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The Space Research Institute (Institut für Weltraum-
forschung, IWF) in Graz focuses on the physics of 
our solar system and exoplanets. 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).

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, the upper atmospheres of planets and on 
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-one active 
and future international space missions; among these:

	� The Cluster mission celebrated its 20th anniversary 
in 2020 and still provides unique data to better 
understand space plasma.

	� For already five years, the four MMS spacecraft 
explore the acceleration processes that govern the 
dynamics of the Earth's magnetosphere.

	� The first China Seismo-Electromagnetic Satellite 
(CSES-1) has studied  the  Earth's  ionosphere since 
2018.  CSES-2 will follow in 2022.

	� On its way to Mercury, BepiColombo, had gravity 
assist maneuvers at Earth (March) and Venus 
(October). It will investigate the planet, using two 
orbiters, one specialized in magnetospheric studies 
and one in remote sensing.

	� In its first operational year, CHEOPS (CHaracterizing 
ExOPlanets Satellite) has already provided significant 
results about the characteristics of exoplanets 
orbiting bright stars.

	� Along its innovative trajectory, ESA's Solar Orbiter 
flew by Venus in December to change its orbit 
around the Sun.

INTRODUCTION 

A United Launch Alliance (ULA) Atlas V rocket carrying Solar Orbiter lifts off on 9 February 2020 at 11:03 p.m. EST (© ULA).
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	� ESA's JUpiter ICy moons Explorer (JUICE, launch: 
2022) will investigate Jupiter and three of its largest 
moons, Ganymede, Callisto, and Europa.

	� FORESAIL-2 (launch: 2023) is one of three CubeSats 
to characterize the variability of ultra-low frequency 
waves in the inner magnetosphere.

	� SMILE (launch: 2023) is designed to study the 
interaction between the solar wind and Earth's 
magnetosphere.

	� PLATO (launch: 2026) is a space-based observatory 
to search for planets orbiting alien stars. 

	� Comet Interceptor (launch: 2029) will characterize in 
detail, for the first time, a dynamically-new comet or 
interstellar object. 

HIGHLIGHTS IN 2020
	� The successful launch of Solar Orbiter marked the 
highlight at the beginning of the year. The Chinese 
Tianwen-1 mission followed in July.

	� Two studies in the "Journal of Geophysical Research" 
and "Geophysical Research Letters" explained the 
origin of bead-like structures in the aurora.

	� In "Astronomy & Astrophysics" the first measurement 
results from CHEOPS were presented, characterizing 
the exoplanet WASP-189b in detail.

	� In "Nature Communications" the first successful 
daylight space debris laser ranging was published.

THE YEAR 2020 IN NUMBERS
Members of the institute published 168 papers in 
refereed international journals, of which 42 were first 
author publications. During the same period, articles 
with authors from the institute were cited 7089 times 
in the international literature. In addition, 26 talks 
(11 invited) and 33 posters were presented (virtually) 
by IWF members at international conferences. Last 
but not least, institute members were involved in the 
organization of four international meetings.

IWF STRUCTURE AND FUNDING
The institute is led by Director Wolfgang Baumjohann. 
Werner Magnes serves as Deputy Director.

IWF is structured into six research groups:

	� Exoplanets (Lead: Luca Fossati)
	� Planetary Atmospheres (Lead: Helmut Lammer)
	� Space Plasma Physics (Lead: Rumi Nakamura)
	� On-Board Computers (Lead: Manfred Steller)
	� Magnetometers (Lead: Werner Magnes)
	� Satellite Laser Ranging (Lead: Georg Kirchner)

Most financial support is given by ÖAW. Significant 
support is also provided competitively by other 
national institutions, in particular the Austrian Research 
Promotion Agency (FFG) and the Austrian Science Fund 
(FWF). Furthermore, European institutions like ESA 
and the European Union contribute substantially.

Tianwen-1 was launched aboard a Long March 5 rocket from the Wenchang Space Center on 23 July 2020 (© CNSA).

IWF/ÖAW
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Near-Earth space is a most suitable place to study 
fundamental space plasma processes through advanced, 
in-situ measurements of the charged particles together 
with electric and magnetic fields at high cadence. In 
particular, multi-point spacecraft missions enable 
to advance our understanding of complex plasma 
processes by differentiating spatial structure from 
temporal changes. IWF has been participating in a 
number of Near-Earth space missions from the planning 
and proposal phase, by developing and building 
new hardware, and by operating and calibrating the 
instruments. Data taken from these missions have been 
extensively analyzed at IWF with different methods 
and by theoretical modeling to compare with the 
observations. 

New studies dealing with the interaction of the solar 
wind with the Earth's magnetosphere were completed 
using the data from the missions to which IWF 
contributes. Also theoretical and numerical studies 
helped to interpret the mission data. Among different 
results one of this year's highlights is the first 3D fully 
kinetic particle-in-cell simulation of a plasma instability 
called Kelvin-Helmholtz instability performed for a 
specific (i.e., southward) interplanetary magnetic field 

orientation. The simulation showed how the instability 
drives fast magnetic reconnection, which is the main 
scientific target of the Magnetospheric Multi-Scale (MMS) 
mission. The results will also significantly support the 
physical interpretation of MMS observations.

While MMS studies micro-scale processes, observations 
from the Time History of Events and Macroscale Interactions 
during Substorms (THEMIS) multi-spacecraft mission 
are suited for meso-scale magnetospheric boundary 
processes such as dipolarization fronts. This magnetic 
feature is considered to be produced in association 
with the interaction of plasma jets and the ambient 
magnetic field and is a major energy conversion region 
in the magnetotail. A detailed comparison between 
the THEMIS observations and a computer model of 
the plasma instability called interchange instability, 
unveiled detailed mechanisms how a localized magnetic 
field front structure  is formed. The obtained knowledge 
from the near-Earth space observations contribute to 
enhancing our understanding of space plasma processes 
in other plasma environments within our solar system 
and beyond.

NEAR-EARTH SPACE

Artist's impression of the solar wind interaction with the Earth's magnetosphere (© ESA/AOES Medialab).
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CLUSTER
ESA's Cluster mission is designed to study different 
plasma processes created by the interaction between 
the solar wind and the Earth's magnetosphere. This first 
four-spacecraft mission has been successfully operating 
for twenty years starting from its launch in August 2000 
and is currently planned to be extended until 2022. 
IWF is Principal and/or Co-Investigator (PI/Co-I) of 
five instruments and has contributed to data archiving 
activities at the Cluster Science Archives (CSA) in addition 
to the science data analysis.

THEMIS/ARTEMIS
NASA's five-spacecraft mission THEMIS (Time History 
of Events and Macroscale Interactions during Substorms), 
was launched in 2007. In 2010, the two outer spacecraft 
were renamed ARTEMIS (Acceleration, Reconnection, 
Turbulence and Electrodynamics mission) and put in orbit 
around the Moon. Both missions were extended until 
2022. As Co-I of the magnetometer, IWF is processing 
and analyzing data.

MMS
NASA's Magnetospheric Multi-Scale (MMS) mission, 
launched in 2015, explores the dynamics of the Earth's 
magnetosphere and the underlying energy transfer 
processes. Four identically equipped spacecraft carry 
out measurements in the Earth's magnetosphere with 
highest temporal and spatial measurements ever flown 
in space. MMS investigates the small-scale basic plasma 
processes, which transport, accelerate and energize 
plasma in thin boundary and current layers. Extension 
of MMS has been approved until 2022. 

IWF has taken the lead for the Active Spacecraft POtential 
Control of the satellites (ASPOC) and is participating 
in the Electron Drift Instrument (EDI) and the Digital 
FluxGate magnetometer (DFG). In addition to the 
operation of these instruments and the scientific data 
analysis, IWF is contributing in inflight calibration 
activities and also deriving a new data product such as 
the density using controlled spacecraft potential.

A spacecraft in a plasma becomes charged due to a 
number of different processes. The two most important 
are photoelectron emission from the sunlit surfaces of 
the spacecraft and the collection of thermal electrons 
by the spacecraft. For the regulation of the spacecraft 
potential on MMS an ASPOC instrument was included, 
which reduces the potential by emitting a current.

If the photoelectron emission can be modelled, 
then the spacecraft potential can be used to obtain 
a measurement of the electron density. This has the 
advantage of an increased time resolution over direct 
measurements with plasma instruments. However, 
large external electric fields can accelerate lower energy 
photoelectrons that would not have energy to escape 
the spacecraft. This can cause the spacecraft potential 
to follow fluctuations in the electric field decreasing the 
quality of determination of the electron density from 
the spacecraft potential.  

To correct for this effect, the following methodology 
was developed: The contribution of the electric field to 
the change in potential was determined empirically and 
then removed. An example from the MMS spacecraft of 
the corrected density estimation is shown in the figure 
below, where the measured potential is depicted in 
black and the corrected potential in red. The corrected 
potential determination matches well with other 
estimates of the electron density.

Roberts et al., J. Geophys. Res., 125, e2020JA027854, 2020.
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CSES
The China Seismo-Electromagnetic Satellites (CSES) are 
scientific missions dedicated to the investigation and 
monitoring of varying electromagnetic fields and waves 
as well as plasma parameters and particle fluxes in the 
near-Earth space, which are induced by natural sources 
on ground like seismic and volcanic events.

After the successful launch of the first satellite  
CSES-1 in February 2018, the second satellite CSES-2 
is scheduled for launch in 2022. It will be in the same 
Sun-synchronous circular low Earth orbit as CSES-1, 
with a local time of the descending node at 2 pm, but 
with a phase difference of 180 degrees. The combined 
observations of both satellites will double the detection 
probability of natural hazard-related events and will 
help to separate seismic from non-seismic events.

The CSES magnetometers, which are nearly identical 
on both spacecraft, have been developed in cooperation 
between the National Space Science Center (NSSC), the 
Institute of Experimental Physics of Graz University of 
Technology (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).

Throughout 2020, the magnetometer sensors of  
CSES-1 operated continuously in good health. The data 
from the scalar sensor were e.g. used to derive its absolute 
error. This was done by comparing the measurements 
to magnetic field models, measurements from other 
satellite missions, and through a comprehensive study 
of the integrity of its own data. The latter was based on 
the comparison of all available instrument parameters 
in flight with the verification measurements performed 
on ground before launch. This led to a maximum 
uncertainty in the measurement of 1.1 nT as shown in the 
figure below.

Pollinger et al., Geosci. Instrum. Method. Data Syst., 9, 275-291, 2020.

GEO-KOMPSAT-2A
GEO-KOMPSAT-2A (GEOstationary KOrea Multi-Purpose 
SATellite-2A) is a South Korean meteorological and 
environmental satellite in geostationary orbit at 128.2° 
East, which also hosts a space weather environment 
monitoring system. The Korean Meteorological 
Administration managed the implementation of the 
satellite, launched in 2018, and the necessary ground 
segment. The space weather observations aboard GEO-
KOMPSAT-2A are performed by the Korean Space 
Environment Monitor (KSEM), which was developed 
under the lead of the Kyung Hee University. It consists 
of a set of particle detectors, a charging monitor and a 
four-sensor Service Oriented Spacecraft MAGnetometer 
(SOSMAG). 

