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Abstract EUSO-Balloon is a pathfinder for JEM-EUSO, the Extreme Universe
Space Observatory which is to be hosted on-board the International Space Station.
As JEM-EUSO is designed to observe Ultra-High Energy Cosmic Rays (UHECR)-
induced Extensive Air Showers (EAS) by detecting their ultraviolet light tracks
“from above”, EUSO-Balloon is a nadir-pointing UV telescope too. With its Fresnel
Optics and Photo-Detector Module, the instrument monitors a 50 km? ground sur-
face area in a wavelength band of 290-430 nm, collecting series of images at a rate
of 400,000 frames/sec. The objectives of the balloon demonstrator are threefold: a)
perform a full end-to-end test of a JEM-EUSO prototype consisting of all the main
subsystems of the space experiment, b) measure the effective terrestrial UV back-
ground, with a spatial and temporal resolution relevant for JEM-EUSO. c) detect
tracks of ultraviolet light from near space for the first time. The latter is a milestone
in the development of UHECR science, paving the way for any future space-based
UHECR observatory. On August 25, 2014, EUSO-Balloon was launched from Tim-
mins Stratospheric Balloon Base (Ontario, Canada) by the balloon division of the
French Space Agency CNES. From a float altitude of 38 km, the instrument operated
during the entire astronomical night, observing UV-light from a variety of ground-
covers and from hundreds of simulated EASs, produced by flashers and a laser during
a two-hour helicopter under-flight.
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1 Context

EUSO-Balloon is developed by the JEM-EUSO collaboration as a demonstrator for
the key technologies and methods featured in the forthcoming space instrument [1].
JEM-EUSO is designed to observe ultra high-energy cosmic rays (UHECRs) by
looking downward to the Earth’s atmosphere from the ISS, observing the UV fluores-
cence light of UHECR-induced Extensive Air Showers (EAS). This volume contains
a number of detailed articles on JEM-EUSO, notably its status [1], the science case
[2, 3], and an overview on the instruments [4].

Whereas the physics and the detection technique of EAS through ultraviolet light
(UV) emission is well established and used daily in ground based detectors (see e.g.
the Pierre Auger Observatory [5], or the Telescope Array [6]), their observation from
space has never been performed. Thorough knowledge of the earth’s UV background,
and particularly its spatial and temporal variability, is an important prerequisite for
the JEM-EUSO mission. Like JEM-EUSO, EUSO-Balloon is a nadir-pointing UV
telescope, monitoring the atmosphere from above. Although observing from a float
altitude of “only” ~40 km, EUSO-Balloon performs a full scale end-to-end test of
all the key technologies and instrumentation for the JEM-EUSO mission—as well as
any future mission dedicated to the observation of extensive air showers from space.

The EUSO-Balloon mission has been proposed in 2011 to the French Space
Agency CNES by the three French laboratories (APC, IRAP and LAL) involved in
the international JEM-EUSO collaboration. All relevant institutions and international
partners within the JEM-EUSO collaboration contribute to the instrument (Table 1)
according to their corresponding tasks and responsibilities within JEM-EUSO. As
a CNES-led project, EUSO-Balloon was kicked off in September 2011 and went
through a phase A study, demonstrating its feasibility by the end of the same year.
The instrument definition (phase B) was carried out in 2012, with the production and
the qualification of crucial subsystems (PDM, DP—see below) being led in parallel
by the institutes of the JEM-EUSO collaboration. The manufacturing of all the sub-
systems was accomplished by the end of 2013, and the instrument was integrated and
tested by June 2014.

On August 25, 2014 EUSO-Balloon has performed a successful maiden flight after
a launch by the French Space Agency CNES from the Stratospheric Balloon Base
in Timmins, Ontario (Ca). The present instrumental paper exposes the objectives of
EUSO-Balloon (Section 2); it describes the instrument and its subsystems (Section 3),
summarizes the balloon flight of August 2014 (Section 4), and concludes with the
perspectives of planned future balloon flights (Section 5). The 2014 balloon flight
produced a multitude of results that will be reported in detail in the proceedings of
the 34th ICRC [7-16].

