
Astroparticle Physics 154 (2024) 102891

A
0

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropartphys

EUSO-SPB1 mission and science
G. Abdellaoui 1, S. Abe 2, J.H. Adams Jr. 3, D. Allard 4, G. Alonso 5, L. Anchordoqui 6,
A. Anzalone 7,8, E. Arnone 9,10, K. Asano 11, R. Attallah 12, H. Attoui 13, M. Ave Pernas 14,
R. Bachmann 15, S. Bacholle 15, M. Bagheri 16, M. Bakiri 13, J. Baláz 17, D. Barghini 9,10,18,
S. Bartocci 19, M. Battisti 9,10, J. Bayer 20, B. Beldjilali 1, T. Belenguer 21, N. Belkhalfa 13,
R. Bellotti 22,23, A.A. Belov 24, K. Benmessai 13, M. Bertaina 9,10, P.F. Bertone 25, P.L. Biermann 26,
F. Bisconti 9,10, C. Blaksley 27, N. Blanc 28, S. Blin-Bondil 29,4, P. Bobik 17, M. Bogomilov 30,
K. Bolmgren 31, E. Bozzo 32, S. Briz 33, A. Bruno 7,8, K.S. Caballero 34, F. Cafagna 22, G. Cambié 19,
D. Campana 35, J.N. Capdevielle 4, F. Capel 36, A. Caramete 37, L. Caramete 37, R. Caruso 38,8,
M. Casolino 27,39, C. Cassardo 9,10, A. Castellina 10,18, O. Catalano 7,8, A. Cellino 10,18, K. Černý 40,
M. Chikawa 41, G. Chiritoi 37, M.J. Christl 25, R. Colalillo 35,42, L. Conti 43,39, G. Cotto 9,10,
H.J. Crawford 44, R. Cremonini 9, A. Creusot 4, A. Cummings 15, A. de Castro Gónzalez 33, C. de la
Taille 29, L. del Peral 14, J. Desiato 15, A. Diaz Damian 45, R. Diesing 33, P. Dinaucourt 29,
A. Djakonow 46, T. Djemil 12, A. Ebersoldt 26, T. Ebisuzaki 27, J. Eser 33, F. Fenu 9,10,
S. Fernández-González 47, S. Ferrarese 9,10, G. Filippatos 15, W. Finch 15, C. Fornaro 43,39,
M. Fouka 48, A. Franceschi 49, S. Franchini 5, C. Fuglesang 31, T. Fujii 50, M. Fukushima 11,
P. Galeotti 9,10, E. García-Ortega 47, D. Gardiol 10,18, G.K. Garipov 24, E. Gascón 47, E. Gazda 16,
J. Genci 51, A. Golzio 9,10, P. Gorodetzky 27, R. Gregg 15, A. Green 15, F. Guarino 35,42, C. Guépin 52,
A. Guzmán 20, Y. Hachisu 27, A. Haungs 26, T. Heigbes 15, J. Hernández Carretero 14, L. Hulett 15,
D. Ikeda 11, N. Inoue 53, S. Inoue 27, F. Isgrò 35,42, Y. Itow 54, T. Jammer 55, S. Jeong 56,
J. Jochum 55, E. Joven 57, E.G. Judd 44, A. Jung 4, F. Kajino 58, T. Kajino 59, S. Kalli 60, I. Kaneko 27,
M. Kasztelan 46, K. Katahira 27, K. Kawai 27, Y. Kawasaki 27, A. Kedadra 13, H. Khales 13,
B.A. Khrenov 24, Jeong-Sook Kim 61, Soon-Wook Kim 62, M. Kleifges 26, P.A. Klimov 24,
I. Kreykenbohm 63, J.F. Krizmanic 64,65, K. Królik 46, V. Kungel 15, Y. Kurihara 66, A. Kusenko 67,68,
E. Kuznetsov 3, H. Lahmar 13, F. Lakhdari 69, J. Licandro 57, L. López Campano 47, F.
López Martínez 33, S. Mackovjak 17, M. Mahdi 13, D. Mandát 70, M. Manfrin 9,10, L. Marcelli 39,
J.L. Marcos 47, W. Marszał 46, Y. Martín 57, O. Martinez 71, K. Mase 72, M. Mastafa 3,
J.N. Matthews 73, N. Mebarki 74, G. Medina-Tanco 75, A. Menshikov 26, A. Merino 47, M. Mese 35,42,
J. Meseguer 5, S.S. Meyer 33, J. Mimouni 74, H. Miyamoto 9,10, Y. Mizumoto 59, A. Monaco 22,23,
J.A. Morales de los Ríos 14, J.M. Nachtman 76, S. Nagataki 27, S. Naitamor 48, T. Napolitano 49,
A. Neronov 32,4, K. Nomoto 67, T. Nonaka 11, T. Ogawa 27, S. Ogio 77, H. Ohmori 27, A.V. Olinto 33,
Y. Onel 76, G. Osteria 35, A.N. Otte 16, A. Pagliaro 7,8, W. Painter 26, M.I. Panasyuk 24,
B. Panico 35,42, E. Parizot 4, I.H. Park 56, B. Pastircak 17, T. Paul 6, M. Pech 40, I. Pérez-Grande 5,
F. Perfetto 35, T. Peter 78, P. Picozza 39,19,27, S. Pindado 5, L.W. Piotrowski 79, S. Piraino 20,
Z. Plebaniak 9,10,46, A. Pollini 28, E.M. Popescu 37, R. Prevete 35,42, G. Prévôt 4, H. Prieto 14,
M. Przybylak 46, G. Puehlhofer 20, M. Putis 17, P. Reardon 3, M.H. Reno 76, M. Reyes 57, M. Ricci 49,