The SOSMAG development was initiated and conducted 
by ESA as part of the Space Situational Awareness 
Programme and built by the SOSMAG consortium: IWF, 
Magson GmbH, Technische Universität Braunschweig, 
and Imperial College London. The SOSMAG instrument 
is a "ready-to-use" magnetometer avoiding the need of 
imposing magnetic cleanliness requirements onto the 
hosting spacecraft. This is achieved through the use of 
two high quality fluxgate sensors on an approximately 
one meter long boom and two additional magneto-
resistive sensors mounted within the spacecraft body. 
The measurements of the two spacecraft sensors together 
with the inner boom sensor enable an automated 
correction of the outer boom sensor measurement for 
the dynamic stray fields from the spacecraft.

During the second year of operation, flight data 
verification, in-flight calibration and operation support  
were continued. Furthermore, the SOSMAG ground 
processor software was finished. It has been integrated 
in the Space Weather Service Network of ESA's Space 
Safety program in the second half of 2020 for a real 
time release of the SOSMAG data to the space weather 
community.

Magnes et al., Space Sci. Rev., 216, 119, 2020.

The worst case uncertainty of the magnetic field 
measurement by the scalar sensor aboard CSES-1 as a 
function of geomagnetic coordinates.
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FORESAIL-2
FORESAIL is a CubeSat program conducted by 
Aalto University in the frame of the Finnish Centre 
of Excellence in Research of Sustainable Space. 
FORESAIL-2, as the second mission in this program, is 
planned for  launch into a geostationary transfer orbit 
(GTO) in 2023. The technology demonstration goal of 
this mission is to survive the harsh radiation of the 
Van Allen belt using low cost components and a fault-
tolerant software approach. In addition, a Coulomb-
drag experiment shall demonstrate safe de-orbiting 
from orbits with high apogee.

The characterization of the variability of ultra-low 
frequency (ULF) waves and their role in energizing 
particles in the inner magnetosphere are the core 
scientific objectives of FORESAIL-2. This shall be 
achieved by in-situ measurements of the magnetic field 
as well as relativistic electrons and protons.

In cooperation with the Institute of Electronics of 
Graz University of Technology, IWF contributes a 
miniaturized magnetometer, which will be based on 
a newly developed microchip for the readout of the 
triaxial magnetic field sensor. During the reporting year, 
the preliminary design of the magnetometer has been 
settled and the design and simulation of the prototype 
microchip has been nearly finalized.

SMILE
The Solar wind Magnetosphere Ionosphere Link Explorer 
(SMILE) is a joint mission between ESA and the Chinese 
Academy of Sciences (CAS), scheduled for launch in 
2023. 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. 
IWF is Co-I 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 the instrument's control and power 
unit EBOX for SXI. 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 2020, ESA changed its philosophy and 
requested to get rid of all electronic components, which 
need a US export license. Thus IWF had to do a complete 
redesign of the DPU, using European semiconductors 
only. The component selection and the design process 
has been completed, but the printed circuit board  layout 
activity is still ongoing. In parallel, the structural and 
thermal model of the EBOX has been designed and 
manufactured. All components are in house and the 
assembly has started.

Another activity was the design of the SXI simulator, 
which will be provided to Airbus instead of an 
Engineering Model. The simulator is based on a 
commercial Raspberry Pi enhanced by an in-house 
developed SpaceWire extension board.

In addition to the hardware activities, IWF is participating 
in the modeling and science working group activities.

SMILE SXI simulator to be used at spacecraft level instead of an 
Engineering Model (© ÖAW/IWF/Steller).

CubSats will set sail to investigate the Earth's magnetosphere.

IWF/ÖAW
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DECAY OF KELVIN-HELMHOLTZ VORTEX 
AT THE EARTH'S MAGNETOPAUSE 
When the magnetic field is oriented nearly perpendicular 
to the direction of the plasma shear flow, the flow 
easily satisfies the super-Alfvénic unstable condition 
for the Kelvin-Helmholtz Instability (KHI). When 
the Interplanetary Magnetic Field (IMF) is strongly 
northward or southward, this configuration is realized 
at the Earth's low-latitude magnetopause across 
which the velocity shear between the magnetosheath 
(shocked solar wind) and magnetosphere persistently 
exists. Indeed, clear signatures of the KH waves and 
vortices have been frequently observed during periods 
of strong northward IMF. However, these signatures 
have been much less frequently observed during 
southward IMF. The first 3D fully kinetic Particle-
In-Cell (PIC) simulation of the magnetopause KHI 
under pure southward IMF conditions is illustrated 
below. The simulation demonstrates that fast magnetic 
reconnection, driven by the magnetic shear between the 
Earth's northward magnetic field and the southward 
IMF, grows in the direction nearly perpendicular to 
the KHI k-vector (the shear flow). It is induced at 
multiple locations along the vortex edge in an early 
non-linear growth phase of the KHI. The reconnection 
outflow jets significantly disrupt the flow of the non-
linear KH vortex, while the disrupted turbulent flow 
strongly bends and twists the reconnected field lines. 
The resulting coupling of the complex field and flow 
patterns within the magnetopause boundary layer leads 
to a quick decay of the vortex structure, which may 
explain the difference in the observation probability 
of the KH waves and vortices between northward and 
southward IMF conditions.

Nakamura T. et al., Geophys. Res. Lett., 47, e2020GL087574, 2020.

RECONSTRUCTION OF THE 
RECONNECTION KERNEL ZONE
Magnetic reconnection is one of the key processes 
inherent to plasma physics, responsible for the 
topological reconfiguration of magnetic fields, plasma 
heating and acceleration. While, in general, reconnection 
is substantially a three-dimensional, time-dependent 
process, in some cases the problem is simplified due 
to the configuration symmetry and quasi-stationary 
regime. Then, in the nearest vicinity of the reconnection 
X-point the reconstruction problem  is reduced to a two-
dimensional Poisson equation for scalar potential of the 
in-plane magnetic field. In incompressible plasma this 
equation turns to the Grad-Shafranov (GSH) equation.

With boundary conditions, specified at some unclosed 
curve (e.g., the satellite trajectory), the GSH equation 
yields an ill-posed problem. The solution for this 
problem is to imply some regularization procedure. For 
the case of a compressible plasma, two regularization 
techniques were compared on a benchmark 
reconstruction of particle-in-cell simulation data. The 
reconstruction error sources were investigated. It was 
found that the transition from the exact Poisson to the 
modeling GSH equation is the major contributor to the 
reconstruction inaccuracy, shrinking the reconstruction 
domain cross-size to several electron inertial lengths. 
Within this domain the so-called "boundary layer 
approximation" provides for the simplest and the most 
accurate method for the problem regularization.

Korovinskiy et al., Phys. Plasmas, 27, 082905, 2020.

Peaking normalized reconstruction error, in %, versus the 
reconstruction domain cross-size normalized to the ion 
inertial length, di, where di = 16 de. The error is evaluated as  
err = (|Adata-Arec|)⁄(max|Adata|), where A is the scalar potential of 
the in-plane magnetic field and subscripts "data" and "rec" stand for 
data and reconstruction, respectively.

3D fully kinetic simulation results of the Kelvin-Helmholtz 
instability (KHI) at the magnetopause at two time slices in the 
early non-linear growth phase of the KHI. Plots show 3D views 
of magnetic field lines with the 2D contours of electron density 
in the X-Y plane at Z=0, Lz/2 and Lz. The non-linearly rolled-up 
KH vortex structure (seen in the left panel) quickly decays by 
turbulent evolution of magnetic reconnection.
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KINETIC ALFVÉN WAVE MECHANISM 
REVEALED IN SPACE PLASMAS
In the 1980s, numerical linear Vlasov theory showed a 
peculiar behavior that kinetic Alfvén waves change the 
polarization sense from left-hand to right-hand rotation 
around the mean magnetic field as the propagation 
direction approaches nearly perpendicular to the mean 
field.

The mechanism of polarization reversal remained 
a problem in space plasma physics. It was finally 
revealed by tracking the dielectric response of plasmas 
analytically. The wave electric field is determined 
by different motions between electrons and ions 
(Hall current), causing the left-hand polarization. At 
nearly perpendicular propagations, however, thermal 
motions of electrons and ions dominate the system (by 
diamagnetic current), and the polarization flips into 
right-hand rotation.
Narita et al., Front. Physics, 8, 166, 2020.

Variation of the power levels versus the frequency and the magnetic 
latitude for all events. The red, blue and green colors indicate the 
intense, moderate and weak frequency-banded emissions.

VLF/LF RADIO PROPAGATION
Frequency-banded wave emission has been recorded 
near the Earth's equatorial region by the DEMETER 
satellite. This emission occurs on the night side in 
the frequency range from few kHz up to 800 kHz 
when the satellite's magnetic latitude mainly varies 
between -30° and +20°. This emission exhibits different 
spectral behavior before and after the crossing of the 
magnetic equator. Two spectral components have 
been investigated, one appears as frequency bands 
continuous in time between a few kilohertz and up to 
50 kHz, and the other one is from 50 to 800 kHz.

The first component exhibits positive and negative 
frequency drift rates in the Southern and Northern 
Hemisphere, at latitudes between -40° and 20°. The 
second one displays multiple spaced frequency bands 
as shown in the figure below. Such bands mainly occur 
near the magnetic equatorial plane with a particular 
enhancement of the power level when the satellite 
latitude is close to the magnetic equatorial plane. It is 
important to note that the number of parallel narrow 
bands is found to be different from one event to another. 
In addition, the enhanced banded frequencies above 
200 kHz, may be considered harmonic components of a 
fundamental frequency appearing around 140 kHz. The 
power distribution of such emissions shows restrained 
and extended deployment around the equatorial 
magnetic plane. Hence, the latitudinal beam is found 
to be about 40° when the frequency is, on average, less 
than 100 kHz. Above this limit and up to about 800 kHz, 
the latitudinal beam is decreasing and found to be about 
20°.
Boudjada et al., Ann. Geophys., 38, 765-774, 2020.

Field rotation sense of wave electric and magnetic field (panel 
1 and 3) and compressive sense of electric and magnetic field 
parallel to the mean magnetic field (panel 2 and 4) as function of 
wave numbers normalized to the ion gyro-radius. Three different 
propagation scenarios are shown.

IWF/ÖAW
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S/C TRAJECTORIES THROUGH 
INTERCHANGE HEADS
The terrestrial magnetic field lines on the anti-
sunwardside of the Earth form an elongated structure 
(the magnetotail), which is periodically disrupted by 
magnetic reconnection. An instability was recently 
found to produce azimuthally narrow heads that intrude 
into the dipole region from the near-Earth magnetotail. 
At the developed stages of the instability, it was predicted 
that localized plasma structures, which have narrow 
heads and contain enhanced northward magnetic fields 
(dipolarization front), grow toward the Earth that may 
cause a full-scale disruption of the magnetotail. 

By combining high-performance computing plasma 
simulations with multi-point in-situ observations by 
THEMIS, it is shown that under the right magnetotail 
conditions the dipolarization fronts can also be generated 
by this instability at about ten Earth's radii downtail in 
the transition region between the geomagnetic dipole 
and tail fields.

Panov et al., J. Geophys. Res., 125, e2020JA027930, 2020.
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However, while the alignment is more significant 
for faster than for slower jets, and for jets observed 
close to the bow shock, the overall effect is small: 
typically, reductions in Φ of around 10° are observed 
at jet core regions, where the jets' velocities are largest. 
Furthermore, time series of Φ pertaining to individual 
jets significantly deviate from the superposed epoch 
analysis results. They usually exhibit large variations 
over the entire range of Φ: 0 to 90°. This variability is 
commonly somewhat larger within jets than outside, 
masking the systematic decrease in Φ at core regions of 
individual jets.
Plaschke et al., Ann. Geophys., 38, 287-296, 2020.