2 Objectives
A) technology demonstrator: Among the crucial technologies that benefit from

the balloon flights are the High Voltage (HV) power supplies, the HV switches
(HV relays commuting the HV in case a bright atmospheric event comes into the
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Table1 Responsibilities in the procurement and delivery of the various components of the EUSO-Balloon
instrument, and the LASER/flasher tests during the Timmins flight

System Sub-assembly Lab / University Country
Telescope Fresnel Lenses RIKEN Japan
Lens Fitting IRAP France
Telescope Structure / Gondola IRAP France
PDM Multi-Anode Photo-Multipliers RIKEN Japan
ASIC LAL France
Elementary Cell LAL, KIT France, Germany
HYV Power Supply and Switches NCBJ, APC Poland, France
PDM Board EWHA South Korea
PDM Low Power Supply UNAM Mexico
PDM Structure INFN Frascati Ttaly
Processor Main processing unit INFN Napoli Italy
Data Storage INFN Napoli Italy
Clock Generator INFN Napoli Italy
Trigger software INFEN Torino Italy
Digital CCB Data Processor IAAT Germany
House Keeping Board UNAM Mexico
Low Voltage Power Supply UNAM Mexico
Battery Pack Batteries and Controller UAH, IRAP Spain, France
IR-CAM IR Camera UAH Spain
Helicopter UV-LASER, LED and UHA, CSM USA
underflight Xenon flashers

The full names and addresses of the contributing institutions are listed in the end of this article

FOV), the Front-End Electronics (including the ASICs and FPGA), the on-board
hardware and software algorithms involved in the triggering and recognition of
cosmic-ray initiated air showers.

B) data acquisition and background study: An accurate measurement of the
background light / airglow in the near UV region is an important prerequisite for
the JEM-EUSO mission. Whereas a number of background measurements have
been performed by previous balloon missions [17, 18], and even from space [19],
no imaging instrument has been employed so far, resulting in “spatial resolutions”
that were extremely modest. Localized background signals were washed out by the
integration over a large surface and, likewise, temporal variations on small scales
were not observable, and thus went unconstrained. The B) objectives are thus:

— experimental confirmation of the effective background below 40 km observed
with a pixel size on ground representative for JEM-EUSO (150 m x 150 m in
a £ 5.5° field of view),

— acquisition of UV signal and background in a format similar to JEM-EUSO,

— testing of observational modes and switching algorithms,
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— testing/optimizing trigger algorithms with real observations, i.e. different
ground-covers and time-variable background,
— testing of the acquisition capability of the infrared-camera (IRcam).

C) pioneering mission for JEM-EUSO: The ultimate objective for EUSO-
Balloon is the actual detection of EASs by looking downward from the edge of
space. Since detecting these obviously rare events is unlikely during a first short
balloon flight (threshold ~ 10'® eV), LASER-induced events provide a proof of
principle and a way to calibrate the sensitivity.

3 Overview of the EUSO-Balloon instrument

The general layout of EUSO-Balloon is shown in Fig. 1, its main components are the
optical bench and the instrument booth. The main driver for determining the optical
specifications—i.e. the pixel size and the field of view—was to observe a represen-
tative background within the pixel of a standard JEM-EUSO photodetector module
(PDM). The EUSO Simulation and Analysis Framework (ESAF) has been adapted
to simulate the response of the instrument (see e.g. [20]). The configuration used for
JEM-EUSO has been modified, scaling for the altitude of the instrument, changing
the surface parameterization, introducing the new optical system and field of view
(see Table 2). An electronic block diagram of the entire instrument, summarizing all
subsystems and components is shown in Fig. 2. The development of all components
and sub-assemblies is based on similar JEM-EUSO components and sub-assemblies,
designed and built entirely within the JEM-EUSO collaboration (see Table 2).

radiator

electronics subsystems
on "dry shelf*

PDM

Fresnel lens L3
fixed/tight

Fresnel lens L1
adjustable

evacuation holes

Baffle &
“deceleration cylinder”

