Ann. Geophys., 44, 645-654, 2026
https://doi.org/10.5194/angeo-44-645-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Annales
Geophysicae

Juice/SWI during the Lunar-Earth-Gravity-Assist (LEGA) —

Part 1: General overview

Paul Hartogh!, Ladislav Rezac!, Thibault Cavalié>, Christopher Jarchow', Raphael Moreno?,
Ali Schulz-Ravanbakhsh', Alberto Carrasco Gallardo!, Borys Dabrowski!, Samuel Goodyear', Miriam Rengel!,
Fabrice Herpin?, Yasuko Kasai*, Mikko Kotiranta’, Emmanuel Lellouch?, Axel Murk’, Michael Olberg’,

Slawomira Szutowicz®, and Eva Wirstrom’

'Max-Planck-Institut fiir Sonnensystemforschung, 37077 Gottingen, Germany

2Univ. Bordeaux, CNRS, LAB, UMR 5804, 33600 Pessac, France

3LIRA - Laboratoire d’Instrumentation et de Recherche en Astrophysique, Observatoire de Paris,
Section de Meudon, 5, place Jules Janssen — 92195 MEUDON, France

“National Institute of Information and Communications Technology,

4-2-1 Nukuikita-Machi, Koganei, Tokyo, 184-8795, Japan

SInstitute of Applied Physics, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
6Centrum Badan Kosmicznych PAN, Bartycka 18A, Warsaw, Poland
"Department of Space, Earth, and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden

Correspondence: Paul Hartogh (hartogh@mps.mpg.de)

Received: 21 February 2026 — Discussion started: 5 March 2026

Revised: 31 May 2026 — Accepted: 8 June 2026 — Published: 9 July 2026

Abstract. The Jupiter Icy moons Explorer (Juice) was the
first spacecraft ever that performed a combined gravity as-
sist using both the Moon and Earth in succession. The dou-
ble flyby required highly precise navigation to succeed. The
LEGA allowed Juice to make a shortcut through the in-
ner solar system on its way to Jupiter, using less fuel than
would have been otherwise required. On 19 August 2024,
Juice had its closest approach to the Moon. This first part of
the manoeuvre accelerated the spacecraft by approximately
0.9 kms~! relative to the Sun. On 20 August 2024, the space-
craft swung past Earth. This second part of the manoeuvre
reduced the spacecraft’s speed by 4.8 kms™! relative to the
Sun. This was a unique opportunity for its payloads to ob-
serve the Moon and Earth from a close distance as both
calibration and science targets. The Submillimetre Wave In-
strument (SWI), a dual channel heterodyne spectrometer ob-
served both targets in two far-infrared bands around 500 and
250 um wavelength in order to characterize and calibrate the
overall performance of the instrument, including its receiver
frontend, spectrometer backend and telescope mechanisms.
In addition, the commanding pipeline and operations pro-
cesses of the instrument were also tested close to its full

range of flexibility using the relevant pipelines. In this paper
we provide a contextual description of physical and func-
tional characteristics of SWI, its operational principles and
in-flight calibration activities during LEGA.

1 Introduction

The European Space Agency’s (ESA) JUpiter ICy moons Ex-
plorer (Juice), launched on 14 April 2023, to study Jupiter
and its icy moons, particularly Ganymede, Callisto, and Eu-
ropa, will arrive after an 8.25-year cruise phase in the Jupiter
system in 2031. After a tour in the Jupiter system with more
than 30 satellite flybys (Boutonnet et al. 2024), Juice will be-
come the first spacecraft to orbit a moon of an outer planet
when it enters orbit around Ganymede in 2034. Its goals are
to investigate the evolution of potentially habitable worlds
around gas giants, including studying the moons’ subsurface
oceans, and Jupiter’s atmosphere and magnetosphere. The
Juice science objectives and mission description details can
be found in Grasset et al. (2013), Fletcher et al. (2023) and
Tosi et al. (2024).
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The cruise phase provides the opportunity for characteriz-
ing the performance, developing and testing the calibration,
planning and the commanding pipelines of each instrument.
Three months following the launch, the Near-Earth Commis-
sioning Phase (NECP) took place. Regular Payload Check-
out Windows (PCWs) are scheduled about every 6-months,
to allow the instrument teams to perform routine instrument
functional and health checks. Keys to the instrument perfor-
mance verification are three planetary swing-bys. The Lunar-
Earth Gravity Assist (LEGA) occurred in August 2024. It
was a unique opportunity to calibrate the instrument and test
scientific operations. Two additional Earth Gravity Assists
(EGAs) will take place in September 2026 and January 2029.