∗ Corresponding author.
E-mail address: lwiencke@mines.edu (L. Wiencke).
vailable online 4 September 2023
927-6505/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.astropartphys.2023.102891
Received 13 June 2023; Received in revised form 22 August 2023; Accepted 25 August 2023

https://www.elsevier.com/locate/astropartphys
http://www.elsevier.com/locate/astropartphys
mailto:lwiencke@mines.edu
https://doi.org/10.1016/j.astropartphys.2023.102891
https://doi.org/10.1016/j.astropartphys.2023.102891
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2023.102891&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Astroparticle Physics 154 (2024) 102891G. Abdellaoui et al.
M.D. Rodríguez Frías 14, O.F. Romero Matamala 16, F. Ronga 49, M.D. Sabau 21, G. Saccá 38,8,
H. Sagawa 11, Z. Sahnoune 48, A. Saito 50, N. Sakaki 27, H. Salazar 71, J.L. Sánchez 47, J.C.
Sanchez Balanzar 75, A. Santangelo 20, A. Sanz-Andrés 5, O.A. Saprykin 80, F. Sarazin 15, M. Sato 81,
A. Scagliola 22,23, T. Schanz 20, H. Schieler 26, P. Schovánek 70, V. Scotti 35,42, M. Serra 57,
S.A. Sharakin 24, H.M. Shimizu 82, K. Shinozaki 9,10,46, J.F. Soriano 6, A. Sotgiu 19, I. Stan 37,
I. Strharský 17, N. Sugiyama 82, D. Supanitsky 75, M. Suzuki 83, J. Szabelski 46, N. Tajima 27,
T. Tajima 27, Y. Takahashi 81, M. Takeda 11, Y. Takizawa 27, M.C. Talai 12, Y. Tameda 84,
C. Tenzer 20, S.B. Thomas 73, O. Tibolla 85, L.G. Tkachev 86, T. Tomida 87, N. Tone 27, S. Toscano 32,
M. Traïche 13, Y. Tsunesada 77, K. Tsuno 27, S. Turriziani 27, Y. Uchihori 88, J.F. Valdés-Galicia 75,
P. Vallania 10,18, L. Valore 35,42, G. Vankova-Kirilova 30, T.M. Venters 64, C. Vigorito 9,10,
L. Villaseñor 89, B. Vlcek 14, P. von Ballmoos 45, M. Vrabel 46, S. Wada 27, J. Watanabe 59, J. Watts
Jr. 3, R. Weigand Muñoz 47, A. Weindl 26, L. Wiencke 15,∗, M. Wille 63, J. Wilms 63, T. Yamamoto 58,
J. Yang 56, H. Yano 83, I.V. Yashin 24, D. Yonetoku 90, S. Yoshida 72, R. Young 25, I.S. Zgura 37,
M.Yu. Zotov 24, A. Zuccaro Marchi 27, JEM-EUSO
1 Telecom Laboratory, Faculty of Technology, University Abou Bekr Belkaid, Tlemcen, Algeria
2 Nihon University Chiyoda, Tokyo, Japan
3 University of Alabama in Huntsville, AL, USA
4 Université de Paris, CNRS, AstroParticule et Cosmologie, Paris, France
5 Universidad Politécnia de Madrid (UPM), Madrid, Spain
6 Lehman College, City University of New York (CUNY), NY, USA
7 INAF - Istituto di Astrofisica Spaziale e Fisica Cosmica di Palermo, Italy
8 Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Italy
9 Dipartimento di Fisica, Universita’ di Torino, Italy
10 Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy
11 Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Japan
12 LPR at Department of Physics, Faculty of Sciences, University Badji Mokhtar, Annaba, Algeria
13 Centre for Development of Advanced Technologies (CDTA), Algiers, Algeria
14 Universidad de Alcalá (UAH), Madrid, Spain
15 Colorado School of Mines, Golden, CO, USA
16 Georgia Institute of Technology, Atlanta, GA, USA
17 Institute of Experimental Physics, Kosice, Slovakia
18 Osservatorio Astrofisico di Torino, Istituto Nazionale di Astrofisica, Italy
19 Universita’ di Roma Tor Vergata, Dipartimento di Fisica, Italy
20 Institute for Astronomy and Astrophysics, Kepler Center, University of Tübingen, Germany
21 Instituto Nacional de Técnica Aeroespacial (INTA), Madrid, Spain
22 Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy
23 Universita’ degli Studi di Bari Aldo Moro and INFN, Sezione di Bari, Italy
24 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Russia
25 NASA Marshall Space Flight Center, Huntsville, AL, USA
26 Karlsruhe Institute of Technology (KIT), Germany
27 RIKEN, Wako, Japan
28 Swiss Center for Electronics and Microtechnology (CSEM), Neuchâtel, Switzerland
29 Omega, Ecole Polytechnique, CNRS/IN2P3, Palaiseau, France
30 St. Kliment Ohridski University of Sofia, Bulgaria
31 KTH Royal Institute of Technology, Stockholm, Sweden
32 ISDC Data Centre for Astrophysics, Versoix, Switzerland
33 University of Chicago, IL, USA
34 Universidad Autónoma de Chiapas (UNACH), Chiapas, Mexico
35 Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, Italy
36 Max Planck Institute for Physics, Munich, Germany
37 Institute of Space Science ISS, Magurele, Romania
38 Dipartimento di Fisica e Astronomia ‘‘Ettore Majorana’’, Universita’ di Catania, Italy
39 Istituto Nazionale di Fisica Nucleare, Sezione di Roma Tor Vergata, Italy
40 Joint Laboratory of Optics, Faculty of Science, Palacký University, Olomouc, Czech Republic
41 Kindai University, Higashi-Osaka, Japan
42 Universita’ di Napoli Federico II, Dipartimento di Fisica ‘‘Ettore Pancini’’, Italy
43 Uninettuno University, Rome, Italy
44 Space Science Laboratory, University of California, Berkeley, CA, USA
45 IRAP, Université de Toulouse, CNRS, Toulouse, France
46 National Centre for Nuclear Research, Lodz, Poland
47 Universidad de León (ULE), León, Spain
48 Department Astronomy, Centre of Research in Astronomy, Astrophysics and Geophysics (CRAAG), Algiers, Algeria
49 Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali di Frascati, Italy
50 Kyoto University, Kyoto, Japan
51 Technical University Kosice (TUKE), Kosice, Slovakia
52 Department of Astronomy, University of Maryland, College Park, MD, USA
53 Saitama University, Saitama, Japan
54 Institute for Space-Earth Environmental Research, Nagoya University, Nagoya, Japan
55 Experimental Physics Institute, Kepler Center, University of Tübingen, Germany
56 Sungkyunkwan University, Seoul, Republic of Korea
57 Instituto de Astrofísica de Canarias (IAC), Tenerife, Spain
2