(a) Sketch of how magnetic fields in the magnetosheath may be modified by the motion of fast plasma jets. Velocities of jets and ambient 
plasmas are illustrated by red and blue arrows, respectively. (b) Close-up on a jet. Green and red arrows show local directions of the 
magnetic field B and velocity V measured by a spacecraft on its trajectory through the jet. The angle between B and V is Φ.
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ALIGNMENT OF JET VELOCITY  
AND MAGNETIC FIELDS
Jets in the subsolar magnetosheath are localized 
enhancements in dynamic pressure that are able to 
propagate all the way from the bow shock to the 
magnetopause. Due to their excess velocity with respect 
to their environment, they push slower ambient plasma 
out of their way, creating a vortical plasma motion in 
and around them. Simulations and case study results 
suggest that jets also modify the magnetic field in the 
magnetosheath on their passage, aligning it more with 
their velocity. Based on MMS jet observations and 
corresponding superposed epoch analyses of the angles 
Φ between the velocity and magnetic fields, it was 
confirmed that this suggestion is correct. 
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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.

2020 marks the beginning of a new era of investigating 
the Sun and solar wind with the launch of Solar Orbiter 
in February. The remote sensing instruments got a 
first chance to make measurements in June, when the 
spacecraft surrounded the Sun for the first time at a 
distance of about 0.5 AU. Further scientific observations 
were made by the Solar Orbiter payload during the first 
Venus flyby in December 2020. 

SOLAR ORBITER
Solar Orbiter is an ESA space mission to investigate 
the Sun. Flying a novel trajectory, with partial Sun-
spacecraft corotation, the mission plans to investigate 
in-situ plasma properties of the inner solar heliosphere 
and to observe the Sun's magnetized atmosphere and 
polar regions. Gravity assist from Venus and Earth will 
be used to reach the operational orbit, a high elliptical 
orbit with perihelion at 0.28 AU. 

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

SOLAR SYSTEM

Artist's impression of Solar Orbiter making a flyby at Venus  
(© ESA/ATG medialab).
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MAGNETIC HOLES IN THE SOLAR WIND 
BETWEEN MERCURY AND VENUS
The Interplanetary Magnetic Field (IMF) shows various 
kinds of structures and discontinuities on different 
scales, one of which is the Magnetic Hole (MH). This 
structure is characterized by a decrease in magnetic 
field strength and an increase in plasma density and/or 
temperature. Two special cases of MHs are discussed, 
the Linear MH (LMH) and Pseudo MH (PMH) where 
the magnetic field rotates less than 10° over the structure 
and between 10° and 45°, respectively.

The MESSENGER magnetometer data during the 
cruise phase from Venus to Mercury were used and the 
occurrence rate of MHs was determined as a function 
of radial distance from the Sun and categorized by the 
magnetic field rotation over the MH.

The occurrence rate of LMHs (blue) and PMHs (dark 
orange) does not change much between Mercury and 
Venus. The small difference between the occurrence 
rates over the observation interval rules out the 
"dilution" or "parametric decay" of the structures. The 
narrow range of widths between ~4 and ~30 s, assuming 
Bohm-like diffusion of the structures happen, which 
would make them larger, would argue for a constant 
creation and diffusion and (stochastic) decay of these 
structures between Mercury and Venus.
Volwerk et al., Ann. Geophys., 38, 51-60, 2020.

SOLAR CORONA MHD SIMULATIONS
Realistic models of the Sun's atmosphere, the corona, 
require knowledge of the real situation on the solar 
surface, because this reshapes the magnetic field in 
the corona. The evolution of the magnetic fields lead 
to electric currents in the corona that heat the plasma 
to temperatures even above 1 million Kelvin. The 
mechanism for this heating has been a riddle for a long 
time and computer models now allow to analyze the 
plasma processes in the corona much better than only 
by observing the corona with telescopes. However, a 
realistic driving of such three-dimensional magneto-
hydrodynamic (3D MHD) models requires careful 
numerical methods to impose the observed state at the 
solar surface, the photosphere, but at the same time let 
the rest of the model evolve as freely as possible. Novel 
methods have been used to extrapolate the observed 
magnetic field into the interior of the Sun and allow the 
plasma to flow horizontally and to braid the magnetic 
field due to the convection motion that emerges from 
the solar interior. The boundary condition of the model 
also allows for a compressible lower atmosphere, the 
chromosphere, so that downflows from the corona 
are softly damped, before reaching the surface, as it is 
also the case on the real Sun. Using high-performance 
computers, like the institute's LEO system, new models 
were run for different solar phenomena, like sunspots 
and full active regions.

Bourdin et al., Geophys. Astro. Fluid Dyn., 114, 235-260, 2020.

Histogram of the occurrence rate of MHs as a function of radial 
distance and color coded after the rotational bins as given in the 
legend. The two dashed magenta lines in the bottom panel show 
the average occurrence rates from Helios data.
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(a)

(b)

(c)

Simulation of a PSP CME double crossing from different viewing angles (a-c). Red: 3DCORE model flux rope at simulation time of +4 hours.  
Blue: model flux rope at +26 hours. Dashed line: PSP trajectory. Further imaging and in-situ observations may be provided by Solar Orbiter, 
STEREO-A, SOHO, Wind, and BepiColombo. 

INTERPLANETARY CME RATE IN SOLAR 
CYCLE 25 & PSP DOUBLE CROSSINGS
The Solar Orbiter and Parker Solar Probe (PSP) missions 
are destined to make groundbreaking observations 
of the Sun and interplanetary space in this decade. 
Through simulations with the semi-empirical flux 
rope model (3DCORE), a particularly interesting case 
of a possible coronal mass ejection (CME) observation 
by PSP was found, which may happen when a CME 
erupts during times when PSP is near its aphelion (<0.1 
AU). The same magnetic flux rope inside a CME was 
observed in-situ by PSP twice, by impacting its nose or 
front part and its leg or side part. In order to look at 
the odds of this unprecedented observing situation to 
happen, the in-situ CME rate valid for Earth as well as 
at PSP and Solar Orbiter was calculated, based on two 

predictions for the sunspot number (SSN, peak at 115 
and 232). On the order of 1 to 10 possible PSP flux rope 
double crossings were found, which holds considerable 
promise to determine the structure of CMEs in the solar 
corona. A double crossing is essentially a multi-point 
in-situ CME observation very close to the Sun. Ideally, 
Solar Orbiter would image the event from a vantage 
viewing point or detect the same CME in-situ, further 
constraining the 3DCORE simulations. For the higher 
sunspot number prediction, during the next solar 
maximum around 2025, about five CMEs would impact 
Earth per month on average, which would form the 
strongest space weather impacts since the early 1990s.
Möstl et al., Astrophys. J., 903, 92, 2020.
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MERCURY
Mercury is in the center of attention because of the 
ESA/JAXA BepiColombo mission. The planet has a 
weak intrinsic magnetic field and develops a mini-
magnetosphere, which strongly interacts with the solar 
wind.

In 2020, BepiColombo experienced its first two planetary 
flybys: Earth in April and Venus in October.

BEPICOLOMBO
The European-Japanese spacecraft, launched 2019, is 
on its way to Mercury. BepiColombo's trajectory is bent 
towards the Sun and its velocity is decreased during 
nine gravity-assist manoeuvers (GAM) such, that the 
spacecraft finally can reach its Mercury orbit insertion 
point at the end of 2025. GAMs - also known as flybys, 
swingbys or gravitational slingshots - use the gravitation 
of a planet or other astronomical objects to alter the path 
and speed of a spacecraft without using thrusters and 
propellant. 

Selfies taken by the camera of BepiColombo's Mercury Transfer Module (MTM) as the spacecraft neared Earth and passed Venus (inset) during 
its gravity-assist manoeuvers in April and October (© ESA/BepiColombo/MTM, CC BY-SA 3.0 IGO). 

IWF/ÖAW
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An example of BepiColombo observations during its Earth flyby. The top panel shows the ion spectrogram from PICAM and the bottom 
panel the total magnetic field from MPO-MAG. BepiColombo successfully captured the dynamics of plasma at the moment of entry from the 
interplanetary space to the Earth's magnetosphere.

The first and only Earth flyby took place in April, with 
the closest approach at a distance of 12,677  km from 
the Earth's surface on 10 April, 04:45 UTC. Half a year 
later BepiColombo visited Venus for the first of two times 
around 15 October. Many sensors use the flybys for 
further calibration activities and for the first science 
measurements, including the three sensors with an IWF 
hardware contribution on both the European Mercury 
Planetary Orbiter (MPO) and the Japanese Mercury 
Magnetospheric Orbiter (MMO).

The MMO-MGF (IWF PI-ship) magnetometer with its 
two sensors on the still stowed boom was switched on 
during the flybys and a number of other constellation 
and instrument check-out campaigns. The Earth flyby 
has been used for an evaluation of the scale factors and 
the exact orientation of the stowed sensors.

MPO-MAG (IWF technical management) has been 
monitoring the magnetic field almost continuously. 
Apart from the instrument calibration during the Earth 
flyby, MPO-MAG data have already been widely used 
for scientific evaluation of magnetospheric features 
during the two planetary flybys and interesting 
structures of the solar wind like a specific Coronal Mass 
Ejection which could be measured in concert with the 
Solar Orbiter spacecraft.

PICAM (IWF sensor PI-ship), the ion mass spectrometer 
with imaging capability as part of the SERENA 
instrument suite on MPO, was operated in different 
science modes for about 20 hours near Earth and for 27 
hours at Venus. The campaigns brought the first real 
science measurements, which significantly aid in the 
calibration and flight software update activities.
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Relationship between the best-estimate offset and the number 
of samples to obtain this value with 95% confidence. The time 
interval to take one sample is 30 s. The solid lines represent the 
linear least squares fits of the offsets above 0.5 nT.
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DETERMINING MAGNETOMETER 
OFFSETS IN HERMEAN ENVIRONMENT
The offsets of a magnetometer are usually evaluated 
from observations of Alfvénic fluctuations in the pristine 
solar wind, if available. While BepiColombo's MMO orbit 
will indeed partially reside in the solar wind, MPO 
will remain within the magnetosphere at most times 
during the main mission phase. An alternative offset 
determination method, based on the observation of 
highly compressional fluctuations, the so-called mirror 
mode technique, becomes important in such orbit 
conditions. 

To evaluate the method performance in the Hermean 
environment four years of MESSENGER magnetometer 
data were analyzed. They were calibrated by the 
Alfvénic fluctuation method and compared with the 
accuracy and error of the offsets determined by the 
mirror mode method in different plasma environments 
around Mercury. It is shown that the mirror mode 
method yields the same offset estimates and thereby 
confirms its applicability. Furthermore, the spacecraft 
observation time within different regions necessary to 
obtain reliable offset estimates is evaluated.

Although the lowest percentage of strong compressional 
fluctuations were observed in the solar wind, this region 
is most suitable for an accurate offset determination 
with the mirror mode method. 132 hours of solar wind 
data are sufficient to determine the offset to within 
0.5  nT, while thousands of hours are necessary to 
reach this accuracy in the magnetosheath or within the 
magnetosphere.

It is concluded that in the solar wind the mirror mode 
method might be a good complementary approach 
to the Alfvénic fluctuation method to determine the 
(spin-axis) offset of the MMO magnetometer. However, 
although the mirror mode method requires considerably 
more data within the magnetosphere, it might also be 
the most valuable scheme for MPO to determine the 
offsets accurately.
Schmid et al., Ann. Geophys., 38, 823-832-, 2020.
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The Tianwen-1 team with the spacecraft (© CNSA).

