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TUS (Tracking Ultraviolet Set-up) is the first orbital detector of extreme energy cosmic rays. It
was launched into orbit on April 28, 2016, as a part of the scientific payload of the Lomonosov
satellite. The main aim of the mission is to test the technique of measuring UV fluorescent
and Cherenkov radiation of extensive air showers (EAS) generated by primary cosmic rays with
energies above 50 EeV. The first year of operation has revealed an unexpectedly rich diversity
of UV radiation. Among different types of registered events, we have identified those caused by
thunderstorm activity and transient luminous events (TLEs), anthropogenic factors and by lowenergy cosmic rays passing through the UV glass filters covering the focal plane. Three modes of
operation aimed at studying TLEs and meteors were also tested. A search and analyses of EAS
candidates is in progress. We report the preliminary results obtained during the first year of TUS
operating in orbit in all modes of operation with a special attention to the EAS mode.
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1. Introduction

2. The TUS detector data acquisition system and on-flight trigger
The TUS detector on board Lomonosov satellite is presented in Fig. 1. It consists of two
main parts: a modular Fresnel mirror-concentrator and a photo-receiver matrix composed of 256
channels (16 photodetector modules, PDMs, of 16 channels each) in the focal plane of the mirror.
A sensor of each channel (pixel) is a Hamamatsu R1463 photomultiplier tube (PMT) with a 13 mm
diameter multi-alcali cathode covered by an UV glass filter and a reflective light guide with a square
entrance of 15 mm size. Quantum efficiency of PMTs in the near UV (300-400 nm) band is ∼ 20%.
The Fresnel mirror has an area of ∼2 m2 and a focal distance of 1.5 m. One pixel has a field of
view (FOV) of 10 mrad, which corresponds to a spatial spot of about 5 km × 5 km at the sea level
for a 500 km orbit height. Thus, the total FOV equals ±4.5◦ , and the full area observed by TUS at
11

EeV = 1018 eV. We will call particles with energies more than 50 EeV extreme energy cosmic rays (EECRs).
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Measurements of the cosmic ray (CR) energy spectrum, their nuclear composition and arrival
directions at extreme energies E & 50 EeV1 are an important part of modern astrophysics and
particle physics [1].
The first CR particles of such great energy were detected [2] and a cut-off of the energy spectrum was predicted [3, 4] more than 50 years ago but results in the EECR study do not give clear
answers to the most important question of the Greisen–Zatsepin–Kuzmin cut-off [5]. The nature
and origin of EECRs are still not understood. To a great extent, the problem relates to a very low
flux of EECRs: the two largest ground-based arrays—The Pierre Auger Observatory and the Telescope Array—registered less than two dozen events with energies E > 100 EeV in 10 and 5 years
of operation respectively [6, 7].
A primary goal of the TUS project, first announced in 2001 [8], is to expand the EECR experimental studies to space as was suggested by Benson and Linsley in early 1980’s [9, 10]. The
main idea is that fluorescent and Cherenkov ultraviolet (UV) radiation of an extensive air shower
(EAS) generated by an EECR in the nocturnal atmosphere of the Earth can be detected from a
satellite similar to the way it is observed from the ground but with a much larger exposure, thus
considerably increasing the statistics of registered events.
Following the idea, a number of orbital detectors with a large signal collecting area and high
time-lateral resolution are being elaborated [11]. The TUS detector is a pathfinder to the large-scale
missions like KLYPVE [12] or JEM-EUSO [13]. Accurate estimations of the energy and arrival
directions of EECRs are left to the future orbital detectors.
Skobeltsyn Institute of Nuclear Physics of Lomonosov Moscow State University (SINP MSU),
Joint Institute for Nuclear Research (JINR) and Space Regatta Consortium together with several
Korean and Mexican Universities have collaborated in the TUS detector preparation. Results of the
detector simulations, development and preflight tests are published elsewhere [14, 15, 16, 17, 18].
The TUS detector on board Lomonosov satellite was launched into orbit from the newly built
Vostochny Cosmodrome (Russia) on April 28, 2016. The satellite has a sun-synchronous orbit with
an inclination of 97◦.3, a period of ≈ 94 min, and a height of about 470–500 km.
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any moment is approximately 80 km × 80 km. A detailed description of the TUS detector can be
found in [19].
The general design of TUS is determined by its main task of registering fluorescence and
scattered (reflected) Cherenkov radiation of EASs in the near UV band with a time resolution of
0.8 µs in full temporal interval of 256 time steps.

