic field with a fluctuation range 
(in gray), and Pedersen conductivity σp as a function of the altitude from the 
surface of Venus.
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MARS
Just outside the Earth's orbit around the Sun at 1.5 AU, 
the terrestrial planet Mars has half the radius of the Earth. 
It is differentiated, but only exhibits remnant surface 
magnetization of a now defunct internal dynamo. Mars is 
characterized by a very tenuous atmosphere and generates 
a so-called induced magnetosphere by its interaction with 
the solar wind.

CHINESE MARS MISSION
China plans a Mars orbiter, lander, and rover mission 
to be launched in 2020. The main mission will conduct a 
comprehensive remote sensing of the Red Planet, as well as 
surface investigation. IWF contributes to a magnetometer, 
of which the Qualification Model was delivered in summer.

INSIGHT
NASA's Mars mission  was launched in May and 
successfully landed in Elysium Planitia on 26 November 
2018. After first checkouts the seismometer instrument 
has already been deployed, while the HP³ (Heat flow and 
Physical Properties Probe) instrument will be put on the 
ground and start penetrating by the end of January or begin 
of February 2019. HP³ will measure the internal heat flux of 
Mars as well as the thermal and mechanical properties of 
the Martian regolith. In order to describe the penetration 
progress and to derive soil mechanical parameters for the 
first couple of meters of the regolith two numerical models 
have been developed at IWF (Fig. 22).

MELTING PROBE EXPERIMENTS
A series of experiments focusing on the performance 
of melting probes under Mars surface environmental 
conditions was performed in the planetary chamber of 
the IWF. Hereby the influence of sand layers embedded 
in the Mars polar near-surface ice was studied, as well as 
the performance in CO2-ice layers. The main result of the 
performed tests was that, even at surface pressures below 
the water triple point, the liquid phase exists temporarily 
around the heated melting tip. This allows for successful 
ice penetration under Mars surface conditions, with a 
realistic electrical power demand. Therefore a melting 
probe would be a useful alternative to mechanical drilling 
for any lander mission aiming at the exploration of the 
layered structures of the Martian polar regions, which are 
considered to contain key information about the evolution 
of the Martian climate in the recent past. Fig. 23 shows an 
ice sample at the end of a melt penetration experiment.

Fig. 22: Discrete element or particle code model describing the soil 
displacement during one hammer stroke of the HP³ deployment mechanism.

Fig. 23: Ice sample positioned inside the planetary chamber at the end of a 
melting probe test.
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Fig. 24: The RWI antennas, which are located on the long magnetometer boom, are adjusted before the gold-plated 1:40 JUICE spacecraft model is put into the 
rheometry tank. 

JUPITER
Jupiter, the largest planet in our solar system, mainly 
consists of hydrogen and helium. It is magnetized and 
rotates rapidly, leading to a rotationally dominated 
magnetosphere, where strong sources of radio emissions 
are located.

JUICE
ESA's first Large-class mission JUpiter ICy moons Explorer 
(JUICE) is planned for launch in 2022 and arrival at Jupiter 
in late 2029 or early 2030. JUICE will spend at least three 
years orbiting around Jupiter, making detailed observations 
of the gas giant and three of its largest moons, Ganymede, 
Callisto, and Europa. At the end of the mission JUICE will 
go into orbit around Ganymede. IWF is taking part as Co-I 
for three different selected instrument packages.

The Jupiter MAGnetometer (J-MAG) is led by Imperial 
College London and will measure the magnetic field 
vector and magnitude in the bandwidth DC to 64 Hz in the 
spacecraft vicinity.  It is a conventional dual sensor fluxgate 
configuration combined with an absolute scalar sensor 
based on more recently developed technology. Science 
outcome from J-MAG will contribute to a much better 
understanding of the formation of the Galilean satellites, 
an improved characterization of their oceans and interiors, 
and will provide deep insight into the behavior of rapidly 
rotating magnetized bodies. IWF supplies the atomic scalar 
sensor for J-MAG, which is developed in collaboration 

with TU Graz. In 2018, the Engineering Model was tested 
and delivered to the prime contractor, the design of the 
Qualification Model was finalized and the Critical Design 
Review was passed.

The Particle Environment Package (PEP) is a plasma package 
with sensors to characterize the plasma environment of 
the Jovian system and the composition of the exospheres 
of Callisto, Ganymede and Europa. IWF participates in 
the PEP consortium on Co-I basis in the scientific studies 
related to the plasma interaction and exosphere formation 
of the Jovian satellites.

IWF is also responsible for the calibration of the RWI 
antennas, which are part of the Radio and Plasma Wave 
Investigation (RPWI). In 2018, a so-called rheometry 
measurement with a scaled JUICE spacecraft model, which 
is shown in Fig. 24, was performed.

The model was immersed in a water-filled tank with a 
homogeneous electric field applied to it. By rotation the 
locations of the maxima and minima of the voltages induced 
in the RWI dipoles were measured. By using at least two 
different suspensions of the model, it was possible to derive 
the so-called effective length vector of each dipole, which 
describes the reception properties of each antenna in the 
quasi-static frequency range. The effective length vectors 
from rheometry were found to be within a few degrees 
of the result from numerical computer simulations with 
JUICE patch-grid models. Only with a calibrated antenna 
system it will be possible to derive accurate results for the 
polarization and the incoming wave direction in future 
radio wave measurements at Jupiter.
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THE IO PLASMA TORUS LOCATION: 
VOYAGER 1 OBSERVATIONS
The Io Plasma Torus (IPT) is a doughnut-shaped gaseous 
cloud around Jupiter, centered on Io's orbit, consisting 
mainly of sulfur and oxygen. It is created by the volcanic 
activity of Io, which spews out 1 tonne of SO2 per second 
into the Jovian magnetosphere. This gas gets dissociated 
and ionized and thereby creates the IPT. Through 
unknown processes, this torus is offset from the center of 
Jupiter, the distances of the approaching and receding side 
(related to the rotation of Jupiter) of the IPT are different 
and longitude dependent. Voyager 2 and ground-based 
observations found average locations of 5.97 RJ (app) -5.59 
RJ (rec) and 5.85 RJ (app) -5.57 RJ (rec) respectively. Recently 
analyzed data from Voyager 1, looking at the IPT from a 
direction almost perpendicular to Voyager 2, showed again 
a different location of 5.75 RJ (app) -5.88 RJ (rec). Knowing 
the average location of the IPT can help to find the reason 
of the offset.

However, also longitudinal variations in the IPT distance 
from Jupiter are found, as shown in Fig. 25. From each 
observatory the data are fitted by a 2nd order Fourier fit. 
The approaching side shows that, apart from different 
average distances, there is a clear similar periodicity in 
the signals. The receding side, however, shows that the 
Voyager 1 observations do not follow the periodicity of the 
other observatories. The reason for this is, as yet, unknown, 
but it could be related to that the receding side for 
Voyager 1 is located near the sub-solar point of the Jovian 
magnetosphere. 

