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Abstract

Mini-EUSO is a high sensitivity imaging telescope that observes the
Earth from the ISS in the near ultraviolet band (290÷430 nm), through
the nadir-facing, UV-transparent window in the Russian Zvezda mod-
ule. The instrument, launched in 2019, has a field of view of 44◦,
a spatial resolution on the Earth surface of 6.3 km and a temporal
sampling rate of 2.5 microseconds. Thanks to its triggering and on-
board processing, the telescope is capable of detecting UV emissions
of cosmic, atmospheric and terrestrial origin on different time scales,
from a few microseconds upwards.The optics is composed of two Fres-
nel lenses focusing light onto an array of 36 Hamamatsu multi-anode
photomultiplier tubes, for a total of 2304 pixels. The telescope also con-
tains two cameras in the near infrared and visible, an 8 by 8 array of
Silicon-PhotoMultipliers and a series of UV sensors to manage night-day
transitions. The scientific objectives range from atmospheric phenomena
(Lightning, Transient Luminous Events, ELVES), study of meteoroids,
search of interstellar meteoroids and strange quark matter, mapping of
the Earth’s nocturnal emissions in the ultraviolet range, search of cos-
mic rays with energy above 1021 eV. The instrument has been integrated
and qualified in 2019, with final tests in Baikonur prior to its launch.
Operations involve periodic installation in the Zvezda module and obser-
vations at night time, with periodic downlink of data samples, with the
full data being sent to the ground via pouches contaning the data discs.
Mission planning involves the selection of the optimal orbits to maxi-
mize the science return of the instrument. In this work we will describe
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the various phases of construction, testing and qualification prior to
the launch and in-flight operations of the instrument on board the ISS.

Keywords: UV telescope, UV emissions, ISS, meteors, SQM, Transient
Luminous Events, UHECRs.

1 Introduction

Mini-EUSO (Multiwavelength Imaging New Instrument for the Extreme Uni-
verse Space Observatory) experiment [1] is part of the JEM-EUSO program
led by the JEM-EUSO (Joint Experiment Missions - Extreme Universe Space
Observatory) Collaboration. This program aims to detect and study Ultra High
Energy Cosmic Rays (UHECRs) from space for the first time. The space-based
observation of UHECRs is complementary to that from ground-based obser-
vatories and allows to have a much wider observed area than with on-ground
detectors and observe both of Earth’s hemispheres with only one instrument,
thus reducing the possible systematic uncertainty.

Over the years, the collaboration carried on various experiment operating
on ground (EUSO-TA [2] (2013-)), on stratospheric balloons (EUSO-Balloon
[3, 4] (2014), EUSO-SPB1 [5] (2017)) and in space (TUS [6] (2016)) and others
are planned for the upcoming years: EUSO-SPB2 [7] on stratospheric bal-
loon (launch foreseen in 2023) and two future space missions K-EUSO [8] and
POEMMA [9, 10].

Mini-EUSO was launched to the ISS by the uncrewed Soyuz MS-14 on
August 22, 2019, from the Bajkonur Cosmodrome (Kazakhstan). The first
installation of the instrument on the UV-transparent window in the Zvezda
module took place on October 7, when the first session of data taking was
performed. Since then, it has been taking data periodically, with installations
occurring every couple of weeks for a total of about 70 sessions over three years.

2 The telescope

The Mini-EUSO telescope [1] operates in the UV range (290 - 430 nm) from the
nadir-facing UV transparent window in the Zvezda module of the International
Space Station (ISS). The telescope has a square field of view of ≃44◦, a spatial
resolution of ≃ 6.3 km2 on Earth surface (depending on the ISS altitude) and
it is capable of single photon counting detection.