IR Camera

Fig. 1 Left: EUSO-Balloon, ready for its first flight, Timmins, Ontario (Ca), August 2014. Right:
schematic view of the instrument booth and optical bench, without floaters and “crash rings”
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Table 2 Comparison of the principle characteristics between JEM-EUSO and EUSO-Balloon

JEM-EUSO EUSO-Balloon
Number of PDMs 137 1
Flight Altitude [km] 420 38
Diameter of Optics [m] 2.5 1
Field of View / PDM 3.8° 11°
PDM @ground [km] 28.2 7.3
Field of View / pixel 0.08° 0.23°
Pixel@ground [km] 0.580 0.150
Signal w/r to JEM-EUSO? 1 17.6
BG w/r to JEM-EUSO 1 0.9-1.8
S/+/N wir to JEM-EUSO? 1 20-10
Threshold Energy [eV] 3.101° 1.5-3-10'8

The field of view of EUSO-Balloon—and hence its pixel size—has been dimensioned to see a level of
background that is comparable to the one expected for JEM-EUSO

4The Signal is in arbitrary units assuming the same shower energy

Besides the focal plane detector (PDM) and associated electronics (DP) which are
described below, the instrument booth houses the telemetry system (SIREN), CNES
specific instrumentation (ICDV, Hub), and two battery-packs.

3.1 The Photo-Detector Module (PDM)

The UV light collected by the telescope is focused onto—and detected by—the PDM
(Fig. 3), which is composed of 36 Multi-Anode Photomultiplier Tubes (MAPMT),
associated front-end electronics, High-Voltage Power supplies, and trigger logic. The
key characteristics of this UV camera are its spatial resolution of a few mm, its time
resolution of a few ns, a quantum efficiency of up to 30 % making possible the detec-
tion of single photons, and its wide dynamic range over 6 orders of magnitudes. As
the focal plane of JEM-EUSO will consist of 140 closely packed PDMs, the PDM
of EUSO-BALLON has a modular design and is four-side buttable, i.e. its compact
array of 6 x 6 MAPMT is covering a detection surface of 16.7 x 16.7 cm?, and it
is fully contained in a volume of 17 x 17 x 20 cm? with its mechanical support and
Front-End electronics included. For the various tasks of photodetection, photodetec-
tor polarisation, analog processing, and digital processing, the PDM is composed of
the following components and subcomponents:

— 36 MAPMTs organized in,

— 9 Elementary Cell Units (EC-Units), consisting of 2 x 2 MAPMTs each,
— the EC ASIC board for their readout (referred to as the EC-ASIC),

— the High-Voltage Power Supply (HVPS)

— the PDM board which includes the FPGA.
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Fig. 2 Functional Block Diagram of the EUSO-Balloon electronics

The MAPMT’s (Hamamatsu R11265-103-M64) have 8 x 8 pixels of 2.9 x
2.9 mm? each, and a global footprint of 26.2 x 26.2 mm?. A UV color glass filter is
bonded to the window of the MAPMT with optical glue. The filter (SCHOTT BG3
with anti-reflection coating) transmits UV light in a band between 290 and 430 nm.
The Hamamatsu MAPMTs need 14 different high voltages, the highest potential
being delivered to the photocathode, the others to the 12 dynodes and the grid. Dur-
ing the flight the photocathode voltage was set to 950 V which corresponds to a gain
of 1.1 x 10°.

The EC-Units are fixed individually to the PDM mechanical frame. At the rear
of the MAPMT array, 6 EC-ASIC boards are stacked in parallel inside a mechani-
cal frame with their plane perpendicular to the photocathodes’ surfaces. Behind the
EC-ASIC stack, the PDM board is fixed with its plane in parallel with the focal
surface plane. The HVPS comes in four boxes out of which three are allocated to
the nine independent generators and the forth one is dedicated to the control of the
switches. The whole EC-Unit block is potted to prevent high voltage sparking at the
low-pressure conditions prevailing in the stratosphere.