ZEBRA PATTERNS IN DAM
The first systematic analysis of zebra pattern events in 
the decametric radio emission (DAM) of Jupiter was 
performed. These rare radio fine structures were observed 
in a frequency range from 12-30 MHz by the large ground-
based radio telescope URAN-2 in the Ukraine. Zebra 
patterns are quasi-harmonic bands of enhanced brightness 
that can last up to several minutes (see Fig. 26). They are 
strongly polarized radio events with intensities of 1-2 
orders of magnitude lower than Io-controlled DAM. It 
was found that their occurrence does not depend on the 
position of Jupiter’s moon Io, but is strongly controlled by 
the Jovian central meridian longitude. Zebra patterns also 
occur in solar radio emissions, and their generation might 
be linked to the double plasma resonance with electrons 
or ions.

Fig. 26: Radio spectrum showing zebra patterns observed on 14 March 2015 
(upper panel) and zoomed part (lower panel) with rapid oscillations in the 
frequency of the stripes.

Fig. 25: Location of the IPT for the approaching (top) and receding side 
(bottom) with the data fitted with a 2nd order Fourier fit. For the receding 
side it is clear that the Voyager 1 observations do not follow the Voyager 2 
or ground based observations.
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COMETS & DUST
Comets and interplanetary dust are the remainders of the 
building blocks of the solar system, although dust can also 
be created by collisions of e.g. asteroids. Rosetta's successful 
mission at comet 67P/Churyumov-Gerasimenko (67P/CG) 
gave new life to the study of comets and is the starting 
point for new future missions to asteroids and comets.

FIRST OBSERVATIONS OF MAGNETIC 
HOLES DEEP WITHIN A COMET'S COMA
ESA's Rosetta spacecraft made ground-breaking 
observations of comet 67P/CG and of its cometary 
environment. Magnetic holes were investigated in 
that environment. These are significant depressions in 
the magnetic field strength, measured by the Rosetta 
magnetometer in April and May 2015. In that time frame 
of two months, 23 magnetic holes could be identified. The 
cometary activity was intermediate and increasing because 
67P/CG was on the inbound leg toward the Sun. While in 
April solar wind protons were still observed by Rosetta 
near the comet, in May these protons were already mostly 
replaced by heavy cometary ions. Magnetic holes have 
frequently been observed in the solar wind. It is found, 
for the first time, that magnetic holes exist in the cometary 
environment even when solar wind protons are almost 
absent. Some of the properties of the magnetic holes are 
comparable to those of solar wind holes; they are associated 
with density enhancements, sometimes associated with 
co-located current sheets and fast solar wind streams, 
and are of similar scales. However, particularly in May, 
the magnetic holes near the comet appear to be more 
processed, featuring shifted density enhancements and, 
sometimes, bipolar signatures in magnetic field strength 
rather than simple depressions. The magnetic holes are of 
global size with respect to the coma. Nevertheless, at the 
comet, they are compressed owing to magnetic field pile-
up and draping so that they change in shape (see Fig. 27). 
There, the magnetic holes become of comparable size to 
heavy cometary ion gyroradii, potentially enabling kinetic 
interactions.

ROSETTA TAIL EXCURSION
During Rosetta's two-year mission around comet 67P/CG 
there were two "far-excursions" from the nucleus, one 
on the sunward-side and one on the tail-side. The latter 
took place towards the end of the mission, with the comet 
already 2.7 AU from the Sun, and therefore at low activity. 
Nevertheless, some interesting phenomena were found. 
Close to the comet, i.e. less than 500 km from the nucleus, 
the magnetic field did not show the classical draping pattern 
of a bi-lobal tail with magnetic field direction towards and 
away from the Sun as shown by the cone angle in Fig. 28. 
The magnetic field was mainly directed perpendicular 
to the classic tail with a clock-angle (defined as tan-1(Bz/
By)) around 100°, indicating a vertical field. This can be 
explained by the deflection of the magnetic field caused 
by pick-up of freshly ionized water upstream of the comet, 
which is transported to the downstream region. Further 
away from the nucleus the field reverts to more classical 
draping. However, also here the field shows something 
new, the clock angle of the field increases steadily for Rosetta 
moving away and returning to the comet. This can only be 
explained by a traveling helical wave moving down the tail 
at a phase velocity of 136 m/s and an angular frequency 
around 5.7° per hour. This velocity and frequency does not 
correspond to any natural values in the plasma around 
67P/CG, and thus the origin of this wave is, as yet, unclear.

Fig. 27: Sketch of the deformation of a magnetic hole (yellow) due to 
interplanetary magnetic field pile up and draping at the cometary nucleus 
(position in blue).

Fig. 28: The magnetic field strength and cone angle plotted along the orbit of 
Rosetta’s tail excursion, in cylindrical coordinates.
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The field of exoplanet research (i.e. investigation of 
planets orbiting stars other than the Sun) has developed 
strongly in the past decades. Since the discovery of 51 
Peg b, the first detected exoplanet orbiting a Sun-like 
star, about 3900 exoplanets, most in planetary systems, 
are now known. Improved instrumentation and analysis 
techniques have led to the finding of smaller and lighter 
planets, down to Earth-size, Earth-mass planets, some 
orbiting in the habitable zone of the cooler stars. However, 
super-Earths and ultra-hot Jupiters are now prime targets 
for atmospheric characterization, mostly because of their 
larger radii, which indicate the presence of a volatile-rich 
atmosphere and facilitate observations and analyses.

The main exoplanet missions in which IWF is involved 
are CHEOPS, CUTE, PLATO, and ARIEL. CHEOPS will 
precisely measure the radii of already known planets to 
greatly improve their inferred density and hence provide 
a first characterization. CUTE will obtain low-resolution 
near-ultraviolet transmission spectra of transiting giant 
planets to study upper atmospheres and mass loss 
processes. PLATO will look for planets in large portions 
of the sky, with the primary aim to find Earth-like planets 
in the habitable zone of Sun-like stars. ARIEL will collect 
low-resolution infrared transmission spectra of transiting 
planets to characterize planetary atmospheres, with 
the final goal of measuring C and O abundances, which 
constrain planet formation theories.

IWF concentrates on the study and characterization of 
planetary atmospheres using both theory and observations, 
focusing particularly on the analysis of exoplanet 
atmospheric escape and mass loss processes. Further  
research is conducted to study star-planet interactions 
and carry out atmospheric characterization through 
the collection and analysis of ground- and space-based 
observations.

CHEOPS
CHEOPS (CHaracterising ExOPlanet Satellite), to be 
launched in 2019, will study extrasolar planets and observe 
planetary systems at an unprecedented photometric 
precision. The main science goals are to find transits of 
small planets, known to exist from radial-velocity surveys, 
measure precise radii for a large sample of planets to 
study the nature of Neptune- to Earth-sized planets, and 
obtain precise observations of transiting giant planets to 
study their atmospheric properties. IWF is responsible 
for the Back-End-Electronics (BEE), one of the two on-
board computers, which controls the data flow and the 
thermal stability of the telescope structure. In 2018, IWF 
participated in the close-out meetings declaring the flight 
worthiness for the BEE hardware and software. Finally, the 
CHEOPS spacecraft completed all environmental tests at 
spacecraft level successfully (Fig. 29).