Mini-EUSO optical system consists of two Fresnel lenses, with a diameter
of 25 cm, focusing the light onto a focal surface, or Photon Detector Module
(PDM), composed by an array of 6 x 6 Hamamatsu MultiAnode Photomulti-
pliers (MAPMTs) tubes, 64 pixels each, for a total of 2304 pixels (see Figure 1,
left-hand side). Each MAPMT is powered by a Cockroft-Walton power supply
board and presents a BG3 UV bandpass filter on the entry window. The PDM
front-end electronics consists of 6 SPACIROC3 (Spatial Photomultiplier Array
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Counting Integrated ReadOutChip [11]) boards. Data are then processed by
a Xilinx Zynq based FPGA board which implements a multi-level triggering
[12, 13], allowing the measurement of triggered UV transients for 128 frames
at time scales of both 2.5 µs and 320 µs. Moreover, an untriggered acquisition
mode with 40.96 ms frames performs a continuous data taking. The instrument
is also equipped with two ancillary cameras to complement the UV measure-
ments in the near infrared and visible range [14], three single pixel UV sensors
used to manage day/night transitions and with a 8× 8 SiPM imaging array
[15].

Data collection and storage onto 512 GB USB Solid State Disk (SSD)
cards, inserted in the side of the telescope by the astronauts, is managed by a
PCIe/104 form factor CPU.

Coupling to the window is done via a mechanical adapter flange and the
only connection to the ISS is via a 28 V power supply and grounding cable.
The Mini-EUSO power consumption is about 60 W. The instrument dimen-
sions are 37 x 37 x 62 cm3 and its weight is about 35 kg (including the 5 kg
adapter flange). As all instruments operating in the ISS and managed by cos-
monauts and astronauts, the Mini-EUSO design is consistent with the safety
requirements (no sharp edges, low surface temperature, robustness...).

The instrument has been integrated at the INFN Laboratories of Frascati
and Rome Tor Vergata. Figure 1 shows some pictures taken during the inte-
gration of the Flight Model (FM). See [1] for more details about the telescope
description and its first observations.

Fig. 1 Mini-EUSO detector during the integration. Left: Mini-EUSO focal surface seen
trough the frame of the second lens. UV sensors are visible below the photomultiplier array,
while the SiPM array is located above it. Right: all the mechanics, electronics and the two
Fresnel lenses are clearly visible.
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3 Space Qualification Tests

Two copies of the detector have been realized: the Engineering Model (EM) and
the Flight Model (FM). The two models are identical except that in the EM
only the four central MAPMTs are present and the other elements are replaced
with mass dummies. Moreover in the EM the Fresnel lenses are replaced with
flat PMMA elements with the same weight.

Both EM and FM underwent various qualification tests to ensure that
they could with stand the transportation to the launch site, the launch and
operations on the ISS. These included vibration and shock, ElectroMagnetic
Interference and Compatibility (respectively EMI and EMC) and thermal-
vacuum/environmental tests [16]. Vibrations tests had a more severe profile
for the EM. After acceptance tests in Rome and Moscow, the EM is now being
used as a training model for the various crews who operates it on the ISS.

3.1 Random vibration and Shock Tests

The relatively high mass (35 kg) of the telescope required it to be launched
in a hard-mounted (with bolts coupling it to the hull) configuration inside the
Soyuz capsule. This translates in higher shock and random vibration loads
on the hardware. Random vibration and shock tests took place at MATE srl
premise (Torrita di Siena - Italy) in February (EM) and May (FM) 2019.

Tri-axial accelerometers for monitoring were placed on the detector and
the vibrating plate as feedback and for reference. In Figure 2 the test setup
with the Mini-EUSO telescope bolted on the vibration/shock plate.

Fig. 2 Mini-EUSO bolted on the vibration/shock plate.

The EM was subjected to random vibration tests with test sequence of
120, 480 and 600 seconds along the three axes in the frequency range from
20 to 2000 Hz to simulate the vibrations of the launch during the insertion
(120 and 480 s sequences) and the vibrations during the orbital flight (600 s
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sequence). Shock acceleration tests (up to ± 40 g) instead simulate the firing
of the pyrotechnic shocks that separate the various rocket stages.

A summary of the performed tests on EM is reported in Table 1.

Table 1 Random vibration and shock test specifications.