VENUS AND MARS
Venus and Mars are the Earth's nearest inner and outer 
planetary neighbors, respectively. Venus orbits the Sun 
at 0.7 AU in 224 days, has a radius slightly smaller than 
the Earth, and has a very dense atmosphere. Mars orbits 
the Sun at 1.5 AU in 687 days, has about half the radius 
of the Earth, and has a very tenuous atmosphere. Both 
planets do not have an internal magnetic field, although 
Mars does show remnant surface magnetization, which 
might indicate that the planet used to have a functioning 
dynamo. Through their interaction with the solar wind, 
however, a so-called induced magnetosphere is created.

2020 was a busy year for exploring the Red Planet. Three 
missions lined up for launch:  NASA's Perseverance, the 
Emirate's al-Amal (Hope), and China's Tianwen-1.

TIANWEN-1
China's Mars orbiter, lander, and rover mission will 
conduct  a comprehensive remote sensing of the Red 
Planet, as well as surface investigation. IWF contributed 
to a magnetometer aboard the orbiter. 

INSIGHT
NASA's InSight (INterior exploration using Seismic 
Investigations, Geodesy and Heat Transport) landed on 
Mars in 2018. The Heat flow and Physical Properties Probe 
(HP³) was designed to measure the internal heat flux 
of the planet as well as the thermal and mechanical 
properties of the regolith. The hammering of the "Mole" 
into Martian ground got stuck, caused by lacking 
friction of the regolith.

With the numerical model developed at IWF it could 
be demonstrated that the first half meter is the most 
difficult part of the insertion process. Throughout 2020 
the "Mole" penetration attempts were further supported 
with the Instrument Deployment Arm and finally the 
hole that was formed around the "Mole" was filled in. At 
the same time due to seasonal effects and an increased 
dust load on the solar panels the energy situation of 
InSight became critical. Therefore, in February 2021 
it was decided to discontinue the HP3 deployment 
attempts.
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EARLY EVOLUTION OF EARTH 
AND VENUS
The atmospheric 36Ar/38Ar, 20Ne/22Ne, 36Ar/22Ne, noble 
gas isotope and elemental bulk ratios on Venus and 
Earth provide important information on their origin and 
evolution. For reproducing Earth's and Venus's present 
atmospheric isotope ratios, hydrodynamic upper 
atmosphere escape and smooth particle hydrodynamics 
impact models were applied to study losses of captured 
H2-dominated primordial atmospheres for different 
proto-planetary masses. Additionally, a wide range 
of possible solar EUV evolution tracks and initial 
atmospheric compositions based on mixtures of 
captured nebula gas, outgassed and delivered material 
from planetary building blocks was added to the 
modeling of growing proto-planets. It was found that 
for outgassed noble gases and rock-forming elements 
from planetary building blocks with masses that are less 
than that of Earth's Moon the gravity is too weak so that 
all outgassed elements will escape immediately to space. 
For these bodies the loss rates of noble gases Ar and Ne 
are so high that there will be no fractionation of their 
isotopes. The studied planetary embryos, even though 
not isotopically fractionated, are strongly depleted in 
noble gases and moderately volatile elements.

Depending on the disk lifetime and the composition 
of accreted building blocks after disk dispersal, it was 
found from the reproduction of today's atmospheric Ar, 
Ne, and some bulk elemental ratios (see figure below), 
that early Earth's evolution can be explained if it had 
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accreted masses of up to 0.58 MEarth by the time the 
gas disk dissipated (top panel, figure below). If proto-
Earth would have accreted a higher mass during this 
early period the Earth's present atmospheric Ar and 
Ne isotope ratios cannot be reproduced and for masses 
> 0.75 MEarth, Earth would have ended as an H2/He-
dominated sub-Neptune. It was also discovered that if
proto-Venus captured a primordial atmosphere from
the gas disk it should have grown to masses between
0.85 - 1.0 MVenus until the disk dissipated (bottom panel,
figure below). However, in the case of Venus, a future
spacecraft to our inner neighbor should carry out new
precise re-measurements of atmospheric noble gases
that will better constrain the material that was involved
in the planet's accretion history and possibly also the
EUV activity evolution of the young Sun.
Lammer et al., Space Sci. Rev., 216, 74, 2020.
Lammer et al., Icarus, 339, 113551, 2020. 
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JUPITER AND SATURN
Jupiter  and Saturn, the two largest planets in our solar 
system, both have several dozens of moons. For Jupiter, 
the most prominent moons are the four Galilean 
satellites, and three of them will be visited frequently by 
the future JUICE spacecraft. For Saturn, Titan is clearly 
the most prominent satellite with its dense atmosphere 
consisting of nitrogen and methane.

Although Cassini had 126 close Titan flybys, no signs of 
lightning have been detected. On the hardware side, the 
MAGSCA sensor for J-MAG was delivered to Imperial 
College London for integration.

JUICE
ESA's first large (L-class) mission JUpiter ICy moons 
Explorer (JUICE) is planned to be launched in June 2022 
and to arrive at Jupiter in late 2029, starting a 3.5 years 
discovery mission. It will make detailed observations of 
the gas giant and three of its largest moons, Ganymede, 
Callisto, and Europa. These three moons are thought 
to have water oceans below their icy surfaces. Towards 
the end of the mission JUICE will orbit Jupiter's largest 
moon Ganymede. In 2020, ESA and the prime contractor 
Airbus have begun with the assembly of the flight 
spacecraft in Friedrichshafen, Germany.

The Jupiter MAGnetometer (J-MAG) is led by Imperial 
College London (ICL) 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 magnetic bodies. IWF 
supplied the atomic scalar sensor (MAGSCA) for J-MAG, 
which was developed in collaboration with TU Graz.

In 2020, the qualification sensor needed to be reworked 
due to a problem with the optics at the very low 
qualification temperature of -160 °C and the flight 
model was assembled, tested and delivered to ICL for 
integration into the J-MAG instrument. 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-Investigator basis in the 
scientific studies related to the plasma interaction and 
exosphere formation of the Jovian satellites.

IWF was also responsible for the calibration of the radio 
antennas of the Radio and Plasma Wave Investigation 
(RPWI). In August 2020, the RPWI instrument was 
completed and shipped to Airbus in Friedrichshafen for 
implementation on the spacecraft.

Flight model of the atomic scalar sensor together with the related front-end electronics and the optical fibers (with orange jacket), which 
connect sensor and electronics (© Andreas Pollinger/IWF/ ÖAW, CC-BY 4.0).
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NO LIGHTNING ON TITAN
The Saturn-orbiting Cassini spacecraft completed 
126 close Titan flybys from 2004 until the end of the 
mission in September 2017. During almost all of them 
the Radio and Plasma Wave Science (RPWS) instrument 
was turned on to search for radio emissions from Titan 
lightning. However, a careful inspection has revealed 
no corresponding emissions. This puts new and strong 
constraints on the permissible flash energy and flash 
rate of potential Titan lightning, as detailed in the figure 
below.

In this figure, the black square shows the flash energy 
and rate of typical Earth lightning. The dark gray region 
was excluded by the single Voyager 1 observation in 
1980. The light gray region is the additional region to 
be excluded after the non-detection of Titan lightning 
by Cassini. The white region marks the flash energy 
and rate combinations which are left for potential Titan 
lightning. This means that any lightning on Titan must 
be either very weak (5000 times weaker than typical 
Earth lightning), very rare (just ~80 flashes per year all 
over Titan), or does not exist at all. The latter could be 
due to cloud electric fields being too low to initiate a 
discharge. This finding has important implications for 
the prebiotic chemistry of Titan's atmosphere.
Fischer G. et al. J. Geophys. Res., 125, e2020JE006496, 2020.

NITROGEN ATMOSPHERES OF THE ICY 
BODIES IN THE SOLAR SYSTEM
Titan is the only body in the solar system, besides Earth, 
that holds a substantial N2-dominated atmosphere, but 
its origin and evolution is still debated. A 1D upper 
atmosphere model and simple scaling laws were used 
to study thermal and non-thermal escape of nitrogen 
over Titan's history. It was found that, depending on 
whether the Sun was a slow, moderate, or fast rotator, 
Titan could have lost between 0.5 and 16 times the 
present-day atmospheric N2-reservoir. This indicates 
that if the Sun were no slow rotator, Titan's atmosphere 
must have outgassed later-on in its history, otherwise it 
could not have been maintained until the present day. 
These simulations also show that Titan's present-day 
atmospheric ratio of 14N/15N ~167 could not have been 
changed significantly by atmospheric escape over time 
with the most likely initial value being ~166-172. This 
also indicates that Titan's original building blocks must 
have been different from those of the Earth's N2. While 
the latter originated from primitive meteorites, Titan's 
N2 likely resulted from NH₃ and complex organics 
within cometary ices having 14N/15N ratios comparable 
to Titan's initial value. The N-bearing molecules were 
decomposed in Titan's interior and subsequently 
outgassed to form its present atmosphere.
Scherf et al., Space Sci. Rev., 216, 123, 2020.
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COMETS AND DUST
Comets and dust are the remains of the proto-planetary 
cloud surrounding the new-born Sun, from which the 
planets were created. Although, dust can also be created 
at a later stage through collisions of e.g. asteroids. After 
the groundbreaking Rosetta mission ESA's first fast 
(F-class) mission Comet Interceptor has kicked off.

COMET INTERCEPTOR
Comet Interceptor's primary science goal is to 
characterize, for the first time, a dynamically-new comet 
or interstellar object, including its surface composition, 
shape, structure, and the composition of its coma. It will 
consist of three spacecraft, which will give a unique, 
multi-point "snapshot" measurement of the comet 
solar wind interaction region, complementing single 
spacecraft observations made at other comets.

A new comet, fresh from the Kuiper belt or the Oort 
cloud, is to be spotted by Earthbound telescopes, its 
ephemeris determined and then selected as a target 
if it crosses the ecliptic at an appropriate distance 
from the Earth. If available, an interstellar object like 
1I/'Oumuamua or 2I/Borisov, can also be defined as a 
target.

Comet Interceptor will be launched with ESA's ARIEL 
spacecraft in 2029. It will be a multi-element spacecraft 
comprising a primary platform (A), which also acts as 
the communications hub, and two sub-spacecraft (B1 
built by JAXA and B2 built by ESA), allowing multi-
point observations around the target.

IWF will build the DPU for the MANIaC package on 
the primary platform and is involved in the Dust-Field-
Plasma (DFP) package, for which it will contribute the 
front-end electronics for the magnetometer on the B2 
spacecraft. In 2020, the work for both instruments was 
focused on establishing the instrument, performance 
and interface requirements, which has led to successful 
completions of the Preliminary Requirements Reviews 
by the end of the year.

Artist's impression of Comet Interceptor (© OHB Italia).
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COPHYLAB
CoPhyLab started as a joint project a joint German, 
Austrian, and Swiss research project between TU 
Braunschweig, the University of Bern, and IWF to  
investigate cometary processes in space simulation 
laboratories. Later on, the following external partners 
joined: the Max-Planck Institute for Solar System 
Research (MPS), DLR Berlin, the University of Stirling, 
and the Qian Xuesen Laboratory of Space Technology 
in China.

