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The JEM-EUSO (Joint Experiment Missions for Extreme Universe Space Observatory) program
aims at the realization of the ultra-high energy cosmic ray (UHECR) observation using wide field
of view fluorescence detectors in orbit. Ultra-violet (UV) light emission from the atmosphere such
as airglow and anthropogenic light on the Earth’s surface are the main background for the space-
based UHECR observations. The Mini-EUSO mission has been operated on the International
Space Station (ISS) since 2019 which is the first space-based experiment for the program. The
Mini-EUSO instrument consists of a 25 cm refractive optics and the photo-detector module with
the 2304-pixel array of the multi-anode photomultiplier tubes. On the nadir-looking window of
the ISS, the instrument is capable of continuously monitoring a ~300 km x 300 km area. In the
present work, we report the preliminary result of the measurement of the UV light in the nighttime
Earth using the Mini-EUSO data downlinked to the ground. We mapped UV light distribution both
locally and globally below the ISS obit. Simulations were also made to characterize the instrument
response to diffuse background light. We discuss the impact of such light on space-based UHECR
observations and the Mini-EUSO science objectives.
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1. Introduction

The nature of the ultra-high energy cosmic rays (UHECRs) with energies Eq above ~ 10'° eV
is an outstanding open question in astrophysics [1]. Their observation methods depend on the air
shower phenomenon that is induced by the primary cosmic rays to result in a huge number of still
relativistic secondary particles in the air shower. The fluorescence detectors (FDs) are employed by
the state-of-the-art experiments to detect the UV fluorescence light originated by these secondary
particles at night [2, 3]. Due to their extremely low fluxes, <1 km~! (1000 yr)~! for Eq > 10?0 eV
in particular, the measurements of UHECRS require a very large effective area of detection. Today,
two leading air shower arrays are operated by the Pierre Auger Observatory [4], and the Telescope
Array (TA) and its extension (TAx4) [5] with up to ~3000 km? effective areas, while despite of
100% duty cycle still larger statistics are needed particularly for the study of the UHECR origin.

The JEM-EUSO (Joint Experiment Missions for Extreme Universe Space Observatory) pro-
gram aims at space-based UHECR observations [6]. By operating wide-FOV (field of view)
FD(s) in orbit, UHECR-induced air shower events will be observed in as huge areas as ~ 10% -
10° km?. The program promotes the KLYPVE-EUSO mission [7] and jointly collaborates with
the POEMMA (Probe of Extreme Multi-Messenger Astrophysics) project [8]. They will employ
multi-square-meter scale telescope(s), i.e. FDs, with ~ 45° FOV to be operated on the International
Space Station (ISS) at ~400 km above sea level and on free-flier satellites at ~525 km, respectively.

To detect the air shower phenomena developing at speed of light in the lower atmosphere,
spatially and temporarily high precision measurements are mandatory. Moreover, the signals of
such events should be detected in the excess against background light. To fulfill the fundamental
requirements, the collaboration has developed the photo-detector module (PDM) as a segment of
the multi-channel ultra-fast detector placed on the focus [9]. Characteristics of such background
were also studied in the experiments operating a PDM with a 1-m? Fresnel refractive optics on the
ground [10] and on stratospheric balloons [11, 12] .

In the present work, we report the preliminary results of the similar background light study
by the Mini-EUSO (Multiwavelength Imaging New Instrument for the Extreme Universe Space
Observatory) mission, the first space-borne experiment for the collaboration [9]. The telescope
was brought to the ISS in August 2019 and started operation in the following October. Same
as the ground-based FDs, the airglow that emits at ~95 km height [13] acts as a persistent
background component against UHECR observations. Orbiting Mini-EUSO allows the global
study of background light including moonlight, and anthropogenic light, and clouds etc. In the
following, we describe the instrument and data acquisition (DAQ) of Mini-EUSO, presents the UV
light distribution in geographical location, i.e., maps, instrument response simulations, and discuss
the role of such light for the future UHECR observations and the other scientific objectives.