Astroparticle Physics 154 (2024) 102891G. Abdellaoui et al.

(

58 Konan University, Kobe, Japan
59 National Astronomical Observatory, Mitaka, Japan
60 Department of Physics, Faculty of Sciences, University of M’sila, M’sila, Algeria
61 Department of Physics, UNIST, Ulsan 44919, Republic of Korea
62 Korea Astronomy and Space Science Institute (KASI), Daejeon, Republic of Korea
63 ECAP, University of Erlangen–Nuremberg, Germany
64 NASA Goddard Space Flight Center, Greenbelt, MD, USA
65 Center for Space Sciences & Technology, University of Maryland, Baltimore County, Baltimore, MD, USA
66 High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
67 University of Tokyo, Tokyo, Japan
68 University of California, Los Angeles (UCLA), USA
69 Research Unit on Optics and Photonics, UROP-CDTA, Sétif, Algeria
70 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
71 Benemérita Universidad Autónoma de Puebla (BUAP), Mexico
72 Chiba University, Chiba, Japan
73 University of Utah, Salt Lake City, UT, USA
74 Laboratory of Mathematics and Sub-Atomic Physics (LPMPS), University Constantine I, Constantine, Algeria
75 Universidad Nacional Autónoma de México (UNAM), Mexico
76 University of Iowa, Iowa City, IA, USA
77 Graduate School of Science, Osaka City University, Japan
78 Institute for Atmospheric and Climate Science, ETH Zürich, Switzerland
79 Faculty of Physics, University of Warsaw, Poland
80 Space Regatta Consortium, Korolev, Russia
81 Hokkaido University, Sapporo, Japan
82 Nagoya University, Nagoya, Japan
83 Institute of Space and Astronautical Science/JAXA, Sagamihara, Japan
84 Osaka Electro-Communication University, Neyagawa, Japan
85 Centro Mesoamericano de Física Teórica (MCTP), Mexico
86 Joint Institute for Nuclear Research, Dubna, Russia
87 Shinshu University, Nagano, Japan
88 National Institutes for Quantum and Radiological Science and Technology (QST), Chiba, Japan
89 Universidad Michoacana de San Nicolàs de Hidalgo (UMSNH), Morelia, Mexico
90 Kanazawa University, Kanazawa, Japan

A R T I C L E I N F O

Keywords:
Cosmic rays (329)
High-altitude balloons (738)
Air fluorescence
Extensive air showers
JEM-EUSO

A B S T R A C T

The Extreme Universe Space Observatory on a Super Pressure Balloon 1 (EUSO-SPB1) was launched in 2017
April from Wanaka, New Zealand. The plan of this mission of opportunity on a NASA super pressure balloon test
flight was to circle the southern hemisphere. The primary scientific goal was to make the first observations
of ultra-high-energy cosmic-ray extensive air showers (EASs) by looking down on the atmosphere with an
ultraviolet (UV) fluorescence telescope from suborbital altitude (33 km). After 12 days and 4 h aloft, the flight
was terminated prematurely in the Pacific Ocean. Before the flight, the instrument was tested extensively in
the West Desert of Utah, USA, with UV point sources and lasers. The test results indicated that the instrument
had sensitivity to EASs of ⪆ 3 EeV. Simulations of the telescope system, telescope on time, and realized flight
trajectory predicted an observation of about 1 event assuming clear sky conditions. The effects of high clouds
were estimated to reduce this value by approximately a factor of 2. A manual search and a machine-learning-
based search did not find any EAS signals in these data. Here we review the EUSO-SPB1 instrument and flight
and the EAS search.
1. Introduction

The sources and acceleration mechanisms that produce the highest
energy particles ever observed remain unknown. With measured en-
ergies that can exceed 100 EeV [1,2], ultra-high-energy cosmic rays
(UHECRs1) occupy a tantalizing position in the multi-messenger view
of the cosmos. The 100 EeV scale is six orders of magnitude above the
highest energy gamma rays [3] and five orders of magnitude above the
highest energy neutrinos [4,5] observed to date. Because UHECRs are
charged, they are the only known high energy multi-messengers that
can be accelerated directly by the sources of interest. The low flux of
UHECRs requires indirect measurement techniques that use the atmo-
sphere as a giant calorimeter. UHECRs that reach Earth’s atmosphere
convert their kinetic energy into extensive air showers (EASs), which
generate fluorescence light via excitation of atmospheric nitrogen.
The atmospheric fluorescence technique has been developed and used

1 By convention, UHECRs are cosmic-rays with energies above 1 EeV
1018 eV).
3

successfully by Fly’s Eye [6], the High-Resolution Fly’s Eye (HiRes) [7],
the Pierre Auger Observatory [8], and Telescope Array [9] to measure
EASs in 3D from the ground. The atmosphere is, by definition, the
largest-volume calorimeter on Earth.