The scientific payload of Juice consists of 10 instruments
of which one is the Submillimetre Wave Instrument (SWI).
It will sound the atmospheres of Jupiter and the Galilean
moons in two Far Infrared bands covering the frequency
ranges of 530-642 and 1066—1275 GHz. Furthermore, it is
designed to characterize the thermo-physical surface prop-
erties of Callisto, Ganymede and Europa during flybys and
orbital phases (Ilyushin and Hartogh, 2020). A special fea-
ture of SWI is its very high spectral resolution of ~ 107 It
allows to resolve all spectral lines details expected to be ob-
servable in the Jupiter system and retrieve from the precisely
determined line shape information about the volume mixing
ratio of the observed molecules along the line-of-sight (e.g.
from pressure broadening), temperature and Doppler winds
(e.g. Wirstrom et al., 2020; Cavalié et al., 2021, 2023). SWI
builds on the heritage of technologies developed over the last
three decades including the Microwave Instrument for the
Rosetta Orbiter (MIRO) (Beaudin et al., 1998; Gulkis et al.,
2007), the German Receiver for Astronomy at THz frequen-
cies on the Stratospheric Observatory for Infrared Astron-
omy (SOFIA) (Giisten et al., 2000; Heyminck et al., 2012)
and the Heterodyne Instrument for the Far Infrared (HIFI)
on the Herschel Space Observatory (de Graauw et al., 1998,
2010). SWI was designed to fulfil the Juice mission science
goals (see Hartogh et al., 2026, in preparation).

2 Instrument description

SWI is a heterodyne spectrometer (Fig. 1) that converts the
THz frequency range into an intermediate frequency (IF)
range around 6 GHz, by multiplying the signals received
by the telescope (radio frequency, RF) with a frequency-
tunable sinusoidal signal provided by the local oscillator
(LO). The multiplying circuit is also called frequency mixer.
The LO consists of frequency synthesizers that can be tuned
in power to > 100mW and in frequency between ~ 22 and
26.5GHz in 1.875MHz steps. The frequency synthesizers
are integrated into the so-called Frequency Distribution Mod-
ule (FDM) that is part of the SWI Electronic Unit (EU). The
FDM frequency synthesizers are locked to an 80 MHz low
phase noise Ultra Stable Oscillator (USO).
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Via radiation hard coaxial cables, the FDM output signals
are fed to frequency triplers that are located on the warm
part of the optical bench (Kotiranta et al., 2018) of the Tele-
scope and Receiver Unit (TRU, Fig. 2 left). The tripler out-
put signals are amplified with E-band power amplifiers (PAs)
in the 75 GHz range and frequency-doubled to 150 GHz.
This “warm” LO part operates at temperatures between —50
and 50°C and is interfaced with a thin-walled Titanium
waveguides to the passively cooled part of the LO, consist-
ing of another doubler (600 GHz receiver), and a quadru-
pler (1200 GHz, Treuttel et al. 2023), respectively. The 300
and 600 GHz LO signals are fed to the subharmonically-
pumped (SHP) mixer LO-inputs. Starting from the FDM, the
LO multiplication factors are 24 (600 GHz receiver) and 48
(1200 GHz receiver).

A single FDM frequency step converts to 45 (600 GHz re-
ceiver) and 90 (1200 GHz receiver) MHz in the SHP mix-
ers. The IF-signals (mixer output) are amplified by low noise
amplifiers (LNAs). While the 600 GHz receiver LNA is in-
tegrated into the mixer block, the 1200 GHz receiver LNA
is connected to a separate LNA via a radiation hard coax-
ial cable. The cold frequency multipliers (doubler/quadru-
pler), mixers and LNAs are isolated from the optical bench
via Titanium mechanical interfaces and cooled via a py-
rolytic graphite/copper cold strap with the SWI radiator.
Operational temperatures of the cold part in space are be-
tween ~ 120 and 150K, resulting in system temperatures
of <1500 and <3000K DSB (double sideband) for the
600/1200 GHz receivers.