A) Random vibration: axis X, Y and Z

Resonance survey
Random vibration (insertion) - 120 ms with an overall strength of 7.42 g
Random vibration (insertion) - 480 ms with an overall strength of 3.58 g
Random vibration (orbital flight) - 600 ms with an overall strength of 3.84 g
Resonance survey to detect changes before/after vibration

B) Shock along the axis X, Y and Z

Resonance survey
Seven shock with 3 ms duration, ± 40 g strength
Resonance survey to detect changes before/after shock

To detect if the vibrations or the shocks have resulted in internal damage,
loosening of parts, or changes in the structure of the detector, a resonance
survey was performed. This is done subjecting the telescope to a low vibration
profile measuring the frequency response of the accelerometers located on the
instrument before and after each test. Structural changes in the detector would
be reflected in a change of the resonance frequencies.

As an example, in Figures 3 and 4 are shown the Mini-EUSO EM responses
after the random vibration along the Z-axis (duration 120 s, overall strength
7.42 g) and shock along positive X-axis direction respectively, together with
the corresponding resonance shift survey.

3.2 EMI-EMC Tests

EMI-EMC tests are performed to verify that the Mini-EUSO instrument
does not produce any undesired electromagnetic radiated emissions and that,
conversely, it is capable to withstand external electromagnetic interference.

The EM has been subjected to emission and susceptibility tests in an
anechoic chamber to verify its electromagnetic compatibility requirements.
The tests performed are: Low and High Frequency (LF and HF) conductive
interference, Low and High Frequency (LF and HF) conductive interference
susceptibility, conducted pulse interference, electrical field intensity produced
by High Frequency emissions. All these tests have been executed at the qual-
ified GSD Laboratories in Pisa, Italy, during the month of January 2019 (see
Table 2 for their specifications).

In the top of Figure 5 are shown two pictures of test set-up during the
measurement of the electric field intensity produced by HF emissions when the
detector is powered on at 28 V. In the same Figure, at the bottom, are shown
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Fig. 3 Mini-EUSO EM response after a random vibration (duration 120 s, overall strength
7.42 g) along the Z-axis. Top panel: Input Acceleration Spectral Density. The straight lines
represent the acceptable range of vibration and the blue plot is the instantaneous reading by
the accelerometer on the vibrating plate. Centre panel: Measured acceleration spectra on
the three axes of Mini-EUSO. The brown and green straight lines show the input spectrum
(the same of the Top Panel). Note how the structure of the instrument is such that the
acceleration can exceed the input spectrum by about a factor 100 around 750 Hz. This does
not pose any problem, since the frequency is high enough that no damage is induced to the
instrument. Bottom Panel: the resonance shift survey along the Z-Axis. This compares
the two resonance spectra (green: before vibration, purple: after vibration) to ensure that
there are no changes - and most important no frequency shifts that would denote damage
to the structure - after the vibration.

the antenna frequency profile responses, respectively, when the antenna is ver-
tically (left) and horizontally (right) located near the detector. Mini-EUSO
must not generate interference levels greater than the thresholds specified in
Figure (red line) when powered at the range of supply voltages (between 23
and 29, with nominal 28 V). During the tests the detector was located in an
anechoic chamber in vertical position analogous to the data-taking configura-
tion on board the ISS, with the front end of the telescope (the one with the
entrance lens) faces the ground plane.
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Fig. 4 Mini-EUSO EM response after shock test session along the positive X-axis direction.
Top panel: Input Acceleration as function of time. The straight lines represent the accept-
able range of vibration and the blue plot is the instantaneous reading by the accelerometer
on the vibrating plate. Centre panel: Measured acceleration spectra on the three axes of
Mini-EUSO. The brown and green straight lines show the input spectrum (the same of the
Top Panel). The acceleration profiles as a function of time for the three axes are also shown.
Note how the vibration on the X-axis (the same of the shock) exceeds the input value of
the the control channel (top) and of the instrument (bottom, azure: X-axis, orange: Y-axis,
green: Z-axis). Bottom Panel: the resonance shift survey after shock test along X-axis.
The two curves (before and after) are indistinguishable, a sign that there were no changes
in the structure of the detector.

Table 2 EMI/EMC tests specifications.