CUTE
CUTE (Colorado Ultraviolet Transit Experiment) is a NASA-
funded 6U-form CubeSat to be launched in the first half 
of 2020. It will perform low-resolution transmission 
spectroscopy of transiting extrasolar planets at near-
ultraviolet wavelengths. CUTE will study the upper 
atmosphere of short period extrasolar planets with the aim 
of constraining atmospheric escape processes, which are 
key to understand planetary evolution, and detect heavy 
metals, which inform on the strengths of the atmospheric 
vertical velocities. Furthermore, CUTE's continuous 
temporal coverage of planetary transits will allow to detect 
transit asymmetries, which are possibly connected with the 
presence of planetary magnetic fields, and to measure their 
strength. 

IWF is the only technological contributor to the mission 
outside of the University of Colorado (Boulder), 
where CUTE is being developed. IWF has finalized the 
development of the CUTE data simulator, following a 
detailed analysis of the optical system and tolerances, and 
has started to develop the data reduction pipeline.

EXOPLANETARY SYSTEMS

Fig. 29: The CHEOPS science instrument is ready for shipment after 
completion of the calibration (© University of Bern).
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PLATO
PLATO (PLAnetary Transits and Oscillations of stars) is ESA's 
third Medium-class mission, led by DLR. Its objective is 
to find and study a large number of extrasolar planetary 
systems, with emphasis on the properties of terrestrial 
planets in the habitable zone around solar-like stars. PLATO 
has also been designed to investigate seismic activity in 
stars, enabling the precise characterization of the host star, 
including its age. IWF contributes to the development of 
the Instrument Controller Unit (ICU) with the development 
of the Router and Data Compression Unit (RDCU). Launch is 
expected in 2026.

PLATO consists of 24 telescopes for nominal and two 
telescopes for fast observations. Each telescope has its 
dedicated front-end-electronics, reading and digitizing the 
CCD content. Six nominal and two fast DPUs collect the 
data from the front-end-electronics and extract the areas of 
interest. The RDCU is a key element in the data processing 
chain, providing the communication between the DPUs 
and the ICU. The second task of the RDCU is the lossless 
compression of the science data. For performance reasons, 
the compression algorithm is implemented in an FPGA.

Main tasks in 2018 were the finalization of the RDCU 
prototypes, the continuation with the design of the VHDL 
code and the development of the test environment. In total 
three prototypes have been built, two delivered to the 
project partners. The FPGA design concentrated on further 
tests of the SpaceWire core, and the development of the 
FPGA internal bus system and the memory handler. Thus 
the preliminary design, providing the full functionality of 
the compressor, has been completed.

ARIEL
ARIEL (Atmospheric Remote-sensing Exoplanet Large-survey) 
is ESA's fourth Medium-class mission, led by University 
College London, to be launched in 2028. It will investigate 
the atmospheres of several hundreds exoplanets to address 
the fundamental questions on how planetary systems 
form and evolve. During its four-year mission, ARIEL will 
observe 1000 exoplanets ranging from Jupiter- and Neptune- 
down to super-Earth-size in the visible and infrared with 
its meter-class telescope. The analysis of ARIEL spectra 
and photometric data will enable extracting the chemical 
fingerprints of gases and condensates in planetary 
atmospheres, including the elemental composition for the 
most favorable targets, with a particular focus on carbon 
and oxygen. Thermal and scattering properties of the 
atmosphere will also be studied.

ARIEL consists of a one meter telescope feeding two 
infrared low-resolution spectrographs and the fine 
guiding sensor (FGS), working in the optical. To improve 
the satellite's pointing stability, the FGS provides optical 
photometry of the target in three broad bands that are 
used to control instrumental systematics, measure intrinsic 
stellar variability, and constrain the presence of high-
altitude aerosols in planetary atmospheres. 

OTHER TELESCOPES
Members of the institute obtained 2.25 nights of 
observing time with the FORS2 instrument at the Very 
Large Telescope (VLT) at the Paranal site of the European 
Southern Observatory (ESO), in Chile. These spectroscopic 
observations, conducted during planetary transits, will be 
used to study the physical properties of the atmosphere of 
close-in giant planets.

PHOTOMETRIC STELLAR ACTIVITY  
AND STARSPOT DIAGNOSTICS
Stellar X-ray emission plays an important role in the study 
of exoplanets as a proxy for stellar winds and as a basis 
for predictions of the EUV flux, unavailable for direct 
measurements. These are crucial factors, affecting the mass-
loss of planetary atmospheres. The detection thresholds 
limit the number of stars with directly measured X-ray 
fluxes. In spite of that, the known connection between the 
sunspots and solar X-ray sources enables the development  
of an accessible proxy for the X-ray emission on the basis of 
the starspot variability. To realize this approach, the light 
curves of 1729 main-sequence stars from the Kepler data 
archive with rotation periods 0.5 < P < 30 days and effective 
temperatures 3236 < Teff < 7166 K have been analyzed. The 
squared amplitude of the first rotational harmonic of a 
stellar light curve A1

2 may be used as an activity index, 
related to a varying number of starspots (Fig. 30a). Being 
averaged, A1

2 reveals practically the same connection with 
the Rossby number as the commonly used ratio Rx of the 
X-ray to bolometric luminosity (Fig. 30b). As a result, the 
regressions for stellar X-ray luminosity Lx(P) (Fig. 30c) and 
its related EUV analogue, LEUV(P) Fig. 30d), were obtained 
for the main-sequence stars. These regressions predict the 
average  values of log(Lx) and log(LEUV) with typical errors 
of 0.26 and 0.22, respectively.

Fig. 30: Stellar activity indexes vs. the Rossby number averaged over the 
squared amplitude of the first rotational harmonic of the stellar light curves 
(a) and normalized to the X-ray luminosity (b). Solid line: predicted Lx(P) 
(c) and LEUV(P) (d) for stars with Teff = 5770 K; solid squares: averaged 
predictions for individual stars with 5500 < Teff < 6000 K.

IWF/ÖAW

22



SUPPRESSED FUV STELLAR ACTIVITY 
AND LOW PLANETARY MASS LOSS 
WASP-18 hosts a massive, very close-in Jupiter-like 
planet. Despite its young age (< 1 Gyr), the star shows an 
anomalously low stellar activity level: the measured logR′HK 
activity parameter lies slightly below the basal level, there 
is no significant time-variability in the logR′HK value, and 
there is no detection of X-ray emission. Far-ultraviolet 
Hubble Space Telescope (HST) observations of WASP-18, 
obtained with the Cosmic Origins Spectrograph (COS) have 
been used to explain this anomaly.

The interstellar extinction, E(B-V), towards the star's 
line of sight has been measured, deriving a low value of 
0.01 mag. This result has then been used to derive the 
interstellar medium (ISM) column density for a number 
of ions, concluding that ISM absorption is not the origin 
of the anomaly. The COS data have been used to measure 
the flux of the four stellar emission features detected in the 
spectrum, namely C II, C III, C IV, and Si IV. Comparisons 
of the C II/C IV flux ratio measured for WASP-18 with that 
derived from spectra of nearby stars with known age and 
similar spectral type showed that the far-UV spectrum of 
WASP-18 resembles that of old (>5 Gyr), inactive stars, in 
stark contrast with its young age (Fig. 31).