The project aims to increase the understanding of 
the Rosetta mission results by conducting selected 
experiments in a controlled environment. The 
campaign is organized in a set of Small (S), Medium 
(M), and Large (L) experiments. It's core is the Large 
Chamber, currently being built in Braunschweig, where 
L-experiments are designed. These will involve the
participation of all project partners and run usually for
two or three weeks. IWF participates in the design of
the L-Chamber and provides hardware components like
the solar simulator, a large glass viewport for its light
beam, the sample manipulation device, and parts of the
sample lifting device.

IWF concentrated mostly on gas flow measurements in 
granular sample materials. For this purpose experiments 
in a dedicated vacuum chamber were made. In parallel, 
a model was developed to simulate the gas flow in 
such materials based on the experiment results. This 
simulation is done in close cooperation with the MPS 
in Göttingen.

The sample manipulation device, developed at IWF, will 
provide a mobile sensor platform inside the L-Chamber. 
The main part is a gantry system, which can precisely 
operate inside the vacuum chamber at liquid nitrogen 
temperatures to perform various measurements at the 
sample materials during the test campaign.

TIME SCALES AND MAGNITUDES OF 
CHARGED DUST AND S/C POTENTIALS
Interplanetary dust particles originate from the activity 
of comets, collisions of asteroids, and contribute to the 
interplanetary medium. Micron-sized dust grains that 
reside in the solar wind also interact with spacecraft 
and the surrounding space plasma. These interactions 
lead to changes in dust grain and spacecraft potentials 
as well as to local density variations in the dusty plasma 
itself. Typical time series during a dust impact event 
on a MMS spacecraft is shown in the upper panel of 
the figure. The vaporization of the dust during the 
impact event triggers local changes in the space plasma 
parameters and affects the time series of the signal.

For the correct interpretation of such measurement data 
it is crucial to develop suitable mathematical models 
that allow to reconstruct the physics behind these kind 
of interactions. Standard models assume the dust grain 
at rest and Maxwellian velocity distributions in the 
space plasma environment. Important generalizations 
of these models were performed to include realistic 
distribution functions, secondary electron emission, 
and further physical effects. Special emphasis was 
made to derive valid estimates of observables, with the 
aim to predict the magnitudes and charging time scales 
during dust impact events in space, which can be used 
in future space missions, e.g. Comet Interceptor.
Lhotka et al., Phys. Plasmas, 27, 103704, 2020.

Change of potential during a dust impact event on MMS spacecraft 
and reconstruction of the signal on the basis of mathematical 
models (red; undisturbed potential in blue) in the top panel, 
together with estimates of the charging time scales (black) as 
shown in the bottom panel.
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CoPhyLab L-Chamber at TU Braunschweig (© ÖAW/IWF/Kargl).
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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 in 1995, the first detected exoplanet orbiting a 
Sun-like star, about 4500 exoplanets, most in planetary 
systems, are now known. Improved instrumentation and 
analysis techniques have led to the detection of smaller 
and lighter planets, down to Earth-size, Earth-mass 
planets, some orbiting in the habitable zone of the cooler 
stars. However, hot Neptunes and (ultra-)hot Jupiters 
are still prime targets for atmospheric characterization, 
mostly because of their larger radii, which indicate the 
presence of a volatile-rich atmosphere that facilitates 
observations and analyses.

The main exoplanet missions in which IWF is involved 
with hardware and/or science are CHEOPS, CUTE, 
PLATO, ARIEL, and ATHENA. IWF concentrates on the 
study and characterization of planetary atmospheres 
and of the star-planet interaction phenomenon using 
both theory and observations, focusing particularly on 
the analysis of exoplanet atmospheric escape and mass-
loss processes. The research is based on the collection 
and analysis of ground- and space-based observations 
to constrain the models.

CHEOPS data collected during the first stages of science 
operations have been used to constrain the reflective 
properties, the day-side temperature, and the planetary 
orbital obliquity of the hot Jupiter WASP-189b. The 
data have further demonstrated the excellent quality of 
CHEOPS' photometry.

A tool enabling the use of the cloudy non-local 
thermodynamic equilibrium radiative transfer code for 
computing exoplanetary transmission spectra has been 
developed. It has been demonstrated that the code has 
a wide applicability range, spanning from Earth-like 
planets to ultra-hot Jupiters, and that it will be a key 
tool for interpreting both ground- and space-based 
transmission spectroscopy observations.

EXOPLANETARY SYSTEMS

KELT-9b is one of the hottest known exoplanets  
(Illustration: Harald Ritsch, © ÖAW).

27

EXOPLANETARY SYSTEMS



CHEOPS image of its first target star (© ESA/Airbus/CHEOPS 
Mission Consortium).

CHEOPS
CHEOPS (CHaracterising ExOPlanet Satellite), successfully 
launched on 18 December 2019, has started regular 
science operations on 18 April 2020. The mission aims 
at studying exoplanets by means of ultra-high precision 
photometry. 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, obtain precise observations of transiting giant 
planets to study their atmospheric properties, and look 
for new planets particularly in already known systems. 
IWF provided 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. The 
institute also developed the mission's signal-to-noise 
calculator. Within the guaranteed time observations 
of the CHEOPS consortium, IWF is also responsible 
for two observing programs aiming at improving our 
understanding of the mass-radius relation of planets and 
of processes affecting planetary atmospheric evolution.

Between January and April 2020, CHEOPS went 
through its commissioning phase that has culminated 
in the demonstration of the achievement of the mission 
requirements. In particular, CHEOPS shall be able 
to detect Earth-size planets transiting G5 dwarf stars 
(i.e. 0.9 solar radii) in the V = 6-9 magnitude range by 
achieving a photometric precision of 20 ppm in 6 hours of 
integration time. In the case of K-type stars (i.e. 0.7 solar 
radii) in the V = 9-12 magnitude range, CHEOPS shall be 
able to detect transiting Neptune-size planets achieving 
a photometric precision of 85 ppm in three hours of 
integration time. To demonstrate the achievement of the 
science requirements, during commissioning CHEOPS 
observed HD88111, which is a magnitude V = 9.2 G-type 
star for which GAIA provides a radius of 0.9 solar radii. 
The photometric precision and stability were estimated 

by finding the transit depth that can be detected with 
a signal-to-noise ratio of one. For a six hours period 
of observations, the achieved photometric precision 
was 15.5 ppm that is well within the requirements. 
Furthermore, CHEOPS observed TYC 5502-1037-1 that 
is a magnitude V = 11.9 K-type star with a radius of  
0.7 solar radii, achieving a 75 ppm precision, compliant 
with the science requirements. These precisions have 
been achieved without any detrending, therefore 
reflecting the intrinsic stability of CHEOPS.

A few stars known to host planets were also targeted 
during commissioning as part of the end-to-end 
validation of the operational process. The giant planet 
KELT-11b was among these targets. The planet orbits an 
evolved sub-giant star of magnitude V = 8 in a period 
of about five days. The data were analyzed employing 
"pycheops" that is a python code developed by the 
CHEOPS science team specifically for the analysis of 
CHEOPS data. Considering the stellar radius given in 
the literature, the results of the data analysis led to a 
planetary radius measurement in agreement with that 
provided in the literature, but with an about five times 
smaller uncertainty.

CUTE
CUTE (Colorado Ultraviolet Transit Experiment) is a 
NASA-funded 6U-form CubeSat led by the University 
of Colorado and scheduled for launch in September 
2021. It will perform low-resolution transmission 
spectroscopy of transiting exoplanets at near-ultraviolet 
wavelengths. CUTE will study the upper atmosphere of 
short period exoplanets with the aim of observationally 
constraining atmospheric escape processes, which are 
key to understand planetary evolution, and detect heavy 
metals, which constrain the presence and composition 
of aerosols in the lower atmosphere. 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. 

IWF is the only technological contributor to the mission 
outside of the University of Colorado (Boulder), where 
CUTE is being developed. IWF is responsible for the 
development of the data simulator, of the data signal-
to-noise calculator, of the ground data reduction 
software, and of the algorithms defining the on-board 
data reduction software.

In 2020, IWF has finalized the development of the CUTE 
data signal-to-noise calculator and has focused on the 
development of the data reduction software that will 
reach completion following laboratory tests on the 
flight instrument to be performed in 2021 and following 
the collection of commissioning data right after launch.

IWF/ÖAW
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ARIEL
ARIEL (Atmospheric Remote-sensing Infrared Exoplanet 
Large-survey) is ESA's fourth medium (M-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. Within 
the ARIEL mission, IWF co-leads the upper atmosphere 
working group and is heavily involved in testing the 
mission's performances and advancing the atmospheric 
retrieval tools.

Artist's impression of ESA's PLATO spacecraft. This top view 
highlights the unique payload that comprises 26 cameras. Two 

smaller cameras, seen at top in this image, are not part of the 
payload, but rather startrackers used for navigation  

(© ESA/ATG medialab).

PLATO
PLATO (PLAnetary Transits and Oscillations of stars) is 
ESA's third medium (M-class) mission, led by DLR. 
Its objective is to find and study a large number of 
exoplanetary 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 of stars, enabling the precise 
characterization of the host star, including its age. 
IWF takes part in two work packages (one on stellar 
characterization and one on planetary evolution) aiming at 
gaining the knowledge and preparing the tools necessary 
to best exploit the data. The institute 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. Twelve 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 2020 were the finalization and 
manufacturing of the RDCU engineering models, the 
continuation of the design of the VHDL code and the 
finalization of the test environment. The design of the 
compressor, in particular the communication with the 
ICU, has been completely redesigned to comply with 
the increased number of imagettes. The latest design of 
the RDCU is compliant with all requirements and can 
handle 20% more scientific data than actually requested. 
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ATHENA
ATHENA (Advanced Telescope for High-ENergy 
Astrophysics), is ESA's second large (L-class) mission 
in the Cosmic Vision 2015-2025 plan. Its objective is to 
study hot gas in clusters and groups of galaxies and 
the intergalactic medium, to determine how ordinary 
matter assembles into large-scale structures. The second 
topic is the growth of black holes and their impact on 
the universe. The observations in the X-ray range of the 
electromagnetic spectrum will help to understand the 
high energetic processes close to the event horizon of 
black holes and provide more details for the baryonic 
component, locked in ultra-hot gas.

The institute will contribute to the Wide Field Imager 
(WFI) with the development of the Central Processing 
Module (CPM). At present, the team is executing a study 
to classify the performance increase when using the latest 
processor technology. Key topics are the performance 
of the processor cores, efficiency of the internal data 
bus system, the multi-core configuration, but also the 
communication between the four processor cores. 

HOT DAYSIDE & ASYMMETRIC TRANSIT 
OF WASP-189B SEEN BY CHEOPS
As CHEOPS carries out its observations in a broad optical 
passband, it can provide insights into the reflected light 
from exoplanets.  It can constrain the short-wavelength 
thermal emission for the hottest planets by observing 
occultations and phase curves. Observations of the hot 
Jupiter WASP-189b, a two Jupiter-masses planet orbiting 
an A-type star, have been collected with CHEOPS during 
the first stage of science operations. Four occultations 
of WASP-189b have been detected at high significance 
in individual measurements resulting to an occultation 
depth of 87.9±4.3 ppm. Comparisons with model 
predictions indicate that the occultation measurement is 
consistent with an unreflective atmosphere heated to a 
temperature of 3435±27 K, when assuming inefficient heat 
redistribution. Furthermore, two additional CHEOPS 
transits of WASP-189b reveal an asymmetric shape that 
is attributed to gravity darkening of the host star caused 
by its high rotation rate. These measurements have been 
also used to refine the planetary parameters, finding an 
about 25% deeper transit compared to literature. Also, 
the data enabled one to measure a projected orbital 
obliquity of 86.4+2.9-4.4 deg, in good agreement with 
a previous spectroscopic measurement, and to derive a 
true obliquity of 85.4±4.3 deg. The data reveal that for 
a 6.6 mag star, and using a one-hour binning, CHEOPS 
delivers data with a residual root mean square error 
between 10 and 17 ppm on the individual light curves, 
and 5.7 ppm when combining the four transits.