EMI/EMC Frequency range (MHz)

Low-Frequency conductive interference (0.03÷ 10) ∗ 10−3

High-Frequency conductive interference 0.01÷ 100
Low-Frequency conductive interference susceptibility (0.02÷ 10) ∗ 10−3

High-Frequency conductive interference susceptibility 0.01÷ 300
Electrical field intensity produced by HF emissions 0.01÷ 1000
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Fig. 5 Top: Test set-up during the measurement of the electric field intensity produced by
HF emissions when the detector is powered on at 28 V and the antenna (left in the pictures)
is vertically (left panel) and horizontally (right panel) located near the detector (right in the
picture, placed on a copper plate acting as ground). Bottom: The measured emissions as a
function of frequency (blue) compared with the maximum acceptable level (red curves) for
a vertical (left) and horizontal (right) oriented antenna.

Moreover a start-up and in-rush current test was performed to assure
that the start-up currents flowing into the device didn’t exceed the max-
imum steady-state operating current and its rise and fall complied other
requirements.

3.3 Environmental Tests

The telescope underwent also various environmental (temperature, humidity,
pressure) tests to verify it was capable to withstand the transportation, storage
and launch conditions. It is worth noting that most of the extreme temperature
and humidity tests can be experienced during transportation and storage in
Baikonur, where temperature can drop below 40 degrees Celsius during winter
and above 50 degrees Celsius during summer.

Thee conditions which might be experienced during the cargo transporta-
tion to the launch site and within the Soyuz capsule have been reproduced in
a thermal chamber. During transportation to the Baikonur launch site, tem-
perature excursions can range between ±50 ◦C, depending on the time of the
year, while the humidity can reach a level up to 90%. In the Soyuz, pressurized
atmospheric conditions (450 to 970 mm Hg) are maintained during launch.

Several thermal cycles inside a thermal chamber were made at low and high
temperatures, ±55 ◦C, and with humidity levels up to 95%. Low (450 mm Hg)
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and high (970 mm Hg) pressure tests have been also performed. After each
test the instrument was switched on for a functional run.

4 Field tests

In June 2019, the instrument (FM) was also field-tested in the Apennine
Mountains, close to the town of Paganico Sabino (Lat. 42◦09′38′′N, Long.
13◦00′33′′E), in Rome, from the roof of the Physics Department of the Uni-
versity of Rome Tor Vergata (Lat. 41◦51′15′′N, Long. 12◦36′15′′E) and (the
EM) at the Astronomical Observatory of Pino Torinese (Lat. 45 ◦ 02 0 25 00
N, Long. 7 ◦ 45 0 53 00 E), where the sky conditions allowed observation of
faint sources. During these tests, flashers, building lights, stars with apparent
magnitude up to 4 and Jupiter have been observed [17, 18].

Figure 6 shows a night sky frame acquired in zenith position in the Apen-
nine Mountains during ground tests. The observation of the various stars in the
field of view allowed to obtain a first estimation of the PSF of the instrument
of about 1.2 pixels, in agreement with the theoretical estimations.

Fig. 6 Mini-EUSO frame acquired during the field tests held in Paganico Sabino, Apennine
Mountains, on June 23, 2019. The brightest visible star is Vega (Mu=0.03), the dimmest
identified star is σ Cyg (Mu=3.98). Colour denotes counts/GTU (2.5 µs).

5 Acceptance Tests and Launch

After qualification tests, the FM detector passed several acceptance tests,
first in Rome, subsequently in Moscow, and finally in the Baikonur cosmod-
rome. Then it was then integrated in the uncrewed Soyuz MS-14 capsule and
launched on 2019 August 22 (Figure 7).
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After a two day flight, MS-14 was scheduled to dock with the Poisk mod-
ule of the ISS on 24 August 2019, 05:30 UTC. However its Kurs automatic
rendezvous system failed to lock onto the Kurs signal amplifier on ISS’s Poisk
docking module (due to a failure of this system, as subsequent analysis had
shown) and the capsule remained at a distance of about 200 m. Docking was
thus aborted and the spacecraft was repositioned on a nearby orbit, bringing
it to re-approach the ISS every ≃ 24 hours1. On 26 August, the three-man
crew of Soyuz MS-13 relocates their spacecraft from the aft axial port of the
Zvezda module and performed a manual docking at the faulty Poisk port, free-
ing up that port for MS-14 to dock using Kurs on 27 August 2019 at 03:08
UTC (Figure 8).