The Extreme Universe Space Observatory on a Super Pressure Bal-
loon 1 (EUSO-SPB1) was the Joint Experiment Missions for Extreme
Universe Space Observatory (JEM-EUSO) collaboration’s first mission
targeting UHECR EASs by looking down on the atmosphere from subor-
bital space. This mission represents an important step toward establish-
ing a UHECR detector in space [10–14] that would view a much larger
(≈100×) atmospheric footprint, map the entire sky at extreme energies,
and discover the sources of UHECRs. The Probe of Extreme Multi-
Messenger Astrophysics (POEMMA) [15] would also have sensitivity
to ultra-high-energy photons, monopoles and super heavy forms of
dark matter, and, via interactions in Earth’s limb, very high energy
neutrinos [16].

EUSO-SPB1 flew as a NASA mission of opportunity. It was sus-
pended below a NASA super pressure balloon that was launched as
a test flight on 2017 April 24 23:51 UT from Wanaka, New Zealand
(Fig. 1). The EUSO-SPB1 science goals included the following:

1. making the first observations of UHECR EASs by looking down

from suborbital space with an air fluorescence detector,
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Fig. 1. EUSO-SPB1 shortly before its 2017 launch from Wanaka, New Zealand. The instrument hangs below the crane on the far left.
Fig. 2. Trajectories of the NASA super pressure balloon test flights launched from Wanaka, New Zealand through 2017. The green portion of a trajectory denotes a completed
circumnavigation.
2. measuring background UV light at night over ocean and clouds,
and

3. searching for fast UV pulse-like signatures from other objects.

2. Ultra-long-duration scientific balloon flights from Wanaka,
New Zealand

Located at 45◦S latitude, Wanaka lies below a fast stratospheric air
circulation that develops twice a year about 33 km (7 mbar) above the
Southern Ocean. This circulation flows easterly in the southern autumn
and westerly in the southern spring. Super pressure balloons (SPBs) are
designed to float at a constant displacement volume and consequently
at a constant altitude, even at night. Thus a payload launched from
Wanaka under a specially prepared SPB could ride this stratospheric cir-
culation for months, completing multiple suborbital circumnavigations
followed by controlled termination over land. Like conventional zero-
pressure stratospheric balloons, SPBs also drift with the balloon-altitude
wind currents. NASA’s first engineering SPB mission launched from
Wanaka [17] flew for 32 days in 2015 and landed in Australia. The first
scientific payload, the Compton Spectrometer and Imager (COSI) [18],
flew the following year for 46 days, circled the Southern Ocean, and
landed in Peru. The 2017 flight was the third SPB test flight from
Wanaka, with a nominal duration target of 100 days. The paths of these
three flights are shown in Fig. 2.

Unfortunately, the 2017 balloon developed a helium leak that ne-
cessitated an early controlled termination of the mission (Fig. 3). The
entire flight train was ‘‘valved down’’ about 300 km southeast of Easter
Island 12 days after launch. It currently rests on the deep ocean floor.

Despite the setbacks, the EUSO-SPB1 instrument (Fig. 4) operated
successfully while aloft and returned about 60 GB of data. Here we
4

describe the instrument, preflight testing in the laboratory and desert,
the mission, the data, and the search for EASs. Preparations for the
EUSO-SPB2 mission (Section 7) are underway.

3. EUSO-SPB1 instrument

3.1. 2014 Instrument and mission

The 2017 EUSO-SPB1 mission succeeded the 2014 EUSO-Balloon
overnight mission sponsored by the French Space Agency and launched
from Timmins, Ontario, Canada, by the Canadian Space Agency on a
zero-pressure balloon. The fluorescence telescope (FT) camera was trig-
gered externally by an onboard 20 Hz clock. The instrument recorded
UV terrestrial emission levels [19] and sampled UV flashes and UV
laser tracks generated by light sources flown below the balloon on a
helicopter. This mission yielded the first observation of UV tracks by
a fluorescence telescope looking down on the atmosphere [20]. The
entire flight train splashed down in a small lake and the instrument
was recovered intact.

3.2. 2017 instrument

The 2014 instrument was upgraded extensively for the 2017 launch.
Specifications of the 2017 instrument [21] are listed in Table 1. The
upgrades featured a trigger to identify EAS candidates, a new set
of Fresnel lenses, a new UV camera (Fig. 5) with higher quantum
efficiency multi-anode photomultiplier tubes (MAPMTs), an integrated
high voltage (HV) system, a new flight CPU, interfaces to the NASA
Support Integration Package (SIP) and telemetry, new control software,
thermal sensors interfaced to the SIP, a solar power system, and a
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Fig. 3. Altitude profile of the 2017 mission as a function of UT date. The instrument was operated at night when the moon was below the horizon. The altitude fluctuations that
started after 2 days aloft were caused by a leak that prevented the balloon from maintaining a fully inflated super-pressure state at night.
Fig. 4. EUSO-SPB1 instrument in flight-ready configuration. See text for description of subsystems.
gondola exoskeleton frame on which all equipment was mounted,
including an antenna boom. The solar power system was designed to
support the mission through the southern winter including a trajectory
excursion to about 60◦S.

