
Results from the first missions  
of the JEM-EUSO program

Extreme Universe Space Observatory

　UHECR2018 - Paris, 8th-12th October 2018 1

M. Bertaina – Univ. & INFN Torino 
for the JEM-EUSO Collaboration



JEM-EUSO 
program

EUSO-TA (2013- ) 

EUSO-Balloon (2014) 

TUS (2016) 

EUSO-SPB1 (2017) 

Mini-EUSO (2019) 

EUSO-SPB2 (2020-22) 

K-EUSO (2023+) 

POEMMA (2028+)

EUSO-SPB 
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TUS  
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Mini-EUSO



Fresnel lens L3 
fixed/tight

Fresnel lens L1 
adjustable

radiator

evacuation holes

Baffle & 
“deceleration cylinder”

PDM

IR Camera

electronics (DP) 
on "dry shelf"

in
st

ru
m

en
t 

b
o

o
th

o
p

tic
al

 b
en

ch

3

EUSO-TA & Balloons detector



Auger  (1 FD site) EUSO-Balloons/TA JEM-EUSO

mirror size 6 x 11 m2 1 m2 lens 4m2 

FoV 6 x (30 x 30) deg2 11 x 11 deg2 4 x 4 deg2/PDM

Ang. resolution 1.5 deg/pixel 0.2 deg/pixel 0.075 deg/pixel
Pixel size 5x5 cm2 3x3 mm2 3x3 mm2

Camera size 6 x 440 pixels 2304 pixel 2304 pixel/PDM

EAS distance 40 km 1- 30 km 400 km

light intensity 
(@40km=1)

1 >1 0.01

time resolution 100 ns 2.5 µs 2.5 µs

signal acquisition charge integration photon counting photon counting

Comparing Auger FD and EUSO-like telescopes

A significant difference in 
detectors, a technological 

challenge…
4Auger camera EUSO-SPB lens & camera

EUSO-SPB camera has ~100 times 
higher density of pixels 

~1.2 m2 ~1.0 m2

~0.03 m2



 EUSO-TA
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Telescope in operation since 2013 @ Black Rock Mesa 
as FAST optics system (2013-14) and then EUSO-TA from 2015

EUSO-TA FoV: 10.6o x10.6o

Detection of: CRs, laser, CLF, stars, 
airplanes, meteors, lightning, clouds, UV 

nightglow, etc…

Cosmic Ray                     CLF



Cosmic ray event, 13/5/2015  

 

EUSO, 1 frame, 2.5micros EUSO, 2*2 TA signal 
(courtesy TA coll.)

Telescope Array reconstruction 
Zenith = 35°  
Azimuth = 7° (clockwise from N) 
E = 1018 eV 
Rp = 2.5 km 
Core = (14.8 km, -10.9 km) respect CLF

OffLine
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laser

Fit with second degree polynomial

Eequivalent – Distance along tel. axis

Total of 9 events in ~130h detected in coincidence with TA
(8-9 events from ESAF simulations assuming a simplified trigger scheme)

G. Abdellaoui et al. (JEM-EUSO Coll.), Astroparticle Physics 102 (2018) 98–111 

See poster by F. Bisconti on EUSO-TA results

E - distance

updated plot
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CLF and laser tests
d= 100 km
E = 85 mJ



Laser direction reconstruction

9

EUSO-TA under upgrade



2. EUSO Balloon flights
1st flight, Aug 2014 Timmins (CA)

Payload built by  JEM-EUSO collaboration 
CNES (French Space Agency) mission

Flight Performance flight: 18900 s @ float
data: 256,000 events
equivalent to 80 s 
integrated time
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launch  0:53 UT

Sudbury

Lake Huron

splashdown 8:59 UT

termination 8:20 UT

float  3:43 UT

Sault Ste. Marie

Timmins 

100 km

the balloon track and helicopter path



Very good matching with DMSP satellite images

Average pixel count 
rate during flight

Timmins area Forests & Lakes

CR = clear sky 
CL =   clouds

CR

CR CR

CL

CL

Correct estimation of FoV
Important for track reconstruction

IR cam & data
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1st mine event 
Etot : 1.3 mJ 
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Implications for UHECR observation

A = Exposure 
Eo = energy 
No = reference counts in dark condition 
N = counts 
T = time 
To = measurement time

Variations in exposure due to light variation 
can be calculated directly from the data