TUS has a two-level trigger [20, 21]. The first-level trigger is a threshold one: the PDM
board calculates a moving sum (MS) of PMT signals during 16 consecutive time steps in each
channel and looks for an MS value above a threshold level (active pixel). The threshold level is
calculated as hMSi + dQ, where hMSi is the mean value of MS obtained during previous 100 ms
for each channel individually, and dQ is a predefined constant (unique for all channels) which can
be changed by commands from the mission control center (MCC). The PDM board transmits a
trigger information to the central processor board (CPB), which forms a map of active pixels. The
second-level trigger is a pixel-mapping one implemented in the CPB. It acts as a contiguity trigger.
This procedure selects cases of sequential triggering of spatially adjacent active pixels that are also
contiguous in time, allowing for the selection of events with a specific spatial-temporal pattern.
An additional parameter important for this trigger is the so-called adjacency length (L), i.e., the
number of neighboring channels sequentially activated by a signal. Data of all 256 channels for
256 consecutive time steps is transmitted from the CPB memory to the on-board computer in case
conditions of the trigger system are satisfied.
For the maximal EAS trigger rate of about 1 min−1 (confined by the design of the on-board
computer) and the event size of 128 KiB, an amount of data collected in one satellite revolution
does not exceed 12 MiB. This information is transferred to the MCC twice per day.
It is important to note that the TUS electronics can operate in four modes intended for detecting various fast optical phenomena in the atmosphere at different time scales with different time
sampling. Collected waveforms in each mode consist of 256 time samples. The main mode, as
described above, is aimed at registering EASs born by EECRs and has a time sampling of 0.8 µs.
3
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Figure 1: Left: artist’s view of the TUS detector on-board the Lomonosov satellite. Right: the TUS detector
assembled on the Lomonosov frame before the launch.
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3. EAS mode measurements
TUS began measurements in space on May 19, 2016. The first months of work were mostly
dedicated to testing hardware, software and various modes of operation. Continuous measurements
were started in September 2016 with several gaps for the satellite technical service. By the end of
May 2017, TUS registered around 35,000 events at nocturnal parts of its orbit in the EAS mode.
The total exposure is approximately 530 km2 ·yr·sr. It is small in comparison with that of the
largest ground-based arrays but sufficient to look for an EECR above the TUS threshold energy
E & 70 EeV [21].
Various aspects of the TUS operation in space were simulated before the launch [25, 20, 26,
21]. The simulations employed ESAF (EUSO Simulation and Analysis Framework) [27] and the
TUSSIM program developed at JINR. The QGS model parametrization of Ilina et al. [28] was selected as the closest to experimental data at primary energies in the range of 10–100 EeV. These
simulations allow to study the EAS signal temporal structure and expected amplitude and to develop the criteria for the EAS search in the TUS detector data. Temporal structure and amplitude
of the signal are significantly different for “horizontal” EAS (60◦ < θ < 90◦ ) and “vertical” EAS
(0◦ < θ < 30◦ ). For this reason the developed criteria for EAS search are different for these types
of events.
3.1 EAS signal simulation and estimations
The duration of a horizontal EAS in the FOV of one pixel is ∼ 20 µs. For vertical EASs, it is
approximately two times larger. The total duration of an EAS signal depends on the zenith angle
and varies approximately from 30 µs to 100 µs. A measure of the energy of a primary particle is a
number of photons Nph in the EAS maximum, which is related to the electron (positron) number Ne
as Nph = Y Ne · c∆t, where Y ∼ 4.5 photons/m is a fluorescent photon yield (approximately constant
at heights 3–12 km in the atmosphere), c – speed of light, ∆t – time interval of measurements.
For a horizontal EAS generated by a 100 EeV proton the detected amplitude of fluorescence at the
cascade maximum is expected to be of the order of 20 photons/µs.
It should be noticed that maximum of the vertical cascade curve at such high energies is close
to the sea level, so that a considerable part of the cascade curve escapes observation in the atmosphere. On the other hand, it is followed by a strong Cherenkov light signal reflected by the surface
(typical surface albedo of water is 5%, sand and grass have an average albedo of 13% and 2%
4
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This mode is also efficient for measurements of fast transient atmospheric phenomena — elves, the
most common and fastest (less then 1 ms duration time) type of transient luminous events (TLEs).
Next two modes have time sampling of 25.6 µs and 0.4 ms and are suitable for studying other types
of TLEs slower than elves: sprites, blue jets, gigantic jets, etc. The last mode has 6.6 ms sampling
time and can detect (micro)meteors, space debris and thunderstorm activity at a longer time scale
(∼ 1.7 s).
Digital integration of the signal and measurements at various time scales allow studying transient atmospheric phenomena of different origin and using the TUS detector as a multifunctional
space observatory for astrophysical and geophysical research [22, 23, 24]. Examples of measurements in slow modes are presented in the last section of the article.
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Figure 2: Photon flux on the TUS focal surface for a simulated EAS event from a 100 EeV proton. Colors
denote different channels, zero background is assumed. Left panel: vertical event, the Cherenkov peak at
the end corresponds to the albedo of 0.05. Right panel: horizontal event.