Lendl et al., Astron. Astrophys., 643, A94, 2020.

Corrected and phase-folded CHEOPS occultation light curve 
of WASP-189b. Black points show the light curve binned into 
20-minute intervals, the red line shows the final occultation model.

Artistic view of ATHENA (© IRAP, CNES & ESA, ACO) looking at 
the Andromeda Galaxy (© N. Vulic).
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Correlation between the stellar activity index (logR’HK) and EUV 
flux for F-, G-, and K-type stars. The RMS on log(EUV/Fbol) after the 
fit  is 0.40. Stars removed as a result of a sigma clipping algorithm 
applied to remove outliers are indicated by the asterisks. The gray 
areas indicate the uncertainties on the fit.

MITIGATING FLICKER NOISE  
IN HIGH-PRECISION PHOTOMETRY
The short-timescale stellar photometric variability 
("flicker") can reach amplitudes comparable to the 
transit depth of Earth-sized planets. Characterizing the 
statistical properties of flicker noise and quantifying its 
impact are therefore critical. Solar observations have 
been used to identify flicker noise and simulate realistic 
transits across the solar disk to estimate the errors 
made on the transit parameters due to the presence of 
real solar noise. Kepler observations have been further 
used to extend the study to a wider parameter range. 
It was shown that stellar granulation is a stochastic 
colored noise. Both the flicker correlation timescales 
and amplitudes increase with the stellar mass and 
radius. Biases can occur if these correlations are not 
taken into account, when fitting for the parameters of 
transiting exoplanets. In particular, errors of up to 10% 
on the planet-to-star radius ratio have been found for 
an Earth-sized planet orbiting a Sun-like star. Therefore, 
flicker will significantly affect the inferred parameters 
of transits observed at high precision with CHEOPS and 
PLATO for F- and G-type stars.
Sulis et al., Astron. Astrophys., 636, A70, 2020.

Top: Example of artificial transit of an Earth-sized planet crossing 
the disk center of the Sun (black). The transit model with the 
true input parameters is shown in green and the model 
computed using the inferred parameters in red. The error on 
the planet-to-star radius ratio is around 2% in this example. 
Bottom: Residuals based on the inferred transit model.

CaII H&K STELLAR ACTIVITY PARAMETER 
AS A PROXY FOR STELLAR EUV FLUXES
Atmospheric escape is an important factor shaping 
the exoplanet population and hence drives our 
understanding of planet formation. Atmospheric escape 
from giant planets is driven primarily by the stellar X-ray 
and extreme-ultraviolet (EUV) radiation. Furthermore, 
EUV and UV radiation power disequilibrium 
chemistry. Our understanding of atmospheric escape 
and chemistry, therefore, depends on our knowledge 
of the stellar UV fluxes. While the far-ultraviolet fluxes 
can be observed for some stars, most of the EUV range 
is unobservable due to the lack of a space telescope 
with EUV capabilities and, for the more distant stars, 
due to interstellar medium absorption. Thus it becomes 
essential to have indirect means for inferring EUV fluxes 
from features observable at other wavelengths. Analytic 
functions have been developed for predicting the EUV 
emission of F-, G-, K-, and M-type stars from the logR’HK 
activity parameter that is commonly obtained from 
ground-based optical observations of the CaII H&K 
lines. The scaling relations are based on a collection 
of about 100 nearby stars with published logR’HK and 
EUV flux values, where the latter are either direct 
measurements or inferences from high-quality far-
ultraviolet (FUV) spectra. The scaling relations return 
EUV flux values with an accuracy of about three, which 
is slightly lower than that of other similar methods 
based on FUV or X-ray measurements.
Sreejith et al., Astron. Astrophys., 644, A67, 2020.
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High spectral resolution (R = 100000) synthetic NLTE transmission 
spectrum of HD209458b at mid-transit. Prominent features include 
Lyman series lines, FeII packets of lines at 2350 and 2600 Å, the 
MgII h&k doublet at 2800 Å, NaI D lines at 5890 Å, Hα, and the 
HeI triplet at 10830 Å. The inset displays the finer details of the 
3000-10000 Å range.

NON-LTE TRANSMISSION SPECTRUM 
MODELING OF HD209458b
Exoplanetary upper atmospheres are low density 
environments where radiative processes can 
compete with collisional ones and introduce non-
local thermodynamic equilibrium (NLTE) effects 
into transmission spectra. A NLTE radiative transfer 
framework capable of modeling exoplanetary 
transmission spectra over a wide range of planetary 
properties has been developed. The NLTE spectral 
synthesis code Cloudy has been adapted to produce 
an atmospheric structure and atomic transmission 
spectrum in both NLTE and local thermodynamic 
equilibrium (LTE) for the hot Jupiter HD209458b, given 
a published temperature-pressure profile. Selected 
spectral features, including Hα, NaI D, HeI 10830 Å, FeI 
& II ultraviolet (UV) bands, and C, O and Si UV lines, 
are compared with literature observations and models 
where available. The strength of NLTE effects are 
measured for individual spectral lines to identify which 
features are most strongly affected. The developed 
modeling framework computing NLTE synthetic 
spectra reproduces literature results for the HeI 10830 Å 
triplet, the NaI D lines, and the forest of FeI lines in the 
optical. Individual spectral lines in the NLTE spectrum 
exhibit up to 40% stronger absorption relative to the LTE 
spectrum.
Young et al., Astron. Astrophys., 641, A47, 2020.

NEAR-ULTRAVIOLET TRANSMISSION 
SPECTROSCOPY OF HD209458b
The inflated transiting hot Jupiter HD209458b is one of 
the best studied objects since the beginning of exoplanet 
characterization. A re-analysis of near-ultraviolet (NUV) 
transmission observations of HD209458b enabled us to 
detect ionized iron (FeII) absorption in a 100 Å-wide 
range around 2370 Å, lying beyond the planetary Roche 
lobe. However, absorption of equally strong FeII lines 
expected to be around 2600 Å has not been detected. 
Neutral magnesium (MgI), ionized magnesium (MgII), 
and neutral iron (FeI) have also not been detected. 
These results avoid the conflict with theoretical models 
present on the basis of previous analyses, which detected 
MgI but did not detect MgII from this same dataset. 
The data reveal evidence for the presence of strong 
hydrodynamic escape that carries atoms as heavy as 
iron beyond the planetary Roche lobe, even for planets 
less irradiated than extreme ultra-hot Jupiters such as 
WASP-12b and KELT-9b. The detection of iron and non-
detection of magnesium in the upper atmosphere of 
HD209458b can be explained by a model in which the 
lower atmosphere forms (hence, sequesters) primarily 
magnesium-bearing condensates, rather than iron 
condensates, as suggested by current microphysical 
models. The inextricable synergy between upper- and 
lower-atmosphere properties highlights the value of 
combining observations that probe both regions.

Cubillos et al., Astrophys. J., 159, 111, 2020.

HD209458b transmission spectrum around the MgII h&k (left) 
and MgI (right) resonance lines at 25 km/s spectral resolution. The 
yellow and red dots denote the transit depths obtained from two 
different data analysis methods, the gray lines show the error bar 
(see legend). A horizontal shift has been implemented for visibility. 
The black solid lines show the magnesium absorption profiles 
based on the densities obtained from a recent upper atmosphere 
model uncapped at the Roche lobe boundary. No significant 
absorption feature has been detected at the wavelengths of the 
magnesium lines.
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Far-UV transmission spectrum of an Earth-like planet orbiting a 
Sun-like star. Prominent features are marked. The gray shaded 
region indicates where the molecular continuum from the 
literature has been added a posteriori.

TP profiles (for different runs) best fitting the observed Hα and 
Hβ lines. The thicker lines indicate the three TP profiles fulfilling 
stricter conditions set for the line fit. The hatched area shows the 
main formation region of the Hα and Hβ lines according to the 
three best fitting models.

CONSTRAINING THE ATMOSPHERIC 
TEMPERATURE STRUCTURE OF KELT-9b
Observationally constraining the atmospheric 
temperature-pressure (TP) profile of exoplanets is 
an important step forward for improving planetary 
atmosphere models. The observed transmission spectra 
of the Hα and Hβ lines have been employed to constrain 
the TP profile of the ultra-hot Jupiter KELT-9b. Almost 
150 one-dimensional TP profiles have been constructed 
varying the lower and upper atmospheric temperatures, 
as well as the location and gradient of the temperature 
rise. For each TP profile, transmission spectra of the 
Hα and Hβ lines have been computed employing the 
Cloudy radiative transfer code, thus accounting for non-
local thermodynamic equilibrium (NLTE) effects. The 
TP profiles leading to the best fit of the observations are 
characterized by an upper atmospheric temperature of 
about 10000 K and by an inverted temperature profile at 
pressures higher than 10-4 bar. The assumption of local 
thermodynamic equilibrium leads to overestimate the 
level population of excited hydrogen by several orders of 
magnitude, and hence to significantly overestimate the 
strength of the Balmer lines.  Modeling the atmospheres 
of ultra-hot Jupiters requires one to account for metal 
photo-ionization and NLTE effects.
Fossati et al., Astron. Astrophys., 643, A131, 2020.

UV NI LINES IN THE ATMOSPHERE OF 
TRANSITING EARTH-LIKE PLANETS
Nitrogen is a biosignature gas that cannot be maintained 
in its Earth-like ratio with CO2 under abiotic conditions. 
It has also proven to be notoriously hard to detect at 
optical and infrared wavelengths. The ultraviolet 
region may provide new opportunities to characterize 
exoplanetary atmospheric nitrogen. The non-local 
thermodynamic equilibrium spectral synthesis code 
Cloudy has been used to produce a far-ultraviolet 
atomic transmission spectrum for an Earth-Sun-like 
system, and identify nitrogen features. The number 
of transits required for 1σ and 3σ detections of the 
planetary NI 1200 Å triplet signal with the G120M 
grating of the LUMOS spectrograph designed for the 
LUVOIR mission, as a function of distance to the system 
and stellar ultraviolet emission, has been estimated. 
The  resulting minimum number of transit observations 
are 188 and 1685, respectively, for a system located at a 
distance of one pc with 100 times the solar ultraviolet 
flux. Future studies in this direction should therefore 
focus on Earth-like planets orbiting in the habitable 
zone of M dwarfs.
Young et al., Astron. Nachr., 341, 879-886, 2020.
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Anti-correlated variations of the start- (∆ts, red) and end- (∆te, 
blue) time for the KOI 18.01 revealed in the TLC of KIC 8191672.

Also the objects with well pronounced oscillations of 
transit border timing and asymmetry were found. The 
discovered variability of transit timing is an important 
indicator of the large-scale non-stationary processes in 
the atmospheres of KOIs, as well as dust and aerosol 
generation in their upper layers and in their close 
vicinity. A catalog of the most peculiar objects, which 
deserve further investigation and detailed modeling 
was elaborated.
Arkhypov et al., Astron. Astrophys., 638, A143, 2020.