The EC ASIC is the Front-End electronics performing the MAPMT full-time ana-
log readout, detecting individual photons in each channel in order to count them per
unit of time called the Gate Time Unit (1 GTU = 2.5 us), performing the analog to
digital conversion. The core of the EC-ASIC is the ASIC called SPACIROC V1 (Spa-
tial Photomultiplier Array Counting and Integrating Readout Chip, see [21]), capable
of processing in parallel all the anodes of a single MAPMT. For EUSO-Balloon, the
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Fig. 3 The Photo-Detector Module (PDM): the 36 Multi-Anode Photomultiplier Tubes MAPMTs are
covered with UV filters; four MAPMTs form an Elementary Cell (EC). The PDM includes 9 ECs, 6
EC-boards and a PDM board

two pulses separation was set at 30 ns which limited the maximum number of counts
per channel to 35 per GTU. In parallel to the 64 photoelectron counting channels, a
signal integration per GTU on the anode current sum of groups of 8 adjacent pixels
is done so as to correct for counting non-linearity and saturation. Each double sided
EC-ASIC board hosts 6 ASIC, three per face.

The High-Voltage Power Supply (HVPS) can operate the MAPMT of an EC-
Unit either in the standard photoelectron counting mode with high gain, or in reduced
downgraded gain modes in order to face bursts of intense light pulses extending
over milliseconds or even more. The HVPS consists of a miniaturized Cockroft-
Walton (CW) generator [22] which delivers the 14 high voltages, a switch system
used to reduce the photocathode voltage to lower the MAPMT gain, and the logic
system to manage the interfaces with the other elements of the electronic chain. The
HVPS boxes are required to be potted. The advantage of the CW generator is its
negligible power consumption—an appreciable feature when working from onboard
batteries.

The PDM board handles the interfaces between the various boards in the PDM
and the Data Processor (6 EC-ASICs, HVPS in the PDM; the HK and CCB from
the DP system—see below). Its core is an industrial Virtex6 XC6VLX240T FPGA.
Besides managing the configuration, the PDM board governs the the data stream
from the 36 ASICs by means of the 6 EC-ASIC boards. The FPGA has to absorb
a data-volume of 1 GBytes per second from the EC-Units, transmitting a part of
the data to the Central Cluster Board (CCB) of the DP. During the 2014 flight, the
order for data transmission was directly sent by the CCB, based on a CPU request.
The various parameters of the PDM’s performance are treated in detail by a number
of articles: photoelectron counting rate measurements [23]; sensitivity and detection
performances [24]; absolute calibration [25].
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3.2 The Data Processor (DP)

The different sub-assemblies of the DP (Fig. 4) collect the PDM data, process them
(trigger, time and position-tagging), handle their on-board storage, and send a subset
to the telemetry system. The DP also includes the housekeeping system. The Digital
Processor (DP) is composed of

—  Control Cluster Board (CCB),

- CPU,

— Data storage (DST),

— Housekeeping system (HK),

—  Clock Board (CLKB),

—  GPS receiver (GPSR),

— Data Processor Power Supply (DP-LVPS).

The CCB, is developed around an FPGA Xilinx Virtex-4 FX-60, it collects the
data from the PDM board, processes and classifies the received data, and performs
a second level trigger filtering. The CLKB host the interface with the GPS receiver,
it tags the events with their arrival time (UTC) and payload position (both provided
by GPSR). It also measures the up-time and dead-time of the instrument and pro-
vides signals for time synchronization of the event. As the on-board triggers were
not implemented on the 2014 flight, the CLK-Board also generated a “fake trigger
signal”, enabling the acquisition of events. In addition to these two main acquisi-
tion modes, two trigger modes linked to 1 Pulse Per Second (1 PPS) signal provided
by the GPS receiver are implemented. Both of them are optimized in order to syn-
chronize the acquisition with the light emission from calibrated light sources, a laser

3' ]
&

s
E

Fig. 4 The Data Processor (DP) collects and processes the data from the PDM. It handles their on-board
storage, and sends a subset to the telemetry system. The DP also includes the housekeeping system. The
various sub-assemblies are contained in an aluminum crate to assure thermal contact with the radiator
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or a Xenon flasher, installed on the helicopter flying inside the instrument field of
view. Most of the functions of the CLKB are implemented in a FPGA Xilinx Virtex-5
XC5VLXS50T.