Therefore, it is most likely that WASP-18 has an intrinsically 
low activity level, possibly caused by star–planet tidal 
interaction. Re-scaling the solar irradiance reference 
spectrum to match the flux of the Si IV line, yielded a high-
energy integrated flux at the planet orbit of 10.2 erg s−1 cm−2. 
A hydrodynamic upper atmosphere code has been used to 
derive the planetary mass-loss rate obtaining a value of 
10−20 Jupiter masses per Gyr. For such high-mass planets, 
thermal escape is not energy limited, but driven by Jeans 
escape.

STARSPOT VARIABILITY TIMESCALES
The stability of starspot distributions over hemispherical 
scales was studied by the analysis of the rotational spot 
variability of 1998 main-sequence stars observed by Kepler. 
It is found that in cool and fast rotators the large-scale 
activity patterns are much more stable than the small 
ones, whereas for hotter and/or slower rotating stars such 
difference is less pronounced. This effect is explained in 
terms of two mechanisms: (1) the diffusive decay of long-
living spots in activity complexes of stars with a saturated 
magnetic dynamo, and (2) the spots emergence, modulated 
by turbulent gigantic convection flows in stars with weaker 
magnetism. This opens a way for the investigation of stellar 
deep convection, which is inaccessible for astroseismology. 
Moreover, an effect of sub-diffusion in stellar photospheres, 
characterized by the nonlinear dependence of the squared 
displacement of a magnetic element with time, was 
revealed from observations for the first time. 

A diagnostic diagram (Fig. 32) was proposed that 
differentiates stars in the P-Teff parameter space with 
respect to the dominating mechanism of their spot 
variability quantified in terms of the gradient function  
β12 = [log(τ2) – log(τ1)]/log(2), where τ2 and τ1 are the time-
scales of variability of the squared amplitudes of first and 
second rotational harmonics of the stellar light-curve. 
The values of β12 = -2/3, -2, < -2, and -1 correspond to the 
domination of Kolmogorov-like turbulence, magnetic 
diffusion, sub-diffusion, and differential rotation, 
respectively.

Fig. 32: Diagnostic diagram of stellar sample with respect to a dominating 
mechanism of spot variability.

Fig. 31: Top panel: C III/C IV flux ratio as a function of stellar age (left) 
and logR′HK value (right). WASP-18 is marked by a red circle, while the 
comparison stars are marked by black asterisks. The blue solid line shows 
the linear fit obtained by fitting the position of the comparisons stars. Bottom 
panel: same as the top panels, but for the C II/C IV flux ratio. Because of the 
possible contamination by the ISM, the C II/C IV flux ratio of WASP-18 is a 
lower limit.
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EUV RADIATION FROM A-TYPE STARS: 
EFFECTS ON ULTRA-HOT JUPITERS
Extremely irradiated, close-in planets to early-type stars 
might be prone to strong atmospheric escape. A thorough 
literature review of X-ray-to-optical measurements has 
been performed, showing that for intermediate-mass stars 
(IMS) cooler than  about 8250 K, the X-ray and EUV (all 
together XUV) fluxes are on average significantly higher 
than those of solar like stars, while for hotter IMS, because 
of the lack of surface convection, it is the opposite. Spectral 
energy distributions (SEDs) for prototypical IMS have 
been constructed and compared to solar (Fig. 33). The XUV 
fluxes relevant for upper planet atmospheric heating are 
highest for the cooler and lowest for the hotter IMS, while 
the UV fluxes increase with increasing stellar temperature. 

The influence of this characteristic of the stellar fluxes on 
the mass loss of close-in planets has been evaluated by 
simulating the atmospheres of planets orbiting EUV-bright 
(WASP-33) and EUV-faint (KELT-9) A-type stars. For KELT-
9b, the atmospheric expansion caused by heating due to 
absorption of the stellar UV and optical light drives mass-
loss rates of the order of 1011 g s−1, while heating caused by 
absorption of the stellar XUV radiation leads to mass-loss 
rates of the order of 1010 g s−1, thus underestimating mass 
loss. For WASP-33b, the high XUV stellar fluxes lead to 
mass-loss rates of the order of 1011 g s−1. Even higher mass-
loss rates are possible for less massive planets orbiting 
EUV-bright IMS. It has been concluded that it is the weak 
XUV stellar emission, combined with a relatively high 
planetary mass, which limit planetary mass-loss rates, to 
allow the prolonged existence of KELT-9-like systems.

PRIMORDIAL ATMOSPHERES
Evidence that the growth time of proto-Venus and -Earth 
determined whether they originated after the nebular gas 
evaporated or whether they grew to larger masses while 
they were embedded in the nebula was investigated. In 
the later case, hydrogen could be captured around the 
protoplanet before the disk disappeared.   Significant 
amounts of noble gases have been trapped from the 
protoplanetary disk, and were left in solar composition in 
the interiors of early Venus and Earth. Solar-like isotopes, 
which are embedded in the nebular gas, can enter the 
planetary interior via magma oceans that formed below the 
accumulated H2-dominated envelopes. That early Venus 
and Earth evolved from primordial atmospheres is also in 
agreement with measurements of Ne isotopes in today's 
Earth atmosphere and the discovery of a huge number of 
exoplanets with masses slightly larger than  the terrestrial 
planets but with over-sized radii. This indicates that 
nebular-based H2-envelopes are a common phenomenon 
on small planets.

Fig. 34 illustrates the disk-captured protoatmospheres. 
The massive H2/He atmospheres of large planets such as 
Jupiter, Saturn, Uranus and Neptune were formed because 
of gas capture onto rock and ice-dominated cores, while 
a much smaller H2-envelope was lost via thermal escape 
from early Venus and Earth.

Fig. 34: Illustration of two protoatmosphere formation 
scenarios for terrestrial planets. The upper scenario 

illustrates the capture of nebula gases and the 
accumulation of H2-dominated protoatmospheric layers 
around a protoplanetary core. In the case of protoplanet 

core masses that are < 1 MEarth, the nebular gas can 
be lost to space via thermal boil off and EUV-driven 

hydrodynamic escape.

Fig. 33: Comparison between non-LTE SEDs computed for IMS with 
temperatures of 7400 K (black) and 10000 K (red), and for the Sun (orange) 
and a 15000 K star (blue).
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Fig. 35: Evolution of the planetary radius of CoRoT-7 b as a function of time. 
The colors indicate different initial radii, marked by the asterisks, which 
correspond to the values obtained by setting the restricted Jeans escape 
parameter Λ equal to 3 (red), 5 (blue), and 10 (green). The small dots placed 
along each line indicate the time steps.

GRID OF UPPER ATMOSPHERE MODELS 
FOR EARTH-MASS PLANETS
There is growing observational and theoretical evidence 
suggesting that atmospheric escape is a key driver of 
planetary evolution. Commonly, planetary evolution 
models employ simple analytic formulae (e.g., energy 
limited escape) that are often inaccurate, and more detailed 
physical models of atmospheric loss usually only give 
snapshots of an atmosphere's structure and are difficult to 
use for evolutionary studies. To overcome this problem, 
an existing upper atmosphere hydrodynamic code has 
been employed and updated to produce a large grid of 
about 7000 models covering planets with masses ranging 
between 1 and 39 Earth masses with hydrogen-dominated 
atmospheres and orbiting late-type stars. The modeled 
planets have equilibrium temperatures ranging between 
300 and 2000 K. For each considered stellar mass, three 
different values of the high-energy stellar flux (i.e., low, 
moderate, and high activity) have been accounted for. 