EUSO-SPB1 was designed to operate at stratospheric altitude during
nights with little or no moon to detect UV tracks from EASs. The
subsystem architecture is diagrammed in Fig. 6. Two 1 m2 polymethyl
methacrylate (PMMA) Fresnel lenses focus light from below onto a
UV-sensitive, custom high-speed camera. The focal surface of the EUSO-
SPB1 telescope features a photodetector module (PDM) that counts
single photoelectrons (SPEs). For assembly purposes, 4 MAPMTs, of
64 channels each, are covered by a square BG-3 UV-transmitting optical
filter to form an elementary cell (EC). Nine ECs in a 3 × 3 arrangement
make up one PDM. Located in the PDM behind the ECs are six circuit
boards that count the numbers of photoelectrons. These boards plug
into a central control buffer board that hosts the VHDL trigger logic.
5

The PDM is operated with −1100 V applied to the photocathodes.
The nominal gain of the MAPMTs is 106. A Cockcroft-Walton cir-
cuit [22] generates the HV. This circuit is implemented in a board
potted into each EC subassembly. The MAPMT anodes are held at
ground and coupled directly to the digitization electronics. This DC
coupling permits photometric calibrations using pulsed or DC light
sources and also permits direct measurements of background light
levels. The digitization electronics identify the small current pulses that
are initiated by the emission of single photoelectrons from the photo-
cathodes. The double pulse resolution of the digitization electronics is
about 6 ns. The number of SPE counts in each MAPMT channel is tallied
in 2.5 μs time bins. One time bin is referred to as a gate time unit (GTU)
in this paper.

The onboard trigger system [23,24] operates at the MAPMT level
and scans buffered pixel count lists for locally persistent signals above
background as averaged over a specified time, within 3 × 3 pixel
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Fig. 5. Left: The photodetector module (PDM) of the EUSO-SPB1 instrument. Right: as installed at the focal plane. The SiECA prototype is positioned to the right of the PDM.
Fig. 6. EUSO-SPB1 data readout system and its connections to the various subsystems.
Table 1
Specifications of EUSO-SPB1 and 2017 mission.
Item Specification Notes

Energy threshold ≈3 EeV 50% trigger threshold
Trigger aperture ≈20 km2 sr (5 EeV)

≈200 km2 sr (10 EeV) At 33 km altitude
Telescope optics 2 × 1 m2 Fresnel lenses PMMA
Field of view 11.1◦ × 11.1◦ From stars, lasers
Pixel field of view 0.2◦ × 0.2◦ For active area
Pixel ground footprint 120 m × 120 m As projected from 33 km
Number of pixels 2304 (48 × 48) 36 MAPMTs × 64 pixels each
MAPMT R11265-113-M64-MOD2 Hamamatsu
UV transmitting filter BG-3, 2 mm thick 1 per MAPMT
Readout DC coupled 100 MHz double-pulse resolution
Time-bin duration 2.5 μs integration Event packet = 128 bins (320 μs)

Balloon 18 × 106 ft3 (0.5 × 106 m3) Helium
Nominal float height 33.5 km (110 000 ft)
Telemetry (data) 2 × ≈75 kbits s−1 2 Iridium OpenPort
Telemetry (comms) ≈1.2 kbits s−1 (255 bit bursts) 2 Iridium Pilots
Power consumption 40 W (day), 70 W (night) Includes 20 W heater
Batteries 10, each 42 A h Odyssey PC1200 12 V lead acid
Solar panels 3 × 100 W on all 4 sides SunCat Solar
Detector weight 1223 kg (2250 lb) Without SIP, antennas, and ballast
Releasable ballast 545 kg (1200 lb) ≤50 lb remaining at termination
Total weight 2500 kg (5500 lb) Everything below balloon

Flight start 2017 April 24 23:51 UT 44.7218◦ S 169.2540◦ E
Flight end 2017 May 6 3:40 UT 29.3778◦ S 106.5037◦ W
Flight duration 12 days 4 h
6
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Fig. 7. Left: SiECA 256-channel SiPM array of four 64-channel Hamamatsu S13361-3050AS-08 sensors was flown as a test on the EUSO-SPB1 mission. Right: laboratory data
recorded from an uncollimated DC light spot source.
cells. Persistence settings of 1, 2, and 5 GTUs were used during the
flight. A persistence setting of 2 GTUs, for example, corresponds to
5 μs. The local background threshold level is adjusted dynamically
to significantly reduce the number of fake triggers caused by slowly
moving objects such as airplanes, and electrical storms. On receipt of
a trigger, the data processing (DP) system [25] copies 128 consecutive
data frames (40 before and 88 after the trigger for a total of 320 μs)
from a system buffer to an onboard 1 TB raid array. A single data
frame contains a list of the number of photoelectrons recorded in each
of the 2304 individual pixels over the same 2.5 μs interval. The DP
system is also interfaced to ancillary systems, as diagrammed in Fig. 6.
The flight computer hosts a comprehensive modular control software
package [26] that can be readily configured for testing and flight. Field
tests of the trigger system are described in Section 4.

As a technology test of silicon photomultipliers (SiPMs) in near
space, the EUSO-SPB1 focal surface also includes a 256-channel silicon
photomultiplier elementary cell array (SiECA) [27,28] mounted next to
the MAPMTs of the PDM (Figs. 5 and 7). This add-on system was flown
in a stand-alone sampling mode.

An infrared (IR) camera system was developed and flown to record
IR images of the scene below the balloon to identify clouds and estimate
the heights of the cloud tops. Measuring clouds is important because
high clouds reduce the instantaneous aperture to detect EASs by the
EUSO-SPB1 instrument [29]. The University of Chicago Infrared Cam-
era (UCIRC) [30] featured two identical IR cameras that pointed down
toward the same region. The field of view was 24◦ ×30◦. Each camera
had an IR filter. One filter transmitted IR light between wavelengths
of 11.5 and 12.9 μm. The other filter transmitted IR light between
wavelengths of 9.6 and 11.6 μm. These values were selected because
they fall near the typical blackbody peak for clouds. The method for
measuring cloud color temperature from which the cloud top height
can be derived is described elsewhere [31].