EUSO-Balloon Airglow - Starlight models:
I0 = 300 - 320 photons m-2 sr-1 ns-1

300 - 500 nm band

I0 = 260 - 170 photons m-2 sr-1 ns-1

300 - 400 nm band

a factor ~ 2 increase with clouds

BaBy balloon (1998):
I0 = 400 - 450 photons m-2 sr-1 ns-1  - (300 - 500) nm band 

BaBy balloon (2002):
I0 = 310 photons m-2 sr-1 ns-1 - (300 - 400) nm band

NIGHTGLOW balloon (2000):
I0 = 300 photons m-2 sr-1 ns-1 - (300 - 400) nm band 

Reasonable results considering variability of night glow and complexity of measurement for EUSO-Balloon
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Time in UTC

Laser Energy (1s Average)
Recorded Shots
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N detected events: 275
N expected events: 261 + 16x

G. Abdellaoui et al. (JEM-EUSO Coll.), JINST 13 (2018) 98–111 14
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TRACK RECONSTRUCTION

QUALITY CUTS: 
- Track > 4 GTU 
- 15 mJ (~1020 eV) 
Energy

<Ψ> = 91.5o + 3.1o

RIGHT VALUE for Ψ: resolution improves 
to ~1o increasing track length (but low statistics).

2-parameters fit

pixel FoV: 150 m
path crossed by light in 1 gtu = 750 m

G. Abdellaoui et al. (JEM-EUSO Coll.), JINST 13 (2018) 98–111 
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EUSO-SPB1: launch on 25th April 2017  
from Wanaka, New Zealand

NASA Mission. 2nd   
Payload built by  JEM-
EUSO collaboration 
New lenses, Focal 
Surface,  
Improved Electronics 

In principle up to 100 
days flight!!! 

Objective: First UV 
UHECR  shower 
observation from above 

- EUSO-SPB1 flew as a mission of opportunity on 3rd NASA super 
pressure balloon test flight   April 25- May 6th 2017  

-12 day flight, early termination 
-Preflight Ground tests of flight instrument in the desert 

 lasers, LEDs, aircraft, stars, meteorite 
-40 hours flight data – dark, moon down (28 hours downloaded) 

Internal trigger boosts sensitivity to UHECRs  

 x103 compared to EUSO-Balloon 16



NASA Super Pressure Balloon
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~1
00

 k
m

/h

@30km

NASA goal is to reach 100 days flight !

Expected EAS events for EUSO-SPB (ESAF sim.)

6.3+0.9 10.6+2.3



TA FD

EUSO-SPB 
(balloon) EUSO-TA 

(ground)

Photo by Malek Mastafa

Tests in September 2016 Black rock mesa, Utah
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End-to-End in Field 
Using Calibrated UV LED 
on a tower 
• Result: 0.08 (+/- 0.01)

Piece Wise in Lab 
– Camera 0.305 
– Lenses   0.30 

• Result:  0.09 (+/- 0.01)

Photometric Calibration
Counts (photoelectrons)/photons at aperture



Trigger Threshold Measurement with Laser
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Test of Simulation Accuracy with OffLine

Reproduction of laser field test results



Fit with second degree polynomial

EUSO-SPB & EUSO-TA

EUSO-SPB
self-trigger

EUSO-TA
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Equivalent Energy 0.85 mJ (50% Trigger Threshold)  
~ 3x1018 eV for EAS as viewed looking down from 
balloon height.

JEM-
EUSO

EUSO-SPB 
rescaled

Height(km) 400 33
Diameter(m) 2.4 1
FoV/pix(deg) 0.08 0.2

Pixel@ground
(km)

0.580 120

FoV/
PDM(deg)

3.8 11

PDM@ground
(km)

27 6.3

Signal Ratio 1 31.3
BG Ratio 1 3.1*

S/√N 1 17.8
Ethr(eV) 3.5x1019 2x1018

Number of 
PDM

137 1

Scaling JEM-EUSO  
to EUSO-SPB

* taking into account the ratio of background (1.8/1) and 
residence time in the 3x3 pixel box (1.7)

Experimentally: EUSO-SPB Ethr ~ 3x1018 eV            ~ 5x1019 eV JEM-EUSO
Note: EUSO-SPB2 is expected to decrease threshold through 

improved optics, higher QE of MAPMTs, and shorter GTU
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IR camera EUSO-SPB1: launch on 25th April 2017  
from Wanaka, New Zealand

100 Hz

JEM-EUSO requir.

Internal L1 trigger tested
1 GTU 2 GTU 5 GTU 



 ~1 Expected Event during EUSO-SPB1 flight

22

Further studies (i.e. clouds)  
in progress.