For each computed model, the atmospheric temperature, 
number density, bulk velocity, X-ray and EUV (all 
together XUV) volume heating rates, and abundance of 
the considered species as a function of distance from the 
planetary center have been derived. From these quantities, 
the positions of the maximum dissociation and ionization, 
the mass-loss rate, and the effective radius of the XUV 
absorption have been derived. The obtained results are 
in good agreement with previously published studies 
employing similar codes. An interpolation routine capable 
to extract the modeling output parameters for any planet 
lying within the grid boundaries has been developed. 
The model grid has been used to identify the connection 
between the system parameters and the resulting 
atmospheric properties. Finally, the interpolation routine 
has been employed to estimate atmospheric evolutionary 
tracks for the close-in, high-density planets CoRoT-7 b (Fig. 
35) and HD 219134 b,c. Assuming that the planets ever 
accreted primary, hydrogen-dominated atmospheres, the 
three planets must have lost them within a few Myr.

YOUNG EXOPLANETS  
UNDER EXTREME UV IRRADIATION
The K2-33 planetary system hosts one transiting 5 Earth 
radii planet orbiting its young M-type host star. The 
planet's mass is still unknown, with an estimated upper 
limit of 5.4 Jupiter masses. The extreme youth of the 
system (< 20 Myr) gives the unprecedented opportunity to 
study the earliest phases of planetary evolution, at a stage 
when the planet is exposed to an extremely high level of 
high-energy radiation emitted by the host star. A series 
of 1D hydrodynamic simulations of the planet's upper 
atmosphere have been performed, considering a range of 
possible planetary masses, from 2 to 40 Earth masses, and 
equilibrium temperatures, from 850 to 1300 K, to account 
for internal heating as a result of contraction. 

The main result is that the temperature profiles are mostly 
controlled by planetary mass, while the equilibrium 
temperature has a secondary effect. For planetary masses 
below 7-10 Earth masses, the atmosphere is subject to 
extremely high escape rates, driven by the planet's weak 
gravity and high thermal energy, which increase with 
decreasing mass and/or increasing temperature. For higher 
masses, the escape is, instead, driven by the absorption of 
the high-energy stellar radiation. A rough comparison of 
the timescales for complete atmospheric escape and age of 
the system indicates that the planet is more massive than 10 
Earth masses (Fig. 36).

Fig. 36: Timescale, in Myr, estimated for the complete escape of a hydrogen-
dominated atmosphere as a function of planetary mass, assuming four 
different values of the atmospheric mass fraction f of 50% (black dot), 30% 
(red asterisk), 10% (blue diamond), and 1% (green triangle). The horizontal 
dashed line indicates the maximum age (i.e. 20 Myr) derived for the K2-33 
system.
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ENERGY-LIMITED APPROXIMATION  
FOR PLANET ATMOSPHERIC ESCAPE
Studies of planetary atmospheric composition, variability, 
and evolution require appropriate theoretical and 
numerical tools to estimate key atmospheric parameters, 
among which the mass-loss rate is often the most important. 
In evolutionary studies, it is common to use the energy-
limited formula, which is attractive for its simplicity, but 
ignores important physical effects and can be inaccurate 
in many cases. To overcome this problem, a recently 
developed grid of about 7000 one-dimensional upper-
atmosphere hydrodynamic models has been considered 
to extract the mass-loss rates. An analytical expression 
for the atmospheric mass-loss rates based on a fit to the 
values obtained from the grid has been then derived. 
The expression provides the mass-loss rates as a function 
of planetary mass, planetary radius, orbital separation, 
and incident stellar high-energy flux. It has been shown 
that this expression is a significant improvement to the 
energy-limited approximation for a wide range of planets 
(Fig. 37). The analytical expression enables significantly 
more accurate planetary evolution computations without 
increasing computing time.

RADIO PROPAGATION:  
SUPERMASSIVE HOT JUPITER
It was investigated if supermassive hot Jupiters such as 
Tau Bootis b provide better conditions for radio emission 
than less massive hot Jupiters.  Planets like Tau Bootis b 
at different orbital locations (between its actual orbit of 
0.046 and 0.2 AU) were studied. Due to the strong gravity 
of such planets and efficient radiative cooling, the upper 
atmosphere is (almost) hydrostatic and the exobase 
remains very close to the planet. Fig. 38  shows that hot 
supermassive planets  are expected to have conditions that 
are more favorable for the generation of radio emission via 
the cyclotron maser instability than ordinary hot Jupiters 
such as HD 209458b and HD 189733b.

Fig. 37: Top: Ratio between the mass-loss rates obtained from the 
approximation based on hydrodynamic models and from the hydrodynamic 
grid as a function of the restricted Jeans escape parameter Λ. Bottom: Same 
as top, but for the mass-loss rates derived from the energy-limited formula. 
In both panels, the red line is at one, while the blue lines are at values of 5 
and 0.2. Note the difference in the scale of the y-axis between the two plots.

Fig. 38: Panel a: Exobase levels Re compared to magnetopause standoff 
distances Rs as a function of magnetic moments predicted for Tau Bootis b 
and the ordinary hot Jupiters HD 209458b and HD 189733b. Panel b: Ratio 
of plasma to cyclotron frequency for Tau Bootis b with different estimated 
magnetic moments compared to Jupiter at 5 AU.
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SATELLITE LASER RANGING
In addition to routinely tracking more than 150 targets, 
which are equipped with laser retro-reflectors, the Graz 
Satellite Laser Ranging (SLR) station is working on various 
projects. Highlights include the Expert Coordination 
Center, the build-up of a new SLR station on Tenerife 
and attitude measurements to Galileo satellites within the 
Alcantara Initiative.

NEW SLR STATION ON TENERIFE
In cooperation with an international consortium from 
Austria, Germany, Latvia, and Switzerland the Graz SLR 
station is involved in the design and build-up of the first 
ESA SLR station located in Teide on Tenerife. The station 
consists of an 80 cm Ritchey–Chrétien telescope on an 
altitude-azimuth mount with two Nasmyth and two 
folded-Cassegrain foci.

IWF is responsible for the design of the laser system, 
including laser, beam expansion optics and electronics for 
start pulse detection. The laser will be mounted directly on 
the telescope, avoiding any Coudé-path (multiple mirrors 
directing the laser beam from a laboratory to the telescope). 
This new setup reduces the necessary alignment steps 
and is very cost effective and easy to handle. All optical 
components consist of commercial off the shelf parts. 
Furthermore, IWF develops the detection package (Fig. 
39), which consists of two single photon avalanche diode 
detectors (for green and infrared wavelength), an optical 
camera (for monitoring reflected sunlight from satellites) 
and an optional light curve detection system. Additionally 
the Astronomical Institute of Bern will install a highly 
sensitive optical space debris camera. The whole SLR 
system is built in a highly modular way, future extension 
of the system includes e.g. a space debris laser module 
(laser and dedicated single photon detector).