The mechanical upgrades to the payload complied with NASA re-
quirements for balloon gondolas, with the added requirement that
the overall height, including antennas, be lower than the door of
the aircraft hangar from which the mission is staged. The NASA SIP
and antennas were mounted on top of the gondola frame, and two
ballast hoppers were mounted on opposite sides of the frame to allow
the UV fluorescence telescope and IR camera system an unobstructed
downward field of view. The fluorescence telescope module could be
rolled into the gondola structure and attached in about 30 minutes. A
four-sided solar array and a light baffle were connected to the payload
outside the hangar.

4. Desert field tests

The EUSO-SPB1 fluorescence telescope system was tested in the
laboratory and in the West Desert of Utah, USA [32], at the Telescope
Array site. Measurements of a 365 nm calibrated point source on a mast
yielded an estimate of end-to-end absolute photometric calibration as
0.10 ± 0.01 SPE counts per incident photon. This value is comparable
7

Fig. 8. Example of a 1.3 mJ 355 nm laser track recorded during desert field tests of
EUSO-SPB1. The laser steering optics were aimed at an elevation angle 45◦ away from
the telescope position. The top of the track corresponds to a height of 9.3 km and
viewing distance of 35 km. The pixels displayed are a sum over ten 2.5 μs frames of
the trigger signal. A single 2.5 μs frame that captures the moving light spot from the
laser is shown in the inset.

to a laboratory piecewise calibration. A pulsed UV laser system [33]
having a 10 ns pulse width was placed 24 km from EUSO-SPB1 and
used to measure the trigger efficiency to speed-of-light tracks in the
atmosphere. Like an EAS, the pulsed laser produces a moving spot
of UV light traveling at the speed of light. Laser measurements with
the beam tilted 45◦ away from the telescope position were recorded
(Fig. 8) to approximate geometrically the expected distance from EUSO-
SPB1 at float altitude to an EAS of a typical inclination traversing the
telescope field of view below. A comparison of these configurations is
diagrammed in Fig. 9. The geometrical equivalence means that the rate
of travel of the light spot crossing the camera is equivalent in the two
orientations, as is the 1/r effect for a line source where r is the distance
between the telescope and the laser pulse. The trigger efficiency was
found to be 50% for a laser energy of 0.94 ± 0.02 mJ and approached
100% efficiency at 1.5 mJ (Fig. 10). The data were collected in two
energy sweeps over about 3 h. A change in the atmospheric clarity
during this period across the 24 km separating the laser and detector
is the most likely reason that the points in the threshold range are
separated beyond the error bars which are statistical. The data points
to the left and right of the fitted curve in the region below 50% trigger
efficiency are separated by about two hours in time.

The inclined 0.8 mJ laser track, as viewed from the side in the desert
field test, was estimated to appear about as bright as an inclined EAS
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Fig. 9. Arrangement the EUSO-SPB1 fluorescence telescope and a laser during field tests is shown on the left. The diagram on the right shows this arrangement after rotation by
90◦, so that the telescope optical axis is pointing down, as it did under the balloon. The laser and EAS axes are in the same geometrical position relative to the telescope optical
axis. Both diagrams are side views.
Fig. 10. Trigger efficiency of the fluorescence telescope vs. laser energy as measured
y sweeping the energy of a distant UV laser. A total of 100 shots were fired at each
nergy setting. See text for details.

f 3 EeV would appear when the fluorescence telescope was looking
own from the balloon float altitude. This estimate assumed a nominal
erosol optical depth for the desert laser measurement.

Noise trigger rates were typically at the level of 1 Hz over the
ull camera during the field tests. These trigger rates increased slightly
hen bright stars or meteors crossed the field of view, or when there
as lightning outside the field of view.

. EUSO-SPB1 campaign and instrument monitoring

After the EUSO-SPB1 components reached New Zealand in late
anuary 2017, the payload was reassembled. To obtain a final flat-
ield calibration, the payload was suspended from a crane above an
lluminated Tyvek screen at night and rotated in azimuth while the
T collected a data set of full-camera triggers. The instrument was
eclared flight-ready on 2017 March 25. Following seven aborted
ttempts, the payload was launched successfully on April 24 23:30 UT,
day before the new moon. On reaching the New Zealand coast, the

alloon drifted northward, passing about 30 km east of Christchurch
efore heading out over the Pacific Ocean. Instrument monitoring and
perations were handled through centers in Europe, Japan, and the
SA. To facilitate downloading, telescope data files were limited to a
uration of 2 min. A shorter (30 s) file was recorded at the start of
ach hour and downloaded with highest priority to provide telescope
onitoring information.

Examples of thermal monitoring measurements recorded during the
light are compared with predictions of the instrument preflight thermal
8

model in Fig. 11. This model was developed to predict the hottest
and coldest cases for a long-duration flight at 33 km altitude. The hot
case assumed a 45◦S latitude flight and a March 1 launch, whereas
the cold case assumed a 65◦S latitude with a June 22 launch. The
largest excursions of the data below the warm case prediction started
on April 30, when the balloon did not maintain a super-pressure state at
night and the payload descended at night to 18 km, reaching the colder
air of the tropopause. The excursions of the front lens temperature
above the warm case may be due the model underestimating the heat
transfer effect of direct sunlight on the telescope walls and/or from
indirect sunlight reflecting from the ocean and clouds onto the front
lens.