The CPU, based on Atom N270 1.6 GHz processor, collects data from the CCB
and CLKB through two (200 Mbits/sec) SpaceWire links. It manages the Mass
Memory for data storage and handles the interface with the telecommand/telemetry
system. One acquired event represents roughly 330 kB of data. Since only a limited
data rate can be transmitted to the ground through CNES’ new NOSYCA telemetry
system, all data are stored on board. The mass storage is composed of two Solid-
State Drives (SSD), each one with 512 GB capacity operating in fault-tolerant mode
RAID 1 disks (Redundant Array of Independent Disks). The House-Keeping system
collects telemetry from several sub-systems of the instrument in slow control mode.
It is responsible for monitoring voltages and currents of the Low Voltage Power Sup-
ply (LVPS), has a serial bus to convey telemetry and telecommands through the CPU
interface and to other sub-systems. The HK is implemented around an off-the-shelf
micro-controller board (Arduino Mega 2560), combined with 5 custom-made proto-
col interface boards to pre-process the various signals. The power is provided to the
LV board and the HK board by two 28 V battery packs; the total power consumption
of the electronics (DP and PDM is to much) being 70 W. A detailed description of
the DP and its performance is given in [26].

3.3 The optics

The optical bench contains two Fresnel lenses made of 8 mm thick PMMA (UV
transmitting polymethyl-methacrylate) with a front surface of 100 x 100 cm? each.
The EUSO-Balloon optics has been designed to resemble the JEM-EUSO optics: it is
dimensioned to produce background rates per pixel comparable to the one anticipated
for JEM-EUSO (i.e. roughly 1-1.5 photoelectrons per pixel in a 2.5 usec frame). A
ray tracing diagram of the optical bench is shown in Fig. 5: L1 and L3 are aspherical
Fresnel Lenses with focal lengths of 258.56 cm and 60.02 cm, respectively (focal
lengths are reference values only, single lenses are not producing stigmatic images).
The position of L1 can be adjusted along the optical (Z) axis within the optical bench,
the focal distance of the PDM is adjusted by a translation stage in the instrument
boot. Together with the 15 x 15 cm? focal plane detector (PDM, see above) the
optics provides a field of view of &= 5.5°. A detailed description of the design and
manufacturing of the balloon optics is given in [27] and [28]. The measurements of
the performance of the fully integrated optical bench (global optical efficiency and
point spread function) were performed at IRAP Toulouse and are reported in [29].

3.4 The Infrared Camera (IRcam)

In order to monitor the cloud covers and particularly their height, the co-aligned
IRcam (Fig. 6) observes the field of view of the main instrument. The general design
of the IRcam is similar to the one used on JEM-EUSO [30]. The camera provides
images with a resolution of 640 x 480 pixels, in two wavelength bands centered at
10.8 i and 12 p (medium infrared), thanks to a ULIS UL 04171 microbolometer and
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L1

1000 mm

1115 mm 431 mm L

Fig. 5 Left: raytracing diagram for the EUSO-Balloon optics with the Fresnel Lenses L1 and L3, and the
focal surface FS; the incident rays are at off-axis angles ranging from 0° (blue) to 1° (green), 2° (red) 3°
(yellow) and 4° (purple); inserts show partial sectional views of L1 and L3; right: the Fresnel lenses L1
and L3 (8 mm thick PMMA, surface of 1 x 1 m?) mounted onto their fiberglass frames and spiders, and
held at a distance of 1.11 m by an optical “sled”

two filters with 0.85 wm bandwidth, centered on the above wavelengths. The data
from the IRcam, along with auxiliary data (temperature, pressure and humidity), are
stored in a RAID1 configuration of 2 SSD of 32 GB of capacity. The entire stand-
alone IRcam system, including CPU and batteries, is housed in a rugged aluminium
box (0.4 x 0.4 x 0.4 m?) on the outside of the optical bench (see Fig. 1). A detailed
description of the IRcam is presented in [31], its performance is detailed in [32].