EXPERT COORDINATION CENTER
The second phase of the Expert Coordination Center 
started in 2018 consisting of experts for optical observations 
(Astronomical Institute of Bern, Czech Technical University 
in Prague, SpaceDys) and space debris laser ranging 
(Graz SLR Station). The main task of the Expert Center 
is to coordinate external stations, in terms of observation 
scheduling/tasking and data delivery.

The Graz SLR station is currently developing a validation 
routine for "passive-only" SLR stations. Within bi- or multi-
static measurements, it is firing its new space debris laser 
(directly mounted on the telescope, less alignment, easier 
handling) to a target with well-known orbit (e.g. Envisat). 
Passive stations receive diffusely reflected photons by 
opening their detector exactly correlated to the starting and 
travel time of the photon in Graz. For passive stations there 
is no need to act as a fully operating SLR station, they only 
monitor incoming photons from other stations. The offsets 
with respect to the Envisat reference orbit (calculated by 
using highly accurate standard SLR measurements) are 
determined and RMS and standard deviation calculated. 
The developed validation tools run on a virtual machine at 
IWF and can be easily accessed by Expert Center operators.

Further software developed by IWF includes a conversion 
tool from Two Line Element to Consolidated Prediction 
Format  data sets, which are commonly used by SLR 
stations. Additionally an ftp download tool for the retrieval 
of SLR data is provided.

Fig. 39: Final design of the detection package and the laser package with expansion optics (left image) to be installed in Teide on Tenerife.
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TECHNOSAT AND S-NET DESIGN
The interest in small spacecraft has been rising rapidly over 
last years. The application of miniaturization techniques, 
compact designs, and low-cost COTS (commercial off-the-
shelf) components brings more affordable opportunities 
in space activities for small institutions and companies. 
Laser ranging is used not only for traditional precise orbit 
determination, but also for attitude and attitude motion 
analysis during or even after the spacecraft's lifetime. 
Satellites are equipped with an exclusive distribution of 
Corner Cube Retroreflectors (CCRs) on different sides. 

TechnoSat (Fig. 40) and the S-Net series (four satellites) are 
developed and built by the Technical University of Berlin 
and were launched into a lower Earth orbit in 2017 and 
2018, respectively. The Graz SLR station designed and 
simulated the ideal distribution of CCRs, which was tested 
before launch at a remote location outside of Graz. In orbit, 
the attitude of TechnoSat varies from freely spinning, nadir-
pointing or off-nadir-pointing alternately according to 
the demands of different tasks. The attitude results based 
on Graz kHz SLR data are analyzed and compared to the 
records from its on-board gyroscope.

For S-Net series (Fig. 41), in addition to precise orbit and 
attitude determination, Graz kHz SLR is used to identify 
single satellites shortly after their separation from the 
launcher even when the individual satellites are close 
together.

GALILEO ATTITUDE DETERMINATION
Within the ESA Alcantara Initiative the Graz SLR station 
at Lustbühel had the chance to perform ground-based 
measurements to a spare Galileo retroreflector panel. The 
panel was mounted on an astronomical tripod and could 
be rotated between 0 and 18° with steps of 0.1°. It was 
placed on a hill 32 km outside of Graz (Absetzwirt), and 
ground-based range measurements were performed. The 
histogram of the measurement (with a tilt angle of 12.4° 
around the panel z-axis) is presented in Fig. 42. It shows 
the number of detected photons within range bins of  
500 µm. Due to the tilt of the panel 11 distinguishable 
peaks appear at distances of up to 6 cm with respect to the 
panel center. The distances between each of these peaks is 
determined and from that the panel tilt can be calculated 
with high accuracy.

Galileo satellites pass in various different tilt angle conditions 
over Graz. Navigation satellites are continuously rotated 
around their nadir pointing axis to ensure alignment to 
the sun (Yaw-steering). A specific orientation (elevation 
11.38°, azimuth 90°, station seen from the satellite 
reference frame) was chosen exactly corresponding to 
the incident angle conditions measured with the spare 
panel. The peak positions of the measurements to Galileo 
match very well compared to the ground-based tests. 
From the peak distances the panel tilt was verified to be 
11.37° which is accurate within 0.1° to the calculations. 
The variation in peak height at the Galileo measurement 
results from reflections from differently clocked (rotated) 
retroreflectors. The proposed method gives unique way for 
validating attitude accuracy of Galileo satellites. 

Fig. 41: S-Net: Five sides of each of the four satellites are identical and 
equipped with one CCR. The sixth side of each satellite has a different and 
unique pattern to distinguish the satellites from each other.

Fig. 42: Comparison of the ground-based range measurements to the 
Galileo spare panel (Absetzwirt) to Galileo 103 with similar incident angle 
conditions.

Fig. 40: TechnoSat: 14 small CCR (fused silica, COTS) are distributed on 
six different surfaces of its octagonal prism structure giving the satellite a 
unique kHz SLR signature.
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Instruments aboard spacecraft are exposed to harsh 
environments, e.g., vacuum, large temperature ranges, 
radiation, and high mechanical loads during launch. 
Furthermore, these instruments are expected to be highly 
reliable, providing full functionality over the entire mission 
time, which could last for more than a decade.

IWF owns several test facilities and special infrastructure 
for the production of flight hardware. A high-performance 
computer helps the scientists to cope with the enormous 
data, which have to be analyzed for space missions.

VACUUM CHAMBERS
The Small Vacuum Chamber is a manually controlled, 
cylindrical 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 diameter 
of 700 mm. A dry scroll forepump and a turbo molecular 
pump provide a pressure level of about 10-7 mbar. A target 
manipulator with two axes and an ion beam source are 
installed. This chamber mainly serves for functional tests 
of the PICAM Flight Spare Model.

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 
inside the chamber allows for computer-controlled 
rotation of the target around three mutually independent 
perpendicular axes. The vacuum chamber is enclosed by 
a permalloy 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 
molecular 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 
tested. 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 
diameter 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 allows measurements of grain sample electrical 
permittivity. The Small Sample Chamber (Fig. 43) has been 
refitted for measurement of the differential pressure 
between the upper and the lower volume. It can be used 
to derive the gas diffusion coefficient in porous samples. 
One rotary vane pump achieves a minimum pressure of  
10-3 mbar.

INFRASTRUCTURE

Fig. 43: IWF Small Sample Chamber.
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HIGH-PERFORMANCE COMPUTER
With the LEO computing cluster, IWF hosts a small high-
performance computer for diverse kinds of simulations, 
ranging from fundamental plasma physics, electron 
dynamics, magneto-hydrodynamical models, and 
magnetic reconnection in the Earth's magnetosphere to the 
atmospheric evolution on diverse planets. The system also 
downloads and processes data from the MMS mission in 
an automatic way. Some long-time data storage is provided 
for the archive of all data from the Helios-1 and -2 missions 
that date back to the year 1974.

The LEO system has now 54 active user accounts of which 
nine are non-personal project accounts. The storage 
capacity reaches 300 TB on regular hard disks and 64 TB on 
especially durable and fast solid state devices. The working 
memory totals to 8 TB of RAM. Since its inauguration, 
LEO has now completed 12600 parallel computing jobs. 
For structural mechanics and heat conduction models, the 
ANSYS software package is now available.