To monitor the PDM camera and readout function, a UV ‘‘health’’
LED was fired twice every 16 s during flight (Fig. 12). The sample of
the LED measurements downloaded over the flight demonstrates the
stability of the camera system response to the LED (Fig. 13). Most of the
data points fall within ±5% of the mean, despite nighttime temperature
swings of 30◦C outside the telescope.

The functionality of the IR camera and the telescope point-spread
function were tested (through serendipity) as the balloon drifted over
the eastern coast of the South Island of New Zealand about 8 hr
after launch. An image from the IR camera shows the Pacific coastline
and the edge of Lake Ellesmere in detail. The fluorescence telescope
happened to be triggered by a light source on the ground (Fig. 14)
and recorded a pixel pattern consistent with the expected point-spread
function of the optics. To analyze the variability of the light source,
we created a Lomb–Scargle [34,35] periodogram consisting of 3000
consecutive measurements of the brightest pixel (after this time, the
source moved to other pixels). The most prominent peak was at the
period of 0.01 s. The corresponding 100 Hz frequency is consistent
with the zero-volt crossing flicker of a fluorescent light bulb with an
older magnetic ballast driven at 50 Hz, which is the frequency of
the New Zealand electrical grid. https://www.overleaf.com/project/
6487340c1579dcd88bac5c80 Using 100 Hz we were able to create a
smooth phased light curve of the source. This analysis provided an in
situ sanity check of the camera system’s internal timing.

Information about the presence of clouds in the PDM field of view
can also be obtained from the PDM data. Variations in the average
background rate can show clouds passing under the balloon, as demon-
strated in Fig. 15. Clouds tend to be more reflective than the ground or
ocean. At night they scatter light from airglow, stars and other sources,
and appear in the FT as regions of higher average background rate.

The telemetry bandwidth for data downloads was reduced when one
of the two Iridium Pilot data links failed. Thirty of the 40 hr of data
recorded on board were downloaded. The downloaded data included
175,000 recorded triggers. To optimize bandwidth prioritization, most

of the data from the last 3 nights were not downloaded because the

https://www.overleaf.com/project/6487340c1579dcd88bac5c80
https://www.overleaf.com/project/6487340c1579dcd88bac5c80
https://www.overleaf.com/project/6487340c1579dcd88bac5c80
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Fig. 11. Examples of temperature data (top panel: outside the Fresnel lens at the telescope optics aperture; bottom panel: batteries) recorded during the flight compared with
predictions of the preflight thermal model (see text).
Fig. 12. Left: A double light pulse generated by the onboard health LED system as recorded by EUSO-SPB1. The response shown here gives the SPE counts/pixel averaged over
all pixels as a function of (2.5 μs) GTU number. The error bars represent the corresponding standard deviation about each average divided by the square root of the number of
pixels in the camera. Right: The health LED was mounted in the middle of the Fresnel lens in front of the UV camera.
instrument was over high-cloud weather systems with poor viewing
conditions. The flight was extended by controlled ballast releases.
Unfortunately, the combination of the balloon leak and the emptied
ballast hoppers led to an early controlled termination into the Pacific
Ocean on May 6. Preparations had been underway to fly a Cessna 421C
aircraft instrumented with UV LEDs and a UV laser under the balloon
after one circumnavigation [37], but this did not happen.

6. Searching for extensive air showers

The average background rates and trigger rates recorded during the
mission are displayed in Fig. 16. The higher trigger rates during the
9

first 3 nights occurred while the PDM was operating with a 1 GTU
persistence trigger setting. When the persistence setting was changed
to 2 GTU, the typical trigger rate dropped below 2 Hz for the first 2
nights after the change, and then fell below 1 Hz for the rest of the
mission.

The instantaneous aperture was estimated as a function of air
shower energy for four balloon altitudes (Fig. 17) that represent the
periods when data were collected and analyzed. These altitudes ranged
from the nominal 33 km float altitude, when the balloon envelope
was in a super-pressure state, to 17 km, when the leaking balloon was
descending over a cold storm system. The effect of the lower altitude
was twofold. It reduced the highest energy aperture by about a factor
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Fig. 13. Response of the central cell of the EUSO-SPB1 PDM to flashes from the health LED (dots). The dashed lines indicate ±5% about the mean. The lower curves show the
temperature measured at the outside of the Fresnel lens at the telescope optics aperture. Dates and times are in UT. Some gaps in the data occurred because the LED was turned
off to avoid RF pickup from an onboard radio beacon that was enabled when the balloon descended below 21.3 km (70,000 ft).
Fig. 14. At 8:32 UT, April 25, the balloon drifted over the New Zealand coast at an altitude of 33 km. Left: the X in the center of the satellite reference image [36] denotes the
coordinates of the balloon: 43.86◦S, 172.35◦E. Center: the shape of the coast is reproduced in the overlaid image recorded by the IR camera. Its projected field of view on the
ground as shown here is 14 × 17 km. Right: An unidentified ground light that the fluorescence telescope happened to observe (inset) provided additional in situ checks (see text).
Fig. 15. Sequence of time-averaged FT camera images that show clouds drifting across the field of view of the instrument. The four images in the figure are each separated by 30
s and each represents the average of about 1000 2.5 μs images. Darker colors represent more SPE counts (light) recorded. The dark regions are clouds, and the observed average
SPE counts from these regions are about 2 photoelectrons/pixel/2.5 μs. The average count rates in the light-colored regions are about half this amount. These data were recorded
on 2017 April 28.
of 3. It also lowered the energy threshold by about a factor of 2 because
the telescope was closer to the troposphere, where nearly all EAS light
production occurs.