2. Instrument and data acquisition

The ISS orbits with an inclination of ~ 51.64°. The mean height from the Earth’s ellipsoid was
~420-430 km during the Mini-EUSO operation. In the same orbit, the height varies by ~ +13 km.
With a period of ~ 93 min, the orbital speed is 7.6 km s~!, while relative speed to the ground is
reduced to be ~7.3 km s~! due to the Earth’s rotation. The Mini-EUSO telescope is mounted on the
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nadir-looking UV transparent window of the Zvezda module at assigned time slots called ’sessions’.
Up to July 2021, 41 sessions were completed. Each session happens once or twice a month and
lasts ~14 hours. A limited amount of the data were downlinked every session to assess correct
functioning of DAQ. Now 43 hours’ data are available on the ground including the entire data of
~28 hours’ DAQ in the first 15 sessions brought back by cosmonauts in May 2021.

The Mini-EUSO instrument consists of a refractive telescope and a PDM on the focus. The
optics employs two flat Fresnel lenses made of UV-transparent PMMA (polymethyl methacrylate)
with 250 mm diameter. The PDM is composed of 36 (=6x6) Hamamatsu R11265-103-M64 multi-
anode photomultiplier tubes (MAPMTs). Each MAPMT has 64 (8 X 8) channels (pixels). The
photocathode is glued with a BG3 band-pass filter to mainly accepts fluorescence light in the
~330-400 nm wavelength. The non-zero transmittance extends in the ~250 nm—500 nm band.
Near the center of the FOV, the angle of view of a pixel is ~ 0.8°. It corresponds to a ~ 5.9 km
length on sea level seen from the typical ISS height. That of the PDM side is ~ 44° corresponding
to a ~350 km length including the physical spaces between MAPMTs.

Readout electronics with SPACIROC-3 ASIC enable each channel for single photon counting
every gty = 2.5 us, referred to as a gate time unit (GTU). Mini-EUSO has three DAQ modes
referred to as D1, D2, and D3 to observe various light emitting events that occur in the atmosphere
with different time scales [9]. The D1 and D2 modes acquire the data by trigger algorithms [14]
with 1 GTU and 128 GTUs time resolutions, respectively. The former is mainly used to test for
the future observation of the UHECR-induced air showers. The latter is used to observe the slower
events such as transient luminous events (TLEs). The D3 mode is used for the studies for even
slower events such as meteor and strange quark matter search [9]. This mode continuously acquire
the data by integrating counts over 16,384 (= 128 x 128) GTUs as a time frame over 40.96 ms.
The sequential 128 frames are recorded as an event without interruption during the night in orbit.
The D3 data are also used for even slower events such as meteors and strange quark matter search.
Further details of the Mini-EUSO instrument can be referred to Ref. [9].

3. Analyses and preliminary results

In this section, we report the map and the absolute intensity of diffuse light from the analysis of
the D3 data taking into account several corrections. Descriptions on key items are given followed
by the preliminary results in the figures. Detailed interpretations are given in the next section.

The measured D3 count n from photon counting were converted to the estimated number of
photoelectrons (pe) npe per 1 GTU, Ref. [15] showed the output counts 7 is to be

70

n = Npe €XP (—npe . ) s where 19 = 5 ns double-pulse resolution. (1)

TGTU
The discrepancy of n from ny. is ineligible for large counts, e.g., npe = 10 (100) resulting in
n =9.8 (81). The maximum n is ~ 180 at npe ~ 500. ‘Flat-fielding’ was applied to correct different
efficiencies among pixels [14]. In the wide FOV, the optics shows a pincushion distortion. Based
on the ray trace simulations, we estimated the correlation from the incoming photon direction to the
expected focusing position on the PDM taken into account the spaces between MAPMTs. As the
clock of the onboard controlling PC is not synchronized with the correct time, the time offset has
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Figure 1: A D3 data image obtained Preliminary
above English Channel on the 48x48

pixels of the PDM. Labels are given to
selected areas. Calculated coastlines Figure 2: A combined peak-hold D3 image obtained in the same

orbit ~3—-4 min after the DAQ of Figure 1 projected on 0.05°
geographical grid points with the Polish road map of Poland. The
same color scale is used.

are projected on the FOV. The color
scale is in units of pe pixel~! GTU™!.

been corrected every session by comparing the transit time of the known light sources like cities
with the Night Earth map in the visible band provided by the DMSP satellite [16]. The attitude of
the ISS whose Euler angles have a few degrees offset from the velocity vector and the zenith was
separately corrected. Form the ISS position, these procedures correlate the geographical location
in the FOV with the pixel of the PDM where originating photons are supposed to focus on. In orbit,
it takes ~48 s for the FOV to cross a particular position on the Earth’s surface. Same locations are
measured over ~900 frames in the D3 mode excluding the insensitive area in the FOV.