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 
mechanical soil properties, like bearing strength. The UV 
exposure facility is capable to produce radiation between 
200-400 nm (UV-A, UV-B, UV-C). The Test Stand has been 
put into deep storage and will be replaced with a smaller 
device, which can operate in vacuum inside the Surface 
Laboratory Chamber.

MAGNETOMETER CALIBRATION
A three-layer magnetic shielding made from mu-metal is used 
for all basic magnetometer performance and calibration 
tests. The remaining DC field in the shielded volume is  
<10 nT with a field noise of <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 temperature regulation, which is 
accurate to ±0.1 °C. A magnetic field of up to ±100000 nT 
can be applied to the sensor during test cycles.

A three-dimensional Merritt coil system (Fig. 44) was installed 
in cooperation with the Conrad Observatory of the 
Zentralanstalt für Meteorologie und Geodynamik (ZAMG). 
It is located within a nature reserve at the outskirts of the 
Eastern Alps about 50 km SW of Vienna. The remoteness of 
the location guarantee an undisturbed surrounding for the 
absolute calibration of magnetic field sensors.

The coil system has a side length of approximately 
three meters. Two pairs of coils along each axis enable a 
field homogeneity of better than 10-5 in a test volume of 
20x20x20 cm³ in the center of the coil. The coil system 
features separate coils for Earth's field compensation and 
the dynamic range of the main coils is ±100000 nT.

FLIGHT HARDWARE PRODUCTION
Flight hardware is assembled and tested in the institute's 
Clean Room, which is a class 10000 (according to U.S. 
Federal Standard 209e) certified laboratory with a total area  
of 30 m2. It accommodates up to six engineers.

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.

The Vapor Phase Soldering Machine is suitable for 
mid size volume production. The maximum board 
size is 340 x 300 x 80 mm3. Vapor phase soldering is 
currently the most flexible, simplest and most reliable 
soldering method. 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 
Machine with a precision placing system is used.

The Fluid Dispensing System DispenseMate 585 is a solder 
paste printer 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. 44: Three-dimensional Merritt coil system at the ZAMG Conrad 
Observatory. 
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PUBLIC OUTREACH
IWF is actively engaged in science education and public 
outreach. In 2018, many different groups and school classes 
visited the institute and were guided through the labs and 
the planetary garden.

IWF was  partner in the "FFG-Talente-Regional" project 
"Freiflug - Die Geheimnisse des Fliegens". From January 
through March, the traveling exhibition on aerospace for 
children and young adults was displayed at the institute. 
Several schools and individual visitors spent time 
investigating the history of (space)flight (Fig. 45).

On 9 February, Günter Kargl talked about "Rosetta: The 
first landing on a comet" in the frame of the public series 
of talks "Nachts auf der Sternwarte" at the Department of 
Astrophysics of the University of Vienna.

In February and March, Bruno Besser, Herbert Lichtenegger, 
and Harald Ottacher participated in  a series of lectures 
about current space  topics in "Bildungshaus Sodalitas" in 
Tainach, Carinthia.

On 12 April, Luca Fossati was invited to the 10th Yuri's 
Night at Urania Wien, where he presented the Austrian     
contribution to NASA's CUTE mission.

The Austrian "Lange Nacht der Forschung" on 13 April 
broke all records. With more than 3000 people, IWF doubled  
the number of its visitors with respect to 2014 (Fig. 46).  

Different stations offered a taste of research for each age 
category: The youngest could build rockets and design 
their own planets whereas for the older visitors space 
physics was experimentally explained. Non-stop lectures 
and laboratory tours completed the program. The Austrian 
broadcasting service ORF sent its "Radio Steiermark 
Kinderreporter", who made a report on "adventures in the 
solar system". IWF would like to say "DANKESCHÖN" to 
Petra Huber and her team from Kinderbüro and Johannes 
Kügerl and his students from BG/BRG Kirchengasse, who 
helped coping with the enormous stream of visitors.

OUTREACH

Fig. 45: Man at work during the "Freiflug" exhibition at IWF.

Fig. 46:  The crowded IWF headquarters during the "long night of research".
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Starting in May, IWF were invited to write monthly science 
blogs for the Austrian newspaper "Der Standard", which 
had a great response from online readers. Topics discussed 
so far were InSight, magnetometer testing for JUICE, 
cometary tails, extraterrestrial life, and MMS.

On the first Wednesday of every month (during the lecture 
term), BioTechMed-Graz organizes a Science Breakfast 
alternately at the University of Graz, Medical University 
of Graz and Graz University of Technology. On 6 June, 
Wolfgang Baumjohann gave a lecture on the topic "From 
Graz into Space".

With more than 200 participants from 20 countries the 
Austrian Space Cooperation Days 2018 successfully 
took place at FH Wiener Neustadt from 7 to 8 June. 
IWF participated with an exhibition on exoplanets and 
two expert lectures: Georg Kirchner gave an overview 
of "Satellite Laser Ranging in Graz: Achievements and 
Advanced Applications" and Werner Magnes presented 
IWF's "Current and Future Challenges".

During summer time, seven high-school students 
performed an internship at IWF under the "Talente-
Praktika" program of FFG. They worked on space weather, 
comet Halley, PICAM calibration, solar type III radio 
bursts, Rosetta/MIDAS data archiving, and VLF data 
analysis. In the framework of the "FEMtech" program of 
FFG, six female students from KFU Graz and University of 
Vienna worked at IWF on space debris, MMS data analysis, 
dust, and preparations for the exoplanet missions CHEOPS 
and CUTE.

On the occasion of DLR's special exhibition "Comets – the 
Rosetta mission: Journey to the origins of the Solar System", 
hosted at the Natural History Museum (NHM) in Vienna, 
Günter Kargl and Thurid Mannel gave presentations 
during a dedicated symposium, organized by ÖAW and 
NHM on 12 July.

On 28 August, Magda Delva, Herbert Lichtenegger, and 
Martin Volwerk talked about our solar system, Mercury, 
and comets to the ten-year old participants of the space 
camp during the summer school of WIKU BRG Graz.

On 12 September, Luca Fossati participated in the 
GLOBART Talk 2018 at NHM, where researchers  and 
artists exchanged their ideas about "Our Place in Space".

On 28 September, IWF presented ESA's BepiColombo  
mission during the European Researchers' Night, a mega 
event that takes place every year simultaneously in several 
hundred cities all over Europe and beyond.

On 20 October BepiColombo was started, which was 
celebrated with a (pre-)launch event at IWF. On the eve 
of the launch, around 100 people listened to several talks 
about   IWF's contribution to this mission. Andreas Geisler,   
head of FFG's Aeronautics and Space Agency, conveyed  
supporting greetings from Federal Minister Norbert Hofer. 
About 50 "night owls" followed the institute's invitation to 
watch live BepiColombo's take-off at 03.45 CEST.

During November, ESA Director General Jan Wörner 
invited the European space family to promote with a new 
outreach experience called "Space Talk". IWF sent out 
Irmgard Jernej, Günter Kargl, Werner Magnes, Harald 
Ottacher, and Martin Volwerk to present their work in 
three Austrian states.