3.5 The gondola
The particular configuration of the nadir pointing instrument allowed to design a

simple telescope structure serving simultaneously as a ballon gondola. The struc-
ture consists of two main modules, the optical bench and the instrument booth (see

External power supply connection

(CPU/MEM)

Fig. 6 Left: block diagram of the stand-alone IRcam system; right: the rugged watertight aluminium
housing (0.4 x 0.4 x 0.4 m) of the IRcam with the IRX CAM640 in its lower left side
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Fig. 1), both built from 10 mm Fibrelam aerospace panels assembled by Fribrolux L
profiles. Fibrelam panels are manufactured from honeycomb that is bonded between
composite facing skins; they are light-weight, structurally sound and exceptionally
stiff. The dimensions of the fibrelam-telescope itself are 1.21 x 1.21 x 2.90 m?3, the
size of the flight-ready gondola is 2.58 x 2.58 x 3.7 m?, including “crash-rings” and
floaters. The overall launch mass of the integrated instrument is 467 kg.

Inside the self-contained, watertight instrument booth, all electronic equipment
is mounted on a system of aluminum “shelves” that provides a thermal link to the
1.2 x 1.2 m? aluminum backplate (also called radiator). As the flight chain and har-
ness interface to this backplate, it gets almost all the mechanical efforts at the opening
shock of the parachutes. The entire gondola has been designed to withstand acceler-
ations of up to 15 g along the Z-axis, and 5 g in transverse (X,Y) directions. Besides
its role as a structural element, the role of the radiator is to evacuate the excess energy
generated by the electronics towards outer space.

A thermo-mechanical analysis of the instrument was performed to ensure the oper-
ation of the various electronic sub-systems in near vacuum conditions within their
admissible range (—20 °C to 30 °C), and to check the mechanical behavior and
integrity of the telescope structure in extreme “hot” and “cold” flight scenarios.

The two Fresnel lenses (see above) and their mechanical supports are fixed within
the optical bench so that the focal surface coincides with the photocathodes of the
Photo-Detector Module. While the rear Fresnel lens (L3) is fixed, closing the water-
tight instrument booth, the front lens (L1) can be adjusted along the optical (Z) axis;
the PDM is mounted on a translation stage, allowing to adjust the distance between
PDM and rear lens (L3).

Instead of “classic” crash-pads made of layered cardboard-honeycomb, EUSO-
Balloon is using an ensemble of aluminium “crash-rings”, designed to absorb the
kinetic energy on ground impact through inelastic distortion (Fig. 1). Due to the
coincidence of a science requirement and a safety constraint, EUSO-Balloon has
deliberately been designed to protect all sensitive equipment in the event of a
water-landing.

In EUSO-Balloon, a number of independent features (Fig. 7) maximize the
chances for recovering all sensitive equipment in working condition: 1) To minimize

Fig. 7 The features making EUSO-Balloon survive a water-landing: 1) “deceleration-cylinder”, 2) collar
of floaters, 3) watertight instrument booth using the third Fresnel lens (L3) as a porthole, 4) electronics is
mounted on a “dry-shelf” above eventual capillary water—see text
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damage to the payload and warrant the integrity of the instrument booth at splash-
down, efficient deceleration is achieved by using the instruments optical baffle as a
“deceleration-cylinder”; the pressure of the air-cushion in the enclosed volume being
passively controlled by calibrated evacuation-holes; 2) the entire instrument booth is
held above the waterline by a collar of floaters, whatever the orientation of the gon-
dola in the water may be; 3) during splashdown the instrument booth will be at least
immersed partially (and the submersion may become permanent if the floaters are
damaged on impact). All electronics are therefore hosted within the instrument booth
which is built as a watertight capsule, using the third Fresnel lens (L3) as a porthole;
4) all sensitive equipment is mounted on a “dry-shelf” with limber-holes, keeping
the electronics clear from the inside walls of the instrument booth where eventual
capillary water might accumulate.

On its maiden flight in August 2014, EUSO-Balloon not only accomplished
its science goals, but it also accidentally splashed down into a tiny solitary lake
(barely bigger than two football fields) validating the water-landing capabilities it
was designed for in the first place.