3.2 EAS events criteria and candidates in the TUS data
In a search for possible EAS candidates, we analyzed approximately 10,000 events registered
in the conditions of the minimal background radiation and considered those that satisfied the following criteria. First, we selected events such that the moving sum of a waveform in the event
exceeded the background level by at least 96 ADC counts2 , and the adjacency length L ≥ 6 (the
same length was used in the on-flight level 2 trigger) and L < 17 (to exclude comparatively slow
non-EAS events).
2 dQ = 96,

i.e. signal in one time sample exceeds the base-level on 6 ADC counts in average.
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respectively while albedo of snow surface is up to 90% [29]). A back-scattered Cherenkov “point”
with an amplitude of the signal in one time sample of the detector much higher than the background
is a characteristic mark of a vertical EAS.
Figure 2 demonstrate results of simulations of the flux of photons in the TUS detector channels
for a vertical (θ = 15◦ ) and horizontal (θ = 75◦ ) air showers, zero background radiation is assumed.
In both cases, the EASs are generated by a 100 EeV primary proton arriving along one of the
diagonals of the FOV. For the vertical EAS one can see features discussed above: the duration of
the signal in the brightest pixel is ≈ 50 µs with a very short (< 1 µs) flash of the Cherenkov light
at the end. This vertical EAS signal is expected to be measured in one or two pixels of an “ideal”
detector with a small point spread function (PSF). In the real TUS detector, the PSF spreads for
more than one pixel, and the signal might be registered in a group of 3–5 adjacent pixels.
A horizontal EAS shown in right panel of Fig. 2 demonstrates a completely different signal. In contrast to the vertical EAS, signals in separate channels have shorter duration with ∼
20 photons/µs in the brightest pixels. Information that can be obtained from inclined showers is
richer than from vertical ones due to the signal detection in several pixels and larger signal-to-noise
ratio due to shorter duration of useful time interval for EAS photons collection. An analysis of
the light curves of different types of EASs allows one to obtain several criteria for selecting EECR
candidates in the TUS data.
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Next part of the constraints is based on the Gaussian approximation of waveforms of active
pixels (“fit conditions”):
• the peak of the Gaussian fit was located within the record (excluding first 90 and last 30 time
steps);
• total duration of the signal in any active pixel was within 30–180 time steps;
• the coefficient of multiple determination of a multiple linear regression R2 > 0.8.

1. Track-like image: alignment of 5 or more active pixels in a line (“track”).
2. The characteristic duration of the signal in one channel: 20–50 µs.
3. The characteristic total duration of the signal: more than 50 µs.
Vertical EAS criteria:
1. Spot-like image: the signal is confined to 2–4 neighboring pixels.
2. The characteristic duration of the signal in one channel: more than 40 µs.
3. The characteristic total duration of the signal: less than 50 µs.
4. Presence of the Cherenkov peak at the end of the light curve during one time step and not
later than in 10–30 µs after the maximum of the EAS fluorescence.
As a result of this event by event analysis, a number of events were eliminated from the further
consideration. Due to lower UV radiation intensity of vertical EAS their registration probability
is significantly suppressed. The majority of EAS-like events can be related to fast anthropogenic
signals (for example, airports). Here we present the most reliable and strong candidates for the
horizontal EAS produced by an EECR particle.
6