Estimated by scaling pre-flight 
assumptions: ~1.4 events

ESAF

See poster by K. Shinozaki on EUSO-SPB

Similar results with 
OffLine



Cross shows the current 
balloon position

AHI (Advanced Himawari Imager) 
Geostationary  25-04-2017 12:00 UTC

25-04-2017 WRF Meteorological  Model
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WRF model

IR camera (processed)

April 28th

IR camera (raw)



Search for EAS candidates: no event found so far….
- Based on the Hough transform – searching for lines 
in X-Y, GTU-X, GTU-Y projections
–Precision of estimation (area of a peak in Hough space) 
is considered as likelihood of single line in the image

Utah laser events: >98% efficiency, also in 
the raising part of trigger efficiency curve

X-Y X(t) y(t)

10192x1018 E(eV)

ef
fic

ie
nc

y

simulated EAS injected in  EUSO-SPB1 
experimental data: > 80% efficiency

Category Qty %

Small blob 46041 51.8

Edge effect 33802 38.0

PSF blob 2995 3.4

Track 2194 2.5

Pixel 2136 2.4

Bog blob 946 1.1

unknown 710 0.8

• After data reduction: 88824 events to analyse. 
• Small sized events represent majority of detections 92% 
• Most events are 5 px in size 
• No EAS-like track identified



CONCLUSIONS
• The JEM-EUSO program is an essential element of the roadmap of the UHECR Community 

• Prototypes and Models of the major elements (Lenses, PDM, DP Unit) have been produced 
and are being tested. TRLs levels have been increased up to TRL=7.  

• The  first pathfinder missions (EUSO-TA, EUSO-Balloon & EUSO-SPB) are providing 
exciting technical and science-oriented data: the transition from paper work and design to 
prototyping and measurements has been successfully performed.  

• The second series of missions (TUS, Mini-EUSO and EUSO-SPB2) are expected to provide 
further TRL upgrades as well as interesting scientific results.

THANK YOU
25



• Launched 2016 
• 60kg 65W 2m2 fs  

• 256 channels (13 mm pixels)

 TUS: developing methodologies  
for K-EUSO and POEMMA

See talk by P. Klimov & 
poster by M. Bertaina
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ESAF
MERRA-2 cloud data

TUS event occurred in a region excluded 
by JEM-EUSO exposure calculation



logE = 18.69  
Rp = 8.3, D = 8.67 
Zen = 56.9, Azi = 15.7

logE =18.06 
Rp = 2.5, D = 2.88 
Zen = 34.5, Azi = 82.8

logE = 18.20  
Rp = 0.8, D = 1.04 
Zen = 62.9, Azi = 27

logE = 18.05 
Rp = 5.0, D = 5.12 
Zen = 29.5, Azi = 254.9

logE = 18.51 
Rp = 9.1, D = 19.81 
Zen = 60.4, Azi = 169.3

logE = 18.42 
Rp = 2.6, D = 2.76 
Zen = 8.1, Azi = 8

logE = 17.71 
Rp = 1.7, D = 2.12 
Zen = 10.6, Azi = 130.5

logE = 18.52  
Rp = 9.0, D = 10.07 
Zen = 40.6, Azi = 210.5

logE = 18.38  
Rp = 6.7, D = 10.03 
Zen = 41.2, Azi = 114.8

All 9 detected events

27
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Expected triggered events using ESAF simulations: 
dark hours during SPB flights 2015 & 2016 

- 138 hours: time without sunlight and moonlight during the balloon flight 2015;
- comparison between the triggered events with the detector at two different heights;

- 211 hours: time without sunlight and moonlight during the balloon flight 2016;
- comparison between the triggered events with the detector at two different heights;

In both estimations the role of clouds was 
taken into account based on climatological 
data along the trajectory of the two balloon 
flights (ISCCP cloud atlas)

Expected detected events N(E)  
for 2 different cases
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1 GTU 2 GTU 2 GTU5 GTU 

JEM-EUSO requir.

Internal L1 trigger tested



 ~1 Expected Event during EUSO-SPB1 flight
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Corrections for Clouds  
in progress 

PRELIMINARY Ratio: 
(# EV. with/without clouds): 

> 0.61 + 0.05

Estimated by scaling pre-flight 
assumptions: ~1.4 events

OffLine

ESAF

See poster by K. Shinozaki on EUSO-SPB



 MINI-EUSO/UV-ATMOSPHERE  

31

Launch 2019
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Scientific challenges:
» Energy threshold below GZK cutoff (a factor of 2 higher energies means very 

few statistics and no inter calibration with ground experiments). 
» Light conditions continuously varying (ISS speed 7.5 km/s —> night/day 

change every 45 minutes). 
» Atmospheric conditions (clear sky, clouds, lightning, cities and anthropic light) 

continuously changing. 
» We need to test the capability of the instrument to adapt its working 

conditions to the different situations. 
» We need to record and recognise the different atmospheric and 

anthropogenic conditions.