4 The 2014 ballon flight from Timmins, Ontario

On August 25, 2014 EUSO-Balloon was launched from the Timmins Stratospheric
Balloon Base (lat 48.57° N, lon 81.38 W). Thanks to the auxiliary balloon technique
routinely used by CNES the entire launch-operations went very smoothly (Fig. 8).
The 467 kg payload was lifted from the airfield by a 400,000 m> Zodiac balloon
at 0:53 UT, reaching a float altitude of 38300 m at 3:43 UT (see Fig. 9 for a map
with the flight path). The high-voltages of the PDM had already been switched on at
2:50 UT, at an altitude of 32 km, when the balloon was still on its ascent. Telemetry

Fig. 8 Left: Timmins (Ontario, Canada) Stratospheric Balloon Base, August 25, 2014, 0:53 UT: the per-
fect launch of EUSO-Balloon by the balloon division of the French Space Agency CNES, the auxiliary
balloons (above the payload in the picture) warrant a smooth launch even in case of moderate surface
winds. Right: the instrument floating in the middle of “Lake Euso” after splashing down at 8:59 UT. All
systems survived the impact and more than eight hours in the water thanks to a dedicated “water-landing”
design
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Fig. 9 The flight-track of EUSO-Balloon on August 25, 2014 (yellow)—tloat altitude was 38 km. The
helicopter carrying the UV laser and two UV flashers followed the balloon for over two hours at an altitude
of 3000 m (red)

data rapidly indicated that all systems were operating flawlessly, and soon the city-
lights of Timmins came into the field of view at the saturation level, confirming that
the PDM was in good health and was taking UV images. During more than five
hours of operation at float, a total of 258,592 data-packets, corresponding to roughly
33 million frames (GTU’s) were recorded and written onto the two redundant hard-
drives onboard. With the NOSYCA (S-band) telemetry system featuring a data rate
of <1,75 Mb/s, about one million frames (GTU’s) were transmitted to the ground
during the flight. The largest part of the science harvest, however, resided on the two
hard-drives onboard, and therefore relied upon a safe landing and recovery.

The moonless night of August 24/25 provided optimal conditions for the study
of the UV background: a variety of ground covers have been overflown—including
different types of soil and vegetation, wetlands, open water, urban and industrial
areas, and various types of clouds. As it seemed unlikely to detect cosmic-ray induced
air showers during this first short balloon flight, a pulsed UV laser and two UV
flashers (LED and Xe) were shot into the field of view from a helicopter to simulate
tracks of UV fluorescence photons, providing a means for the absolute calibration of
the instrument [12]. The helicopter followed the balloon for over two hours, flying
circles along the flight track at an altitude of 3000 m (Fig. 9).

Towards the end of the astronomical night at 8:20 UT, the flight was terminated
(separation between the balloon and the instrument which descends on a parachute)
about 100 km to the west of Timmins. Despite a descent path guaranteeing one of
the “driest” landing zones along the flight track, EUSO-Balloon and the entire flight
train splashed down in a small solitary lake at 8:59 UT. An adventurous recovery was
performed by a crew of trappers, EUSO members, and with the help of a helicopter.
Thanks to its inborn design for water-landings, the entire instrument was undamaged,
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both lenses were intact, the electronics, IRcam, and the RAID disks had not suffered
any water damage and were fully operational.