In the frame of the winter seminars of the Department of 
Astrophysics of the University of Vienna, on 5 November,  
Martin Volwerk talked about "The Io Plasma Torus - Old 
stuff and new insights".

AWARDS & RECOGNITION
In January, Rumi Nakamura was elected as a regular 
member of the European Academy of Sciences and Arts 
and in December she was elected as Fellow of the American 
Geophysical Union (AGU). 

In May, the Styrian government awarded IWF director 
Baumjohann the Decoration of the province of Styria for 
science, research and art and in October the International 
Academy of Astronautics (IAA) awarded him the "Basic 
Science Award".

IWF reached the top five nominations for the Styrian WKO 
(Austrian Economic Chambers) PR Panther in the category 
"science" with the PR project "Mit Bepi zum Merkur"  
(Fig. 47).

LECTURING AND MENTORING
In summer 2018 and in winter term 2018/2019 IWF members 
gave lectures at the University of Graz, Graz University of 
Technology, University of Vienna, TU Braunschweig, FH 
Joanneum, and FH Wiener Neustadt.

In the framework of the ÖAW mentoring system, organized 
by the Working Group on Non-Discrimination of ÖAW, 
Martin Volwerk served as mentor.

Fig. 47: Part of the IWF BepiColombo team during the PR Panther ceremony 
(Photo: Jorj Konstantinov).
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Fig. 48: Participants of the MMS SWT Meeting (Photo: James F. Spann, NASA).

MEETINGS
From 6-7 September, the Summer University "Graz 
in Space" was organized by IWF, the Commission for 
Astronomy, and the Institute of Physics of the University 
of Graz. The program concentrated on extrasolar planets, 
the Sun and space weather, and on Rosetta.

Wolfgang Baumjohann served as Vice Director and chair 
of the Program Committee of the Summer School Alpbach, 
which took place from 17 to 26 July and was dedicated to 
"Sample return from small solar system bodies". Every 
year, 60 students and about 25 lecturers and tutors from 
among ESA's member states are invited to this meeting.

From 23 to 25 October, IWF organized the MMS Fall Science 
Working Team (SWT) Meeting at Schloss Seggau (Fig. 48).

In  addition, B.P. Besser, M.Y. Boudjada, N.K. Dwivedi, H.-
U. Eichelberger, K.J. Genestreti, G. Kirchner, G. Kargl, M.L. 
Khodachenko, H. Lammer, M. Lendl, R. Nakamura, T.K.M. 
Nakamura, F. Plaschke, and M. Steindorfer were members 
of scientific program and/or organizing committees at nine 
international conferences and/or workshops.

THESES
Besides lecturing, members of the institute are supervising 
Bachelor, Diploma, Master and Doctoral Theses. In 2018, 
the following supervised theses have been completed:

Fischer, D.: Optimized Merging of Search-Coil and Fluxgate 
Data for the Magnetospheric Multiscale Mission, Doctoral 
Thesis, Technische Universität Graz, 151, 2018. 

Hofer, B.: Electromotive force deduced from Helios 
observations during Coronal Mass Ejections, Master 
Thesis, Universität Graz, 68, 2018.

Juvan, I.: Multicolor Photometry of Transiting Extrasolar 
Planets, Doctoral Thesis, Universität Graz, 114, 2018.

Mannel, Th.: Cometary dust at the Micrometre Scale - 
Results of MIDAS, the Atomic Force Microscope aboard 
the Comet Orbiter Rosetta, Doctoral Thesis, Universität 
Graz, 125, 2018.

Xiao, S.D.: Solar Wind Interaction with Induced 
Magnetosphere of Venus, Doctoral Thesis, University of 
Science and Technology of China, 96, 2018.
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IN MEMORIAM

WILLIBALD RIEDLER  
(1932-2018)

On 24 January 2018, Willibald Riedler passed away at the 
age of 85. He was a pioneer and driving force of Austria's 
involvement in space research activities, a committed 
university member and teacher of communication 
technology and manager of challenging research projects, 
for more than thirty years.

He studied electrical/communication engineering at 
Technische Hochschule Wien and graduated in 1956 as 
"Diplomingenieur". He was university assistant at the 
Institute for High-Frequency Engineering until 1962 
working on electrodynamics and microwave technology 
and finished his technical doctorate with a thesis on "The 
Splitting of the Electrokinetic Power Theorem".

Fascinated by the new research opportunities after the 
launch of the first Earth satellite 1957, Riedler started to 
work in ionospheric and magnetospheric physics at the 
Geophysical Observatory of the Royal Swedish Academy 
in Kiruna 1962. He got involved, first as consultant, after 
1966 as "Scientific Director", in the organization and 

realization of balloon and sounding rocket campaigns, 
the latter organized by ESRO (European Space Research 
Organisation). His second doctoral thesis on "Measurements 
of Energy Spectra and Angular Distributions of Electrons 
in Polar Light" got approved in 1966 at the Institute of 
Meteorology and Geophysics of the University of Vienna.

In 1968, Riedler was appointed professor of communications 
at Technische Hochschule Graz (now TU Graz). He 
took office in 1969 and acted as head of the Institute of 
Communications and Wave Propagation up to the end 
of 2000, when he retired as professor emeritus. From 
1973 to 1975 he served as dean of the Faculty of Electrical 
Engineering and from 1975 to 1977 as rector of TU Graz.

On 26 November 1969, the first space flight of an Austrian 
instrument, measuring high-energy particles, was launched 
on a sounding rocket from the Norwegian site Andøya. For 
the next thirty years many more instruments were flown 
during either internationally organized balloon campaigns 
and/or sounding rocket launches. 

In 1970, Riedler initiated, together with Otto Burkard, 
Karl Rinner, and others, the foundation of IWF, where he 
headed the Department of Experimental Space Research. 
From 1984 to 2000 he was executive director of the institute.

His department developed and built space hardware for 
several missions, beginning with a magnetometer for 
SPACELAB, followed by the Soviet Venera 13 & 14, Vega 
1 & 2, Phobos 1 & 2, and Interball. After Austria joined 
ESA as full member, the institute got involved in many 
successful missions, such as Cassini/Huygens, the German 
Equator-S, Cluster, and Rosetta. Riedler also initiated 
Austria's participation in the Chinese Double Star project, 
with two magnetometers and a spacecraft potential control 
instrument on two magnetospheric satellites. From 1988 to 
1992 he acted as scientific leader of the Austrian cosmonaut 
project AustroMir, organized by the Institute of Applied 
Systems Technology of Joanneum Research, which Riedler 
headed from 1978 to 2002.

Riedler was instrumental for the establishment of the Graz 
Lustbühel Observatory in 1976. In the beginning of the 
1990s, IWF expanded rapidly, with many more employees 
making it necessary to obtain more space in order to 
facilitate the institute's activities. On his request, the City 
of Graz donated a plot on which the ÖAW could build the, 
now called, Victor Franz Hess Research Center, which was 
opened in 2000.

IWF is mourning its long-term director, who was 
responsible for Austria's place in space history and turned 
Graz into an international center of space physics. The 
institute's members will always remember him gratefully.

Willibald Riedler at the ceremony on the occasion of his 75th birthday at TU 
Graz (© alumniTUGraz 1887).
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