Figure 1 displays an example of the D3 data image of a 40.96 ms frame obtained above English
Channel projected on the 48x48 pixels of the PDM. The gaps represent physical spaces between
MAPMTs. Labels are given for references. Calculated coastlines are projected on the FOV. The
color scale is in units of pe GTU™!.

Figure 2 shows an example of the combined image on 0.05° geographical grid points with the
Polish road map using the peak-hold method. Data were obtained in the same orbit ~3 —4 min after
the DAQ of Figure 1. The same color scale is used. Labels are given for references.

In addition, we investigated more global characteristics of the UV light measured for the
selected sessions with proper flat-fielding. The ISS orbit covers the latitudes within +51.64°.
Except for the regions near these latitude extremes, it is unlikely to observe the same location on
the Earth in the same session due to the Earth’s rotation. On the other hand, it is frequent to observe
the same location multiple times in different sessions. These data may be combined as long as the
locating scheme works as demonstrated in Figures 1 and 2. In general, observations in different
sessions suffer from different conditions such as the presence of Moon in the sky with various
phases and zenith angles, presence of clouds in the FOV etc. In some cases the PDM may be partly
not functional. To map globally and consistently, proper selection and correction of the data are
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Figure 3: Combined image of the D3 data of multiple sessions on 0.25° geographical grid points over North
America. The count rates in units of pe pixel ' GTU™! were corrected for moonlight impact and averaged.

10

Uncorrected Moon impact corrected

Figure 4: Left: uncorrected (part); and Right: moonlight-impact corrected count rate average on the global
1° geographical grid points.

needed. Additional information such as weather satellite images and meteorological models was
also analyzed Ref. [17]. In the present work, we aim at characterizing and correcting the moonlight
impact by first evaluating the correlation of the count rate with the Moon phase.

Figure 3 shows an example of the combined image of the D3 data obtained above North
America. The count rates in units of pe pixel ' GTU™! were corrected for moonlight impact using
the above mentioned correlation and averaged on 0.25° geographical grid points.

Figure 4 compares uncorrected (left; partly for Americas) and moon impact corrected (right)
average count rates on the global 1° geographical grid points.

In most cases, the measured count rates result from the unknown intensity Iy of diffuse light with
an unknown spectrum. In the present work, we deduced the consistent Iy values for the measured
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count rates under the moonless conditions above the ocean where only diffuse background light
is expected with no or little anthropogenic light in the FOV according to Ref. [11]. Under such
conditions, the median of the count rates was /i ~ 2 pe pixel ' GTU™! for the analyzed data.

The expected count rate 7 for a given I value is given by

_ dr (1)
n=ly-1gTU -
P

da
where dF (1)/dA is the fractional spectrum of the diffuse light within the band of interest. Using

A(Q)-

} a ®)

instrument response simulations, the ‘acceptance’ A; of the i-th pixel to diffuse light is estimated by
the ratio of the converted to photoelectrons 7 ; on that pixel to Ny, photons with a wavelength A
uniformly injected on the lens area S up to the large off-axis angle ¥,.x beyond the FOV as follows:

Npe,i
Nsim

A () =S - (7r - sin2 ﬂmax) : 3)

The diffuse light in such quiet conditions is considered to be unknown mixtures of the light
from natural origin. For dF (1)/dA values, we assumed the modeled spectrum for airglow from
Ref. [18] and starlight from Ref. [13]. The spectrum-weighted acceptance <A> i.e., the convolution
of A (1) with dF(1)/dA, is a proportional constant from intensity to count rate.