4.1 Summary of the first results

As the present article focuses on the description of the instrument, the results of the
Timmins flight are merely summarized here. For a general overview of the prelim-
inary results, the reader is referred to [7]. A first estimate of the UV background
in a clear atmosphere—and with the presence of clouds—has been performed by
[9]. By comparing UV and IR images the authors reveal a strong dependence of the
upward UV radiance on the atmospheric conditions. Close to 300 laser-shots pro-
duced during the helicopter underflight were detected by processing the complete
flight data set with algorithm foreseen for the 1st level trigger of JEM-EUSO [11].
The detailed analysis of these laser-shots (determining the Shower Detector Plane
and the time projection of the track onto this plane) allowed to reconstruct the laser
directions to within a few degrees in 3D [8]. The absolute calibration of the entire
EUSO-Balloon system through the airborne light sources (laser, flashers) has been
performed by [12]. Detailed simulations of the full instrument (including detection,
efficiencies atmospheric absorption etc.) have been performed by [34] to reconstruct
the shower profile, deduce the energy and direction resolution, and evaluate the per-
formance of the trigger algorithm. An analysis of the flight data within the Offline
framework, and comparing them with simulations, is presented in [13]. Images from
the IRcam were used to retrieve the cloud coverage and the Cloud Top Height dur-
ing times the UV flashers were operated, with the goal to infer the UV optical depth
when the atmosphere was not clear [14]. An accurate method for extracting Cloud
Top Heights via vertical profiles predicted by the WRF model is developed in [15].
The reliability of this model for the modeling of atmospheric properties has been
tested by [16]. Finally, the sensitivity of the instrument to coherent fluctuations of the
UV background is investigated over large areas, on timescales ranging from a few
microseconds to a few seconds, with the goal to search for significant variations [10].

5 Conclusions and perspectives

With its EUSO-Balloon flight in 2014, our collaboration has made a giant step
towards demonstrating the key technologies and methods featured in JEM-EUSO.
An ample part of the technological objectives (“A” objectives, see Section 2) have
been achieved during this flight, and the UV background was studied from a variety
of ground covers (“B” objectives). The detection of hundreds of laser-shots pro-
duced during the helicopter underflight has already partly fulfilled the “C” objectives,
namely the detection of (simulated) Extensive Air Showers from above.

In order to achieve the ultimate objective (“C”) of EUSO-Balloon, i.e. the first
observation of UHECR induced Extensive Air Showers, the collaboration is planning
two further balloon flights [33].

A first short flight will be carried out possibly as early as June 2016 with a launch
from the CNES balloon-base in Aire-sur-I’ Adour (France). The main goal is to test
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both an improved PDM and an achromatic optical bench, measure background above
the Atlantic Ocean as well as simulated EASs (laser/flashers flown on an airplane),
and validate strategies for the recovery of hardware and data in a planned splashdown
at high sea.

Even tough the performance of the instrument was adequate for the objectives of
the Timmins flight, a number of issues need to be ameliorated. The most important
improvements for the PDM concern the FPGA, the ASIC and a simplification of the
HYV electrical architecture. The new firmware and resource allocation implemented
in a more performant FPGA will handle a first level trigger, allowing for the detec-
tion on-board of EASs (and incidentally dramatically reduce the data volume to be
transmitted to the ground). The new ASIC (SPACIROC V3) will enhance the dou-
ble pulse separation capability from 30 ns to 10 ns resolution, extending the dynamic
range for photoelectron counting by a factor 3, from 35 counts per GTU to 100
counts per GTU. A simplified electrical architecture of the HV will permit to run the
MAPMTs at —1100 V (instead of the —950 V for the Timmins flight), resulting in a
gain of G = 5 x 10°, amply reducing electronic noise and facilitate separation from
single photoelectron signal. The main improvement of the optics is the addition of a
flat diffractive lens (L2) between L1 and L3 which will correct the chromatic aber-
ration of the system, and obtain a small RMS spot size of ~3 mm (pixel size of the
PDM).

The second long or ultra-long duration balloon (ULDB) flight shall achieve our
ultimate goal, i.e. measuring a significant sample of UHECR induced tracks of
UV light “from above”. The flight could take place in spring 2017, most likely
with a launch from the recently inaugurated base at Wanaka (NZ) by the Columbia
Scientific Balloon Facility (CSBF/NASA). For this flight, the instrument will be sup-
plemented with solar panels and a power management system guaranteeing virtually
unlimited continuous operation. The trigger efficiency has been determined as a func-
tion of energy by [35], deriving the number of triggered EASs that can be expected
during an ULDB flight in the range 10'7 to 10'° eV. EUSO-Balloon has the poten-
tial to detect for the first time UV-light generated by atmospheric air-showers from
near space. This milestone represents an important breakthrough in the development
of UHECR science, paving the way for JEM-EUSO, and for any future space-based
Cosmic Ray observatory.
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