The far infrared (submillimetre) signals are first re-
ceived by a 29 cm diameter mirror (primary, M1, edge ta-
per=18.7dB) and then focused by the secondary mirror
(M2) into the receiver unit box (see Figs. 1-3). The M1 of
this off-axis Cassegrain telescope can be rotated by 4 72.5°
along the ground track of the spacecraft (in the Jupiter or-
bit) and across the ground track by =+ 4.3° with step resolu-
tions of 29.92” (AT) and 8.67" (CT), respectively. Therefore,
these setups are called along-track (AT) and cross-track (CT)
mechanisms. The cross-track scanning range was chosen, be-
cause the apparent diameter of Jupiter appears is < 8° for the
distances of the spacecraft during the Jupiter tour.

The intermediate frequency signals are connected to the
IF&USO distribution unit and feed the wideband Autocor-
relation Spectrometer (ACS) and the high-resolution Chirp
Transform Spectrometer, (CTS) (Hartogh and Hartmann,
1990; Hartogh, 1997, 1998; Ostrovsky et al., 2017; Ostro-
vskyy et al., 2018). The bandwidths and channel numbers
are 4.4 GHz/1024 and 1 GHz/10 000 for the ACS and CTS,
respectively.

Figure 4 shows the position of SWI on the spacecraft.
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Figure 1. SWI block diagram (see text).

Figure 2. Receiver Unit (RU). The focused beam enters the RU through the elliptical hole in the lower right. The blue line indicates the beam
path within the RU. It is first reflected by the M3 and M4 mirrors. A wire grid acts as a beam splitter so that the signals appear at the mirrors
MS5R (600 GHz receiver) and M5L (1200 GHz receiver), where they are focused into the mixer horns of the two receivers. A flip mirror
(FLM) can be rotated into the beam so that the receivers “see” the hot calibration load (at ~ 240 K) rather than the signals from M1-M3. The
cold calibration is done on the cosmic background (2.7 K) via the M1.
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Figure 4. Position of SWI on the Juice spacecraft. Credit:
ESA/ATG medialab.

3 SWI LEGA in-flight calibration

We leveraged LEGA to acquire observations that supported
multiple instrument calibrations: total power, frequency, tele-
scope beam, and pointing. Below we go through the key ob-
servations and how they relate to the particular calibration
category of SWI. The details are not exhaustive as references
to the relevant papers are given (this issue), where appropri-
ate.

3.1 Total power calibration

The goal of total power calibration is to establish the absolute
flux (in Wm™2) response of the instrument to far-infrared
(FIR)/submm signals received by the telescope and relate
it to brightness temperatures (Rayleigh-Jeans or Planck) of
the target. With exactly calibrated fluxes/brightness temper-
atures we can derive absolute temperatures (atmosphere/sur-
face) and the volume mixing ratio of the detected gases along
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the line-of-sight of the telescope beam. For calibrating the
received FIR-flux, blackbodies with two different tempera-
tures (“cold load” and “hot load”) are used. As mentioned
above, SWI is using a hot calibration target in the receiver
unit (see Fig. 2). It is a conical blackbody target that is op-
erated at the environmental temperature of the receiver (typ-
ically below 250 K). The temperature of the target is moni-
tored with four platinum resistance thermometers. The target
is designed to appear as black as possible, or its emissivity
is maximised, by optimising the geometry and by employ-
ing a tailored microwave absorbing material (Jacob et al.,
2018). This means that reflections causing a temperature bias
and standing waves during calibration measurements are sup-
pressed. A signal reflected from the target is attenuated by
more than 55 dB. For the cold calibration we are using the
cosmic background radiation (2.7 K), by pointing the tele-
scope towards cold space. Beside the blackness of the cal-
ibration targets, other parameters play an important role in
order to achieve a precise flux calibration. Temperature vari-
ations (e.g. caused by the thermal transient response of SWI
after switch-on or other instruments being switched on and
off or by changes in illumination) will modulate the gain of
the instrument. Depending on the amplitude of these gain
drifts the flux calibration may be repeated with shorter or
longer time intervals. Qualitatively expressed, the amplitude
drift of the signal or spectrum shall be smaller than the Gaus-
sian noise on it. This means that highly frequency resolved
spectra require less frequent calibrations than e.g. measure-
ments of the continuum. However, for deriving an exact cali-
bration of the total flux, even for highly resolved spectra cal-
ibrations have to be repeated typically every few minutes.
Unfortunately, we found a lifetime issue of the calibration
flip-mirror mechanism after delivery of the instrument to the
spacecraft contractor. As a consequence, the number of pos-
sible calibration cycles of SWI is reduced to about 5 % of the
planned number of calibration cycles. Jarchow et al. (2026)
describes this problem in more detail and reports about work-
around approaches of the total power calibration based on
LEGA data.