PoS(ICRC2017)1098

The above criteria were developed basing on simulations of a few thousand EECRs with different parameters of primary particles and an analysis of different types of “noise” events in the
data set [24]. The procedure led us to a list of 13 events presented in [30].
The next step of the analysis is an event by event study of the temporal and spatial dynamics of
the signal. This analysis is aimed to search for typical signatures of an EAS taking into account the
characteristic temporal parameters, signal amplitudes and image structure discussed above. The
latter one is mainly determined by the PSF, which is larger than a pixel size and differs in various
parts of the FOV. The preflight measurements of the PSF showed that is has a diameter of 2730 mm (70% of energy) on the edge of the FOV, which is approximately twice larger than the size
of a pixel [31]. Simple estimations show that it can increase the signal duration in 1.5–2 times
in comparison with an ideal optical system. For a more accurate determination of the temporal
parameters of a signal (duration in a separate channel and the total duration of the light curve),
their evaluation was made by means of the Full Duration at Half Maximum (FDHM).
As was shown above, it is expedient for the subsequent analysis to formulate two different sets
of the second level criteria, separately for horizontal and vertical events.
Horizontal EAS criteria:
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Figure 3: Event 20161003-054859: moving average of ADC counts for active pixels (individual baselevels
are subtracted) and corresponding pixel map.

Main information about active pixels and temporal characteristics of the signal are listed in
Table 1. It can be seen from the waveforms that characteristic duration of the signal is 70–100 µs
which is significantly larger than one can expect from a vertical EAS (but can be explained with
PSF-effect elongation for horizontal event). The moment of the maximum of the signal in each
pixel has some shift from one pixel to another which can be interpreted as EAS image movement.
This is an argument in favour of a horizontal (inclined) EAS origin for this event.
It is important to mention that a possible thunderstorm activity was studied in the region of this
event measurements. The Vaisala GLD360 ground based lightning location network [32, 33] did
not register any lightning strikes in a region with radius of 930 km and during 10 s period around
the time of the TUS event. This provides a strong support for a non-thunderstorm origin of the
event.
Second very promising example of EAS candidates is event 20161031-102518 which TUS detected above Alaska (61◦ .31N, 155◦ .7W). It has 9 active pixels with the same feature: characteristic
shifts of the spatial-temporal development. We presented another variant of signal presentation on
the Fig. 4 – individual signals (moving average with parameters M = 3 shifted by baselevel in this
case) of each active pixels are stacked in one histogram, so that its envelope represents full light
curve of the event.
Quantitative estimates of the EAS parameters for these two events and other EAS candidates
are under consideration and will be published elsewhere.
7
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MA(16) code

The first candidate is presented in Fig. 3 – event 20161003-054859 (this is event #3 from
the list of [30]). It has the most interesting spatial-temporal dynamics similar to what is expected
for an EAS (to minimize statistical fluctuations we express signal as moving average with width
parameter M = 16). Active pixels are grouped in an oblong spot, the shape of which might be a
“convolution” of two factors—the mirror PSF and a linear track.
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Table 1: Parameters of the event 20161003-054859: location of the active pixels (module and channel
numbers), background level Abg and peak amplitude Amax (in ADC codes), time Tmax of the peak from the
beginning of the record, and the FDHM of the signal T1/2 . All parameters are estimated by the moving
average for 16 time samples.

Abg
5.7
7.2
0.9
1.7
4.5
0.8
10.8
0.2

Tmax , µs
63
67.5
71.5
73.0
78
81
92
100

Amax
15
40
38
20
8.6
14
12.2
4.2

T1/2 , µs
36
47
41
49
42
41
29
27

Figure 4: Event 20161031-102518: stack histogram for moving average of ADC counts (with M = 3) for 9
active pixels.

4. Atmospheric phenomena measurements
During the first year of operation all four modes of the TUS detector operation were tested.
The detector was operating in the TLE mode for two weeks and approximately one month in the
METEOR mode. What follows is the examples and brief description of the atmospheric events
registered in various modes.
4.1 ELVES measurements with 0.8 µs temporal resolution
The TUS detector measured numerous UV transient flashes in the EAS mode with different
temporal dynamics and spatial structure. The most common type of TLEs with a specific geometry
8
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Figure 5: Three snapshots (taken at t = 77 µs, 174 µs, and 182 µs from the beginning of the record) of
the focal plane show arc-like shape and movement of the object through the detector’s field of view. Colors
denote the signal amplitude in arbitrary units scaled to individual PMT gains.

4.2 Lightning and TLE measurements
Several hundred of events were measured by the TUS detector in the TLE mode (0.4 ms
temporal resolution). Most of them