Figure 5 summarizes the instrument re-

_ Pixel acceptance to diffuse light sponse simulation for diffuse light. The accep-
:: 22:‘ o ,‘7,.(‘),,-;,,[‘,,”‘,._\.‘; tance to diffuse light is as a function of wave-
2250 7 length. The solid curve and shaded region indi-
;E fg: E cate the average, and maximum and minimum
éto} . values among all pixels, respectively (fop).
5227 AT B The assumed input spectrum models for air-
A e e glow [18] and starlight [13] (bottom). Con-
A L P N volving with the average A(A) function, these
g ha 3 models yield (A) values to be 1.6 X 107 m? sr
§ sE E and 1.3 x 107 m? sr, respectively.
EES St
g ) " awow = 4. Discussion and summary
e e a0 ke %00
Wavelength 2 [nm] The JEM-EUSO program aims at the

space-based UHECR observation and collab-
Figure 5: Top: Pixel acceptance to diffuse light as a  ration have studied the role of UV background
function of wavelength. The solid curve and bounds of |, cht for example by EUSO-Balloon [11] that
shaded indicates the average, maximum and minimum flew ~100 km distance at ~38 km height for

values in the PDM, respectively. Bottom: Assumed
spectrum models for airglow [18] and starlight [13]. one night. The present work by Mini-EUSO is
the starting point for the same kind of analysis
by the space-borne. Operating above the height of airglow emission, similar background light
conditions to those of the future UHECR missions are expected allowing to investigate global and
long-term characteristics.
Figures 1 to 3 show good performance for locating the geographical positions. Compared with

remote areas, various sizes of populated areas are well recognized as in Figure 2. Clear contrast on
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the coastlines is also seen in Figures 1 and 3. This performance is one of the essential requirements
not only for mapping but also for the air shower analysis to determine the geometry of the individual
events and for evaluation of the exposure of UHECR observations from above. It also applies to the
Mini-EUSO science objectivessuch as observations of TLEs and meteors, and search for strange
quark matter [9]. As shown in Figures 3 and 4, characterization and correction of the moonlight
impact on the count rates are underway. There were still areas with high count rates on the ocean,
while the land part is generally moderated by this correction. In addition to the cloud impact [17],
these effects need to be clarified to create the global map below the ISS orbit in the consistent
conditions. As of July 2021, the majority of the recently acquired data since May 2020 is still on
the ISS. Their retrieval is foreseen in a few months allowing to fill the unobserved areas in Figure 4
and more comprehensive studies about characteristics of such background light.

For any FDs for UHECR observation, small acceptance to diffuse light is highly desired to
reduce the background noise by optimizing the optics and spectral response of the instrument, while
keeping the high efficiency for the point-like sources. For the analysis of the physical events like
air showers, it is more important to determine the count rates of the background than its absolute
intensity. Reconstruction of the events requires the absolute calibration for the point-like sources
with known fluorescence spectrum to evaluate the absolute signal flux from the detected excess
signals with a high signal-to-noise ratio in terms of count rates. The absolute intensity of the
background light is less relevant for such event analysis, however, it is still a valuable piece of
information in particular to estimate the performance of the instrument before the mission. With
the present knowledge and assumption on the instrument performance, the moonless count rate
on the sea may be interpreted as an intensity Iy ~ 500 — 700 m~2 sr™! ns™! in the 250—500 nm
band obtained for the models in the bottom panel of Figure 5. These models were simplified in
comparison with Ref. [11] to evaluate the I range. In accordance with progress of the Mini-EUSO
mission, these value are subject to be updated.

It should be noted that, rather than measurement of the diffuse background light, the Mini-
EUSO instrument is more optimal for detection of light signals from point-like sources. Figures 1
to 4 are good examples to demonstrate such performance. As seen in the top panel of Figure 5 the
acceptance to diffuse light varies about by a factor of ~3 between the center and corners of the PDM
due to optical vignetting. This method is intended for the diffuse light source with constant intensity
as expected under the limited conditions. The measured counts are not always proportional to the
diffuse intensity particularly for anthropogenic light whose spectrum is predominant in the visible
band. Apart from cloud impact, different instruments, etc., the Iy values from the present work are
about twice values the corresponding to EUSO-Balloon [11]. Along with a variation of the airglow
intensity, this larger intensity may be due to the airglow emission in the FOV.

In the present work, we reported the preliminary results on the measurement of the night
Earth’s UV light emission by Mini-EUSO. In the following months, more data will be available
and the knowledge on the instrument performance will be upgraded by the planned calibration
efforts [21]. In the text, we omitted reporting the temporal variation of the background light, which
is a decisive factor for the observable threshold energy of air showers and observation time [19].
The present work, even focusing on the mapping, will contribute to the next balloon-borne mission,
EUSO-SPB2 [20], and to estimate the performance of the future UHECR observation missions.
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