3.2 Frequency calibration

As mentioned in the instrument description, an USO is used
as a reference frequency source. After a few hours of opera-
tion, it achieves a stability of better than 1E-8 (corresponding
to < 10kHz, a tenth of a spectrometer channel of the CTS).
Since one of the science goals of SWI is to measure atmo-
spheric wind speeds using the Doppler shifts of molecular
spectral lines, the exact knowledge of the frequency is re-
quired. The FDM synthesizers are locked to the USO. The
USO absolute frequency is compared with a PPS (Pulse Per
Second) signal provided by the spacecraft once per hour. The
accuracy of the PPS signal is directly related to the accu-
racy of the spacecraft time reference (USO). The latter can
be calibrated against highly precise frequency standards on

https://doi.org/10.5194/angeo-44-645-2026



P. Hartogh et al.: Part 1: General overview

ground during the downlink phases of the satellite. The full
SWI frequency calibration from the ground-reference via the
spacecraft-USO to the SWI USO is under development. Nev-
ertheless, we learned an important lesson during the LEGA
calibration campaign, which is described below.

Figure 5 shows the USO frequency related to the FDM
temperature recorded during the Near-Earth Commissioning
Phase (NECP). Note that the USO is physically mounted on
the FDM. We see a positive correlation between the FDM
temperature and the USO frequency of about 2 ppb°C~!.
The frequency offset against the spacecraft USO is about
700 ppb. Note that here the operational temperature of the
FDM is around 0 °C, as it was for all payload checkout win-
dows (PCWs) thus far. We did not expect this correlation,
because the USO’s temperature stabilization should compen-
sate for the temperature variations. For this example, it is ob-
viously not the case. The thermal isolation between FDM and
USO or the capability of the USO to compensate temperature
variations seems to be not sufficient for this scenario during
the NECP (and later during the PCWs).

Interestingly we see a somewhat different behavior of the
correlation between FDM temperature and USO frequency
during LEGA (Fig. 6). One difference is the higher opera-
tional temperature. While during NECP the FDM tempera-
ture varies between —8 and 6 °C, it varies during LEGA be-
tween about 0 and 22 °C. The other striking difference is that
above about 15 °C the USO internal temperature regulation
seems to be able to compensate the temperature change of
the FDM and the positive correlation between FDM temper-
ature and USO frequency disappears.

As mentioned before, the SWI-USO is referenced against
the spacecraft USO once an hour. Our understanding is that
the spacecraft-USO is switched-on all the time. Therefore, it
is likely that its stability is superior to the SWI-USO, which
is switched off after each PCW and flyby. Further analysis
on the spacecraft USO stability against the ground station
reference has to be performed in order to confirm or disprove
this assumption.

The above-mentioned end-to-end frequency calibration
development will include:

— Quantification of the change in correlation between the
FDM temperature and the SWI-USO for a larger opera-
tional temperature range.

— Estimate of the drift of the SWI-USO within the 1 h cal-
ibration intervals.

— Estimate the drift of the spacecraft USO within the
spacecraft to ground calibration intervals.

A detailed description of the end-to-end frequency cali-
bration scheme and the analyses of the drift behavior of the
spacecraft USO and the SWI-USO and its impact on the sci-
ence requirements will be described later in a dedicated pa-
per.

https://doi.org/10.5194/angeo0-44-645-2026
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3.3 Telescope beam calibration

The knowledge of the telescope beam function is of impor-
tance for a number of observations. The diameter of the main
beam (main lobe) is a measure for the spatial resolution of
the intended observations. In case the observed object is not
resolved, the main beam size determines e.g. the strength, or
line intensities of the observed molecular spectra in the atmo-
spheres of Jupiter and the Galilean satellites and has a direct
impact on the required observation times and thus for the op-
erational planning. The knowledge of the second and higher
order sidelobes is of importance for a number of observa-
tional scenarios. For example, if the main beam is pointed
to cold space, SWI may still detect a much brighter molecu-
lar spectrum from Jupiter’s atmosphere through its second or
higher sidelobes, which leads to ambiguous results.