Technological challenges:
» Low power consumption (<1kW for JEM-EUSO - 3x105 pixels) 
» Low mass (~1-2 tons for JEM-EUSO) 
» Low telemetry (300 kbit/s for JEM-EUSO on ISS) 
» Radiation hard instrumentation 
» Space-qualified instrumentation (need to increase TRL)



33

3
!33

TUS  

From JEM-EUSO mission to JEM-EUSO program
JEM-EUSO mission:

Extreme Universe Space Observatory 
on Japan Experiment Module

JEM-EUSO program:
Joint Experiment Missions for

Extreme Universe Space Observatory

Note: Both definitions will be used in the forthcoming slides

See JEM-EUSO roadmap talk of E. Parizot +
P. Klimov (TUS/K-EUSO) & J. Krizmanic (POEMMA/SPB2)

JEM-EUSO 
program

EUSO-TA (2013- ) 

EUSO-Balloon (2014) 

TUS (2016) 

EUSO-SPB1 (2017) 

Mini-EUSO (2019) 

EUSO-SPB2 (2020-22) 

K-EUSO (2023+) 

POEMMA (2028+)

EUSO-SPB 

20o
TUS  

Mini-EUSO
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2 events compatible with 
mine events (Xe flashers)

Unexpected events

GTU 62 GTU 67 GTU 72

GTU 77 GTU 82 GTU 87

EUSO Xe flasher event 
Energy Etot : 0.14 mJ 

1st mine event 
Etot : 1.3 mJ 

Significance 
signal (ECs)

Significance signal (PDM)

1 Unidentified event - speculations:
a) Statistical Fluctuation 
b) Light reflected on ground 
c) Atmospheric electrical discharge 
d) Reflection of Cherenkov light 
e) Electric noise



EUSO-SPB2

Cherenkov Emission 
from UHECRs 
Tau Neutrino  
Background 

Fluorescence  
from UHECRS 

arXiv:1703.04513

UHECRs
UHECRs

Tau Neutrino 

Tau leptonFluorescence

Cherenkov

35

Launch 2021-22

https://arxiv.org/abs/1703.04513


Near 
Infrared 
Camera

Visible 
Camera

Front 
lens

Rear 
lens Focal 

surface

Front-end 
ASICs

Zynq 
boardCPU

Mini-EUSO /
UV-Atmosphere

• Inside the ISS          2 Fresnel lenses and one PDM 
• 60W @ 27V, 30 kg      (2304 pix, 3 mm) 
• Night observations       About 40% orbit 
• Nadir observations       Off if ISS changes attitude 
• Exchange of data disk   52TB/week 36

simulation

Mini-EUSO FoV: + 20o

Full FoV : ~ 300 x 300 km2

Pixel FoV @ ground: ~ 6 x 6 km2

Launch 2019



Airplane crossing the FoV  
(frame duration 40.96 ms)

D1 lightcurve in self trigger mode. The 
system detects the two peaks coming 
from plane flashers. The same event 
was triggered by the L2 as well

Tests of Mini EUSO engineering model

37

Mini-EUSO DATA:
D1 : 2.5 μs resolution
D2: 320 μs resolution

D3: 40.96 ms resolution

TurLab testsAirplane 

flashers

Mini-EUSO



Parameter Requirement value

Operational 
wavelength

300-400 nm

Field of View ±30°
Effective aperture ≈ 4 m2

Pixel Field of View ≤ 0.06°
Pixel size on the FS ≈3mm
Optics Throughput >50%

Time Resolution 2.5 µs
Number of pixels ≈3.x105

Detection efficiency ≥30%
Dead Time <3%  
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JEM-EUSO Science requirements —> 
Telescope & Mission requirements

Δt ~ 50 - 150 μs
Observational duty cycle (brightness 
of the sky does not hamper UHECR 
measurements): ~20% 
Role of clouds: ~72% 
City lights inefficiency: ~7% 
Lightning ineff.: ~ 2% 
Aurorae ineff.: ~1% ~6x104L/y

Vol.40, issue 1 
(Nov. 2015)