VARIABILITY OF TRANSIT LIGHT 
CURVES OF KEPLER OBJECTS
Hitherto, the study of exoplanetary transit timing and 
duration variability supposed the transit light curves 
(TLCs) to be symmetric, suggesting a priori a spherical 
shape for the transiter. As a result, the independent 
positions of transit borders are unknown. Using 
a-quadratic approximation for the independently
considered start-, end-, and minimum- parts of the
long-cadence phase-folded TLCs of different types of
exoplanets, provided by the Kepler space telescope,
their variability is checked for the first time. Temporal
and cross-correlation analysis of the TLCs timing
parameters over the whole observation period of
Kepler (> 3 years) enable detection and diagnostics
of the varying transit borders and TLCs' asymmetry.
Among the considered TLCs of 98 Kepler Objects of
Interest (KOIs), 15 confirmed giant exoplanets and
five objects with still debatable status (probably
non-planets) show variations in their transit timing
parameters at timescales from ≈400 to > 1500 days.
These variations are especially well manifested as
an anti-correlation between the transit start- and
end- time, indicating variability in the dimensions of
transiting shadows.
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In addition to routinely tracking more than 150 targets, 
which are equipped with laser retro-reflectors, the 
Satellite Laser Ranging (SLR) station of IWF is working 
on various international projects.

Recent highlights include a publication in "Nature 
Communications" presenting first successful daylight 
space debris laser ranging, MHz laser ranging with 
millimeter accuracy both during day and night, and 
a new technique called quanta photogrammetry to 
measure unique light curve fingerprints of tumbling 
satellites and space debris. 

DAYLIGHT SPACE DEBRIS LASER 
RANGING
The daylight space debris laser ranging observation 
routine consists of the following steps: the tracking of 
a target is usually started at elevations above 15°. The 
target is visualized against the blue sky background 
using a 20 cm piggyback telescope. As soon as the target 
is detected using a self-developed real-time detection 
software and the determined offsets are used to correct 
the inaccurate orbit predictions and to center the target 
within the field of view of the SLR telescope. Additional 
across-track offsets are corrected by applying pointing 
offsets to the receiving telescope. Varying biases are 
continuously corrected during tracking, primarily by 
correcting the time bias. Range biases of the target due 
to two line element (TLE) errors cannot be estimated via 
image analysis and the only chance to apply corrections 
to the predictions is by shifting the activation time of 
the detector. The closer the activation of the detector is 
to the arrival time of a reflected photon the higher the 
chances of detection are.

The space debris laser ranging search routine is an 
iteration process consisting of applying time biases, 
optically centering the target and experimentally 
shifting the detector activation times. Four successful 
space debris passes were measured between March and 
October 2019. Space debris laser ranging measurements 
were regarded as daylight passes if the elevation of the 
Sun was above the horizon. Three different types of 
SL (Sea Launch) rocket bodies originating from Zenit, 
Tsyklon or Vostok launches between 1971 and 1995 
were observed. The maximum Sun elevation during the 
measurement was 39° at 10:31 local time on 22 March 
2019. The observed-minus-calculated residuals of an SL-
16 rocket body relative to the predicted pass (corrected 
by the real-time time bias applied to center the target) 
are displayed in the figure. The measurement lasted 
for approximately 100 s. A slope within the reflected 
photons indicates that the time bias used to center the 

target was slightly underestimated, which is related to 
imperfect alignment of the optical axis of the piggyback 
telescope. Due to the remaining time bias, the object 
moves to regions further away from the initial detector 
activation time and the trace of the debris within the 
noise would soon disappear. Once recognizing the 
returns from the object, the observer hence shifts 
the triggering time towards the returning photons, 
increasing the detection probability. A correct time bias 
results in returns appearing as a straight line within the 
residuals. Applying the time and range biases to the 
predicted orbit, it is possible to match the measured 
values to predicted ones resulting in residuals close to 
zero. Returns coming from the front and the back of the 
body are statistically detected corresponding to range 
differences of up to 8 m giving an indication of the size 
of the rocket body.

 
 
 
 

These daylight space debris laser ranging results guide 
the way to significantly increasing potential observation 
times. Depending on the season, for the Graz SLR 
station twilight conditions occur for a maximum of 
6 h per day while daylight lasts for 8-16 h, increasing 
potential observation times in Graz up to 22 h. The 
increased coverage will encourage an observation 
network of space debris stations to be formed (similar 
to the International Laser Ranging Service), which 
could immediately react in case of conjunction 
warnings targeting a certain object rapidly improving 
the predictions. Improved predictions are central in 
decision-making with respect to avoidance maneuvers. 
In addition to that, highly accurate orbits are crucial for 
future active removal or laser nudging missions.
Steindorfer et al., Nat. Comm., 11, 3735, 2020.

SATELLITE LASER RANGING

Daylight space debris laser ranging results to an SL-16 upper 
stage rocket body (NORAD ID: 22803). The figure shows the 
orbit corrected Observed-Minus-Calculated Residuals [m] vs. the 
seconds of day on 2019/10/01 at a Sun elevation of 11.5°. Identified 
photons from the rocket body are highlighted in blue.
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MHZ LASER RANGING DEMONSTRATION
In the past 20 years, the kHz SLR technology was 
practiced widely in the International Laser Ranging 
Service (ILRS) network. Ultra-high repetition rate laser 
ranging (up to MHz) is the next promising strategy for 
future SLR. Increased repetition rates, ultra-short pulse 
width and low pulse energy can significantly improve 
the performance of SLR in terms of data density, 
accuracy, precision and stability to further enhance its 
unique contributions to the International Terrestrial 
Reference Frame. 

In July 2020, the SLR station in Graz demonstrated 
1 MHz SLR using a laser with a very low pulse energy 
of ~7.8 μJ. Targets from low Earth orbits up to inclined 
geosynchronous orbits were successfully tracked 
during nighttime up to a maximum slant range of 38,000 
km. Among those, a maximum return rate of up to 53% 
was achieved, equivalent to 265,000 returns per second 
for the satellite Swarm-B. Compared to the conventional 
2 kHz SLR system in Graz, the 1 MHz SLR system leads 
to significantly higher return rates in all orbital regimes. 
According to the ILRS normal point (NP) algorithm, 
this will significantly improve the precision of the final 
NP results in view of statistical errors. Consequently, 
it will also lead to an increased temporal resolution 
for distinguishing individual retro-reflector cubes, 
analyzing the spin rate, spin axis motion, signature and 
attitude of satellites and space debris objects.

Currently, SLR Graz tracks uncooperative space 
debris with a 16 Watt, 200 Hz laser ranging. Although 
the lower pulse energy will decrease the detection 
probability, this can be compensated by increasing the 
laser repetition rate. A new MHz laser with increased 
power will be installed as a next step to further test this 
potential application.

QUANTA PHOTOGRAMMETRY
The conventional detection of Micro-Meteoroid and 
Orbital Debris (MMOD) impacts on satellites is based 
on in-situ sensing or direct, visual inspection of the 
retrieved surface elements exposed to the particle flux 
and thus requires active in-orbit operations. Quanta 
Photogrammetry (QPM) is an optical method for remote 
detection of surface structural anomalies of passive 
satellites by measuring solar photon flux reflected 
off the satellite surface towards the ground detection 
system.

The light curves of the experimental geodetic satellite 
Ajisai (NORAD 16908, altitude of 1490 km) are collected 
with a single photon avalanche diode (SPAD) counting 
system. QPM utilizes the inertial attitude model of the 
satellite to project the high-rate photometric samples 
onto the spacecraft body fixed frame. Single-photon 
light curves collected from October 2015 until January 
2018 are used to map the reflectivity of 149 mirror panels 
on-board of Ajisai (approx. sized 20 × 20 cm each). 

The superposition of the photometric samples collected 
over multiple passes reveals the structural details of the 
reflective surfaces and locates the persistent anomalies. 
Exemplarily four mirrors are presented in the figure 
below where plateau-normalized observations are 
fitted by a low-degree polynomial mesh in order to 
generate the photogram. Relatively small, irregularly 
shaped (panel b) and spot-like (panels c, d) anomalies 
are revealed that can indicate surface degradation due 
to long-term environmental interactions and MMOD 
hypervelocity impacts.
Kucharski et al., Acta Astronaut., 174, 24-31, 2020. 
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A comparison of returns per second between Graz 2 kHz system 
(in the year 2020) and the 1 MHz demonstration in different orbits 
from Low Earth Orbit (LEO) up to Inclined Geosynchronous Orbit 
(IGSO). It shows that a 1 MHz system improves by up to two 
magnitudes for some LEO satellites (Swarm, Sentinel), and up to 
one magnitude more data for high orbiters (e.g. Beidou).

Measured flux and average photogram of four different mirrors 
of Ajisai with different panel sizes. The flux is displayed relative 
to the angular coordinate system with respect to the central 
normal N of each mirror. a) an expected reflection pattern of a 
good quality panel, b) panel with reflectivity irregularities at the 
edges, c) panel with a central spot-like reflectivity defect, d) panel 
with a spot-like reflectivity defect at the edge of the mirror.
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NEW DEVELOPMENTS
One possible aspect to reduce costs of space exploration 
and hence allowing for more frequent missions is to 
reduce the spacecraft size and consequently the launch 
masses. Scientific instruments also have to decrease 
their resource requirements such as volume, mass, 
and power, but at the same time achieve at least the 
same performance as heritage instruments. Therefore, 
the development of new instrument technologies is 
essential for competitive and excellent space research.

NEXT GENERATION ASPOC
For future science missions, active spacecraft potential 
control down to <10 V is crucial to be able to operate 
sensitive scientific payloads. This does not only apply to 
large and medium-sized spacecraft, but also to micro- 
and nano-spacecraft, such as CubeSats. IWF, together 
with FOTEC, started a two-year technology study with 
the goal to develop a miniaturized version (50% power, 
40% mass) of the ASPOC instruments built for NASA's 
MMS mission, which, six years after launch, are still 
operating flawlessly.

The developed next generation ASPOC (ASPOC-NG) 
consists of the following major components:

	� Ion or electron emitter module (by FOTEC)
	� Power and control electronics box (by IWF)
	� On-board software (by IWF)

High voltages are fed through the top plate of the 
electronics box directly into the base of the emitter 
module via spring contacts. The reservoir for the ion 
source is heated by driving a current over a Pt100 
temperature sensor.

IWF completed the ASPOC-NG vacuum chamber setup 
and conducted performance and beam divergence 
tests with an emitter test module from FOTEC. The 
typical operating voltage for a beam current of 10 µA 
was 7.70 kV. Successive stability tests at different beam 
currents ranging from 5 to 80 µA showed an overall 
good performance. By using a Gallium-Indium alloy as 
propellant, it was possible to reduce the heating power 
from 800 mW (MMS) to 200 mW (ASPOC-NG).

Concerning the control electronics developed by IWF, 
the layout of all boards (DPU extension board, filament 
converter, HV control and HV cascade) was finished. 
IWF also finalized the grounding scheme, which applies 
to the ASPOC electronics box and the emitter module. 
Finally, the mechanical design of the electronics box 
has been completed. In December 2020, IWF also 
successfully passed the Detailed Design Review with 
ESA, which allows IWF to continue with assembly, 
integration and test.

TECHNOLOGIES

The ASPOC instrument as flying aboard NASA's MMS mission 
(left, © ÖAW/IWF) and the electronics box design of the next 
generation ASPOC (right, © ÖAW/IWF/Wallner).
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MAGNETOMETER FRONT-END ASIC
IWF and the Institute of Electronics of the Graz 
University of Technology (TUG) are collaborating on 
the next generation of the space proven Magnetometer 
Front-end ASIC (MFA). It features the readout electronics 
for magnetic field sensors which is optimized in terms 
of size and power consumption. The next generation 
Application Specific Integrated Circuit (ASIC) shall 
overcome dynamic range limitations. It will be space 
qualified in the frame of the FORSESAIL mission.