In order to characterize the telescope beam, so-called
nearfield measurements were performed on ground in
the new Low-temperature Near-field Terahertz chamber
(LORENTZ) at ESTEC in Noordwijk. These measurements
had a dynamic range of > 50dB allowing to determine the
telescope pattern to beyond the 10th sidelobe. We determined
a half-power beamwidth of the main lobe of 7.85" at 600 GHz
and 4.3’ at 1200 GHz.

During LEGA and former campaigns (NECP, PCWs) we
tried to verify in the farfield the results from the ground-
based nearfield measurements. The idea behind the measure-
ments in space is to x-y scan over a celestial object (e.g.
Earth and Moon) from a large distance so that the object is
at least 5 x smaller than the diameter of the main beam and
then deconvolve the result of the x-y scan. The disadvantage
of these farfield measurements compared to nearfield mea-
surements is that the sources’ (Earth/moon) fluxes are small
compared to the transmitters used for the nearfield measure-
ments. Since the THz temperatures are to first order propor-
tional to the physical temperature of Earth and the Moon,
dynamic ranges of 20 to 23 dB can be achieved allowing to
characterize the main lobe and perhaps the first side lobe.
Using the Sun as THz source would increase the dynamic
range to ~ 36 dB so that even the 5th sidelobe could be char-
acterized, however the diameter of the Sun is too large for
this approach, even from the Jupiter system, instead it would
require distances > 40 AU from the Sun. The results from
LEGA in determining the telescope beam and whether it is
compatible with the nearfield results are described in Moreno
et al. (2026).

3.4 Pointing calibration

The exact pointing knowledge is essential for a number of
SWI science operations, e.g. the determination of line-of-
sight winds in the Jupiter system. The original SWI re-
quirement of the pointing knowledge was 5”. In order to
achieve 5” pointing knowledge, in the original telescope de-
sign an angular encoder was included. Due to schedule prob-

Ann. Geophys., 44, 645-654, 2026
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12 Jun 2023: USO monitoring data during NECP
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Figure 5. Temperature variation of the FDM (upper panel) and related frequency variation of the USO (lower panel) during NECP.

lems the project recommended to descope the encoder. With-
out the angular encoder the pointing knowledge is limited by
the step size and accuracy of the along track mechanism, i.e.
about 6-10 times larger. Therefore, a pointing calibration is
required, e.g. in scanning over the limb of Jupiter following
a dedicated algorithm. LEGA offered the opportunity to test
the approach, although the exact algorithm is still not running
reliably in the application software. The pointing calibration
is a rather complex procedure, and we did not have enough
time to analyse the pointing data of LEGA in detail and the
final results of LEGA concerning pointing calibration will be
published later. Nevertheless, first results will be presented in
Moreno et al. (2026).
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4 LEGA operations

SWI observation planning activities encompass both the
cruise phase and the Jupiter science phase, each presenting
distinct operational challenges. The preparation of LEGA
observations provided our first comprehensive insight into
the complexity of this process, highlighting key aspects, such
as scheduling, geometry and script configuration, etc. This
led us to identify processes that can be made more robust by
automation. The operations include 9 calibration modes and
22 science observation modes. The observation planning is
a complex process. Its complexity required the development
of a SWI specific observation planning tool that allows to
perform a number of dedicated observation strategies for the
different phases of the Juice trajectory. Details about SWI op-
erations are summarized in the paper of Cavalié et al. (2026).
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Figure 6. Temperature variation of the FDM (upper panel) and related frequency variation of the USO (lower panel) during LEGA

5 Conclusions available through the ESA Planetary Science Archive following the
first Cruise Archive Delivery, which is currently scheduled for six

. . . . L months after the third Earth Gravity Assist in 2029.
We provide an introduction and overview about the initial

SWI LEGA characterization, operation, and in-flight calibra-

tion of SWI during the LEGA campaign. The fundamental Author contributions. Author contributions. P. Hartogh prepared
functions and specifications of SWI are described followed the original manuscript. L. Rezac, C. Jarchow, A. Schulz-
by a short introduction on the calibrations we intended to Ravanbakhsh, T. Cavalié, R. Moreno, and P. Hartogh defined the
perform based on data acquired during LEGA. A prelimi- LEGA operational strategy for SWI. All co-authors contributed to
nary analysis on the frequency calibration is provided. For the successful implementation of SWI and provided critical feed-
detailed analyses on total power and beam calibration and the back on the manuscript.

observation and operations planning we refer to three other

SWI papers prepared for this special issue of ANGEO on
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