Fig. 7 The Soyuz-MS14 rocket on its roll-out to the launch pad, 19-8-2019. This was a
peculiar uncrewed flight, where a Soyuz capsule (with escape tower visible on the left part
of the picture) was used to launch cargo to the ISS. This was to test a new Russian guidance
system for the first time without risking a manned flight. In addition to Mini-EUSO, among
the cargo was the humanoid robot Fedor.

Fig. 8 Left: the first failed docking attempt on the Poisk module docking port, on 2019
August 24. Center: relocation of the Soyuz MS-13 capsule from the Zvezda module docking
port to the Poisk module docking port. Right: second, successful, docking attempt on the
Zvezda docking port, on 2019 August 27.

1Unmanned systems such as the cargo Progress feature backup system (called TORU) which
enables cosmonauts on the station to manually control the docking of the capsules. However, since
the Soyuz capsule was meant for manned spaceflight, this system was not present on the MS-14.
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6 In-Flight Operations

The telescope was turned on for the first time on October 7, 2019 (Figure 9),
after the arrival on the ISS of the cosmonaut trained to operate the instrument.

Fig. 9 Left: Mini-EUSO telescope managed by the cosmonaut before to be installed on the
nadir-facing UV transparent window of the Zvezda module. Right: Mini-EUSO mounted
on the UV transparent window. The velocity vector is usually toward the bottom of the
picture, in the side marked as ’1’.

At the beginning of each observation session, taking place about every
two weeks and of a duration of about 12 hours each, the detector is taken
from storage, the lens cover is removed and the instrument is installed on
the UV transparent window in the Zvezda module. Power and ground cables
are connected, an USB SSD card is inserted and power is switched on. Time
is kept internally with a Real Time Clock as there are no other connections
with the ISS (the daily drift of the clock has been measured on ground and is
periodically checked with data taken on board).

Upon startup, the system checks whether specific operational parameters
intended to override the existing ones are present on the SSD card. The initial-
isation program also checks if software and/or firmware upgrades are present
in the SSD card and in that case it uses them. This flexible approach allows
for continuous improvement of operations.

At the end of each session the detector and the SSD card are stored and the
log file and a subset of acquired data files are transmitted to ground through
the ISS telemetry channel for analysis and verification of the correct function-
ing of the system. In Figure 10, left-hand side, one of the outputs of the Quick
Look software showing the measurements of the UV sensors as a function of
time to verify the correct handling of the day-night cycle. It is possible to
see the transition between day and night every ≃45 minutes2. Pouches with
25 SSD cards (Figure 10, right-hand side) are returned to Earth every 6-12
months and with the same temporal frequency a new pouches is sent to the
ISS.

2The illumination period depends on the Beta angle of the ISS, the angle between the orbital
plane of the station and the Sun-Earth vector. When β is close to 90o (for ISS βmax = 75o) the
station is almost always illuminated by the Sun and operations are not possible. When β = 0o

the duration of the local night is the longest.
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Fig. 10 Left: Plot of the measurements of the UV sensor as a function of time. Mini-EUSO
is operational during night-time, when the sensor measures a value below 60 ADC (Analog-
to-Digital Conversion) counts. To avoid spurious fluctuations at the day-night terminator
line, two thresholds are used to determine transition from day to night (60 ADC counts,
blue line) and vice-versa (100 ADC counts, orange line). Right: Pouch containing USB pens
and a sample of labelled pens.

In Figure 11 are shown the cosmonauts Oleg Novitskiy and Ivan Vagner
responsible, in different periods, for the operations on the Mini-EUSO tele-
scope.

Fig. 11 Left: the cosmonaut Oleg Novitskiy with Mini-EUSO. On the bottom of the picture
is visible the pouch with the data cards. Right: Cosmonaut Ivan Vagner with Mini-EUSO
prior to its installation on the UV transparent Zvezda window (center bottom of the figure).
The instrument front lens is visible between the hands of the cosmonaut.

The first session involved operation in safe mode, with only one EC unit
active and the HVPS set to last dynode voltage mode, corresponding to a sen-
sitivity of about 1% compared to the normal HVPS mode. Gradually, along
the course of the following sessions, the instrument was switched on with the
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full PDM active in low voltage mode and finally with the full PDM in nor-
mal voltage mode. Starting from the fifth session, the nominal acquisition
configuration has been used.

Figure 12 shows the signal measured by Mini-EUSO during the first ∼ 240
seconds after the first switch on (in D3 mode, that is at 40.96 ms sampling
rate): the telescope first flew over uninhabited areas and some cities and then
detected some lightning as the measured signal was increasing for the Moon
rise.

Fig. 12 The measured signal recorded by the Mini-EUSO telescope in D3 mode (40.96 ms
sampling rate) during the first ∼ 240 seconds of data taking of the first session, when only
one EC unit was active. The signals are due to different sources: uninhabited areas, town
lights and lightnings. At the end of the sequence it is possible to see the increasing of the
measured counts due to the Moon rise. Each inset corresponds to the active EC unit (16×16
pixels).

Between October 2019 and October 2022, 70 sessions have been performed.
The integrated Earth coverage up to session 44 (the last session for which the
complete set of data is available on ground) is shown in Figure 13.

During the first three years of data taking, the Mini-EUSO collaboration
performed also an in-flight calibration to detect the response of the instrument
when exposed to a light source of measured intensity. This has been done
sending LED light pulses from ground during flasher campaigns. In Figure
14 are reported two frames recorded by Mini-EUSO at ∼ 82 ms of temporal
distance (2 frames in D3 mode) during the flasher campaign held in central
Italy on May 3, 2021: some cities, such as Rome and Naples, are clearly visible
and in the second frame also the flasher light is evident. Figure 15 shows the
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Fig. 13 Mini-EUSO Earth coverage during the first 44 data-taking sessions. The map has
been divided into 1◦ × 1◦ cells, the color scale represents the time spent by Mini-EUSO
inside each cell.

increasing of the Mini-EUSO counts (in D3 mode) due to the flasher light
detected during the same campaign.

The in-flight calibration with LED and/or laser pulses is also useful to
understand the real capabilities of the instrument in detecting ultra-high
energy CRs to pave the way to larger and more sophisticated space detector
for the study of UHECRs from space.

Fig. 14 Two frames recorded by Mini-EUSO during the flasher campaign held in central
Italy on May 3, 2021: some cities are clearly visible (Rome and Naples) and in the second
frame, observed 2 frames in D3 mode (∼ 82 ms) after the first one, , also the flasher light is
marked.

7 Conclusions

In this work we have described the integration, qualification and acceptance
tests and the launch of the Mini-EUSO telescope. The detector is currently
on board the ISS performing periodic observations of the Earth from the
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Fig. 15 Increasing of counts due to the light detected during a flasher campaign held in
central Italy on May 3, 2021. Blue: lightcurve of the two columns of pixels containing the
UV flasher signal (see the image of the focal surface on the right). The flasher pattern is: 6
x [1.6s ON - 0.4s OFF] + 12 x [0.4s ON - 0.4s OFF] → 6 x [39 GTU ON - 10 GTU OFF]
+ 12 x [10 GTU ON - 10 GTU OFF]. Green: background estimation, fit with a 18 degrees
polynomial. Red: flasher with background subtracted. It is possible to recognise 3(+1) long
and 9(+1) short pulses.

nadir-facing UV-transparent window in the Zvezda module and it continues
to behave nominally.

Data analysis is ongoing and it is very promising in many fields under
investigation such as Transient Luminous Events (TLEs), in particular ELVES,
meteors and nocturnal terrestrial emissions.
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P., Greg, R., Guarino, F., Guzmán, A., Hachisu, Y., Haiduc, M., Harlov,
B., Haungs, A., Hernández Carretero, J., Hidber Cruz, W., Ikeda, D.,
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