In 2020, two earlier developed test chips have been 
further evaluated. The first chip was fabricated in a 180 
nm technology by United Microelectronics Corporation 
(UMC), the second chip by XFAB Silicon Foundries. The 
first chip contains a single axis of the required feedback 
path including a single-bit digital-to-analog converter, 
which combines delta-sigma modulation with the 
benefits of pulse width modulation. Measurement 
results have shown that all developed building blocks 
have a signal-to-noise ratio of over 100 dB.

The digital-to-analog converter on the second test chip 
consists of 64 current steering cells, dynamic element 
matching and a digital delta-sigma modulator. In 
order to meet the requirements regarding low power 
consumption and high linearity a two-stage cascaded 
delta-sigma modulator with current output was 
implemented. Each noise shaper was realized as a third-
order modulator with a current-steering cell. Evaluation 
results indicated an effective number of 17 bits for a 
given bandwidth of 512 Hz.

OPTICAL FIBERS
The J-MAG instrument on board ESA's JUICE mission 
to the icy moons of Jupiter is going to perform magnetic 
field measurements with the help of two vector (fluxgate) 
sensors and one optical scalar sensor (MAGSCA), which 
provides very accurate reference measurements for the 
in-flight-calibration of the fluxgate sensors. MAGSCA 
uses light fields produced by a modulated laser to 
excite electrons in Rubidium atoms for measuring the 
magnitude of the surrounding magnetic field. The 
optical sensor is located at the tip of a 10.5 m long boom, 
whereas the light source and the photodetector are part 
of the J-MAG instrument electronics located within the 
JUICE satellite. Two optical fibers, with a routed length 
of nearly 20 meters each, are needed to transmit the 
laser light from the instrument electronics to the sensor 
and back. A 50 µm graded-index multi-mode fiber was 
selected for the outbound optical transmission whereas 
the return path has been realized with a 400 µm step 
index multi-mode fiber.

 

Due to the JUICE mission's harsh environmental 
conditions in terms of particle radiation (several Mrad 
of total ionizing dose) and low temperature (-190 °C) 
as well as the need for a fully non-magnetic design, a 
set of customized fiber assemblies had to be designed 
and qualified. This challenging development could 
be finished in 2020 based on an excellent teamwork 
between industry (Airbus Defense & Space, Schaefter 
+ Kirchhoff GmbH, and Linden Photonics, Inc.), ESA, 
Fraunhofer INT, the Institute of Experimental Physics 
of TUG, and IWF.

A 400 μm step index multi-mode fiber with non-magnetic connectors 
and a polymer jacket, which protects the fiber over a wide temperature 
range from ‑190 °C to +120 °C (© ÖAW/IWF/Pollinger).

Microchip fabricated in a 180 nm technology by UMC for early 
performance demonstration. The implemented feedback path 
including a digital-to-analog converter features a signal-to-noise 
ratio of over 100 dB (© TUG/IHF).
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ON-BOARD COMPUTER
The institute is involved in several missions with the 
development of digital processing units. IWF started 
to work with the latest generation of the LEON-type 
processors, the quad core GR740. This new processor 
type is based on the fourth generation, the LEON4 core. 
The primary goal is to find the optimal configuration 
in terms of system clock, memory configuration, wait 
states and usage of the processor-inbuilt cache memory. 
Another topic is to run tasks simultaneously on all 
four cores to study their interaction when accessing 
same memory areas, the impact of the cache pre-fetch 
strategy, bus load, etc. 

The typical tasks for Digital Processing Units  are 
the interpretation and execution of tele-commands, 
packing of telemetry data and execution of pre-
programmed timelines. A growing aspect is data 
compression to maximize the amount of science data for 
a limited telemetry channel, thus improving instrument 
performance but also science output. The compression 
algorithms are designed and optimized for the actual 
application or instrument. Starting points are either 

physical parameters, e.g. the calculation of plasma 
parameters instead of transmitting the measured 
distribution function, or classical compression 
algorithm, like classical lossless compression algorithms 
as used for imaging detectors.

In the frame of the development of PLATO's Router 
and Data Compression Unit (RDCU), IWF designed an 
IP core to implement a SpaceWire interface in FPGA 
logic. This core was used to build a SpaceWire to USB/
Ethernet interface unit, based on a commercial single 
board computer. The first application, an instrument 
simulator for the SMILE Soft-X-ray Imager, is based on 
a Raspberry Pi board. An in-house developed HAT 
(Hardware Attached to the Top) provides an FPGA 
containing the SpaceWire IP core and the LVDS driver 
components. This design is rather cheap in comparison 
to commercially available SpaceWire-USB, very 
compact and versatile due to the software running at 
the Raspberry Pi. However, the data rate is limited, 
since the Raspberry Pi does not provide direct access to 
the data bus. A future design may be based on a more 
powerful industrial version of a single board computer.

Engineering Model of PLATO's Router and Data Compression Unit (© ÖAW/IWF/Steller).
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INFRASTRUCTURE
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.

MICROSCOPE WORKPLACES
Due to the ever-smaller components required for the 
design of miniaturized space qualified electronics, it has 
become necessary to increase the number of microscope 
workplaces in the IWF electronics laboratories. Almost 
all microscopes now have swiveling eyepieces, making 
it easier to work ergonomically. The working distance 
between the microscope and the electronics can also be 
changed quickly and easily using special attachment 
lenses.

 
For further information on the IWF infrastructure refer 
to www.oeaw.ac.at/en/iwf/institute/infrastructure.

Microscope-based workplace in an electronics laboratory (© ÖAW/Klaus Pichler).
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PUBLIC OUTREACH
IWF is actively engaged in science education and public 
outreach.

During the Solar Orbiter Launch Event in the early 
morning hours of 10 February, about 50 space 
enthusiasts listened to the talks of Christian Möstl 
and Philippe Bourdin and followed a flawless lift-off 
of  ESA's new Sun-exploring spacecraft aboard a US 
Atlas V rocket from NASA's Kennedy Space Center in 
Cape Canaveral, Florida.

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
After March 2020, no visitors could be guided through 
the labs and most events (Fifteen Seconds Festival, the 
Space exhibition during the Graz fair, etc.) had to be 
canceled due to Covid-19. However, IWF found new 
ways to bring science to the public. 

In the frame of ÖAW's Science Bites series, Tanja 
Amerstorfer gave an interview about solar storms, 
which was recorded and presented at YouTube. On the 
ÖAW website, Günter Kargl discussed the possibility 
and risks of going on vacation in outer space. Last 
but not least, Manfred Steller answered the "ÖAW 
Forschungsfrage" in  a video about the development of 
space-borne instruments.

Most seminars were given virtually. In the 
"Magnetosphere Online Seminar Series" organized by 
different US hosts, international speakers, including 
two scientists from IWF, gave insights into the 
magnetosphere's mysteries. On 15 May, Ferdinand 
Plaschke talked about the magnetosheath and on 22 

June, Takuma Nakamura explained the low latitude 
boundary layer.

The "Game Changers" series of the International Space 
Science Institute (ISSI) explain how missions change(d) 
our view of the solar system. On 15 October, Rumi 
Nakamura talked about the results of NASA's MMS 
mission and showed how magnetic field lines around 
Earth break and reconnect.

On 9 October, the Austrian "Lange Nacht der Forschung" 
(LNF) was held online for the first time. The whole 
program was available until the end of the year. IWF 
participated with videos about different topics for both 
younger and adult audience.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the same month, Manuel Scherf reported  about news 
from Mars and Wolfgang Voller told  about  the autumn 
sky at URANIA Steiermark in Graz. In November, 
Ute Amerstorfer gave a lecture about space weather at 
Planetarium Wien.

The European Researchers Night took place on 27 
November and also presented its program online. Tanja 
Amerstorfer talked about how to predict the arrival 
of solar storms and junior scientist Andreas Weiss 
interacted in a "Science Flash" with young people, who 
were interested in his educational and professional 
background.

During summer time, eight high-school students 
performed an internship at IWF under the "Talente-
Praktika" program of FFG. They worked on 
magnetometer microchips, measurement of analog 

LAST BUT NOT LEAST

Future scientists during the shooting of the LNF video about how 
to make magnetic putty (© ÖAW/IWF/Scherr).

Solar Orbiter Launch Event at IWF Graz (© ÖAW/IWF/Scherr).
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signals, boot-software and load simulator for SMILE, 
historic Sun spots observations, magnetic field data of 
BepiColombo and CSES as well as aurora phenomena.

Topics discussed in the space blog of the Austrian 
newspaper "Der Standard" were the launch of Solar 
Orbiter and machine learning as basis for efficient data 
analysis.

The Servus TV show "P.M. Wissen" interviewed Luca 
Fossati about the exoplanet mission CHEOPS and 
Manuel Scherf about life on Mars.

 

RECOGNITION
IWF reached the top five nominations for the Styrian 
WKO (Austrian Economic Chambers) PR Panther in 
the category "science" with  the project  "Klappe auf für 
CHEOPS". 

Luca Fossati was among the Falling Walls finalists and 
presented his science breakthrough of the year 2020 in 
the category "Physical Sciences".

LECTURING
In summer 2020 and in winter term 2020/2021 IWF 
members gave (online) lectures at the University of 
Graz, Graz University of Technology, University of 
Vienna, TU Braunschweig, FH Joanneum, and FH 
Wiener Neustadt.

NEW PROJECTS
In 2020, the following third party projects with a budget 
greater than 100,000 EUR were acquired:

Project Lead

ESA - Rosetta/MIDAS: Cometary Dust Analysis T. Mannel

ESA - Tumbling Motion of Space Debris Objects M. Steindorfer

ESA - Galileo Attitude Determination using mm SLR M. Steindorfer

EU - Europlanet 2024 - Research Infrastructure G. Kargl

FFG - High Precision Magnetometer Front-end-ASIC W. Magnes

FFG - Assembly and Test of the MAGSCA Spare Model W. Magnes

FWF - Fine Structures in Auroral Radio Emissions G. Fischer

FWF - Energy Transfer Magnetosph. Boundary Layers T. Nakamura 
 
 
MEETINGS
T. Amerstorfer, M.Y. Boudjada, G. Kargl, R. Nakamura, 
M.A. Reiss, O.W. Roberts, M. Scherf, and M. Volwerk 
were members of scientific program and/or organizing 
committees at four international conferences.

THESES
Besides lecturing, members of the institute are 
supervising Bachelor, Diploma, Master and Doctoral 
Theses. In 2020, the following supervised theses have 
been completed:

Blasl, K.A.: In-situ spacecraft observations of surface 
waves at Earth's magnetopause during periods of 
southward interplanetary magnetic field Diploma 
Thesis, Universität Graz, 100 pages, 2020.

de Spiegeleer, A.: There and back again ... An Earth 
magneto-tale - Understanding plasma flows in the 
magnetotail, Doctoral Thesis, Umea University, 71 
pages, 2020.

Schweighart, M.: Gas Flow Through Porous Media With 
Regard to Comets and Asteroids, Diploma Thesis, 
Universität Graz, 64 pages, 2020.

Luca Fossati next to a bright star, explaining the transit method for 
discovering exoplanets during the video shooting of P.M. Wissen 
(© ÖAW/IWF/Scherr).
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