A simulated energy distribution, based on the duration and night-
time altitudes of the SPB trajectory and the cosmic ray spectrum
from [38], is shown in Fig. 18. The distribution yields expected an event
rate of 0.76 ± 0.03 event/25.1 hr when scaled to the duration of the
mission flown, and assuming a clear atmosphere and low background
conditions. (A total of 25.1 hr of FT data were downloaded and an-
alyzed.) The uncertainty in the event rate is statistical, driven by the
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number of events in the simulation. For part of the mission, the balloon
flew over high clouds that obscured the field of view. This effect [39–
41] was estimated to reduce the event rate by about a factor of 2 for
an expected rate of 0.4 event/25 hr.

Two independent searches for EAS events were performed on this
data set. One search [42] involved scanning the data for triggers of
potential interest, which were then classified into seven types. Of these
triggers, 4128 were identified as having a duration between 3 and 50
GTUs and were visually scanned in detail. None showed a signature of
a small or elongated cluster of pixels moving in a nearly straight line
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Fig. 16. Top panel: The trigger rate measured during the mission. The trigger persistence setting is listed above. Bottom panel: The nighttime background light levels recorded
during the mission. The units are SPE counts/pixel/2.5 μs.
Fig. 17. Estimated aperture of the EUSO-SPB1 fluorescence telescope as a function of primary particle energy (proton) for four altitudes that are representative of those encountered
at night during data collection. The margin of statistical uncertainty of these estimates is ≤35%.
in the PDM at a speed consistent with that of an EAS, which moves
through the atmosphere infinitesimally close to the speed of light.
The second search for EAS events involved using a feature extraction
method to form a simpler representation of an event, after which data
were classified as EAS or noise using established machine learning
techniques [43]. A training data set combined simulated EAS samples
and noise samples from EUSO-SPB1 data. The efficiency of the method
was tested on laser tracks from the field campaign as a function of laser
energy and on simulated EAS events as a function of primary particle
energy. This search also did not yield any obvious EAS candidates.

Both searches did identify background track-like triggers that ap-
pear to have been caused by very low energy cosmic particles, most
likely muons, striking the PDM directly. An example of one of these
events is shown in the sequence of track-like images in Fig. 19. A muon
passing across the front face of the camera within in the optical filter
and/or MaPMT windows could generate cherenkov light Because these
11
tracks cross the PDM within a single GTU time frame, they are readily
distinguishable from an EAS track. An EAS track would require many
GTUs in order to cross the PDM field of view because the fluorescence
light is produced far below the telescope. In addition, an EAS track
would not exhibit the persistence observed in this event (center and left
panels of 19), The reason for this persistence is not well-understood.
It may be due to a lingering ionization effect along the particle’s path
after it skimmed the front of the camera, for example. This persistence
effect was not observed in the distant laser tracks recorded during field
tests.

7. EUSO-SPB2

Preparation and flight were completed recently (May 2023) of an
EUSO-SPB2 [44] mission of opportunity to expand the science goals
beyond those of EUSO-SPB1 in support of a future space-based ob-
servatory for UHECRs and neutrinos, such as POEMMA. EUSO-SPB2
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Fig. 18. Expected event rate distribution shown with the contributions for the four representative altitudes. This simulation assumed a clear atmosphere and low background
conditions for an expected event rate of 0.76 ± 0.03 event over the 25.1 hr of data collected.
Fig. 19. A direct cosmic ray traveling through the 48 × 48 pixel PDM camera. The three panels correspond to three consecutive 2.5 μs time bins. The track structure in the first
frame persists in two following time bins for this event. See text for discussion.
flew two astroparticle optical telescopes that use reflective optics [45]
to improve the optical efficiency relative to EUSO-SPB1. A fluores-
cence telescope [46] with a field of view three times larger than
that of EUSO-SPB1 and a 1 μs GTU pointed down to search for EAS
tracks [47,48] and search for dark matter candidates [49]. A Cherenkov
telescope [50], featuring a SiPM camera with 10 ns time bins, that
could be pointed near Earth’s limb to search for direct Cherenkov light
from lower-energy cosmic rays above the limb [51] and to search
for optical neutrino signatures from tau neutrino interaction a few
degrees below Earth’s limb [52]. The optical backgrounds for such
events are currently unexplored for suborbital altitudes. The balloon
flight train included an azimuth rotator. It could slew the gondola (and
by extension the Cherenkov telescope) in azimuth to enable multi-
messenger target-of-opportunity neutrino searches [53] in follow-up
of selected international alerts from gravitational wave events, tidal
disruption events, and gamma-ray bursts, for example. Although the
EUSO-SPB2 mission was curtailed signficantly by a balloon leak, the
instruments were commissioned and operated successfully. Analysis of
the data collected is in progress.

8. Conclusions

Although the EUSO-SPB1 mission of opportunity did not yield any
cosmic-ray EAS events, most of the valid data were downloaded and
analyzed. The data showed that the instrument performed well. The
monitoring data from the health LED demonstrated the photometric
12
stability of the camera at the ±5% level over the mission. The serendip-
itous observation of a ground light source on the first night of the
mission demonstrated that the telescope, including the optics focusing,
was operating as expected at float altitude. Because the payload was
launched during the dark part of the moon cycle, the instrument
searched for EASs every night of the flight. Although the balloon did
not reach Argentina for a termination over land, the risk of test-flight
anomalies was accepted to realize this target-of-opportunity mission.
The null observation of EAS events was consistent with an expectation
of about 0.4 EAS events for the data downloaded. This expectation
value included an estimated factor-of-two reduction due to obscuration
effects from high clouds.

The mission raised the technical readiness level of the camera
system flown and applied novel methods to test and characterize the
fluorescence telescope in preflight field tests in the desert. Data from
the field tests and the flight have also inspired the instrument design
and mission planning of EUSO-SPB2 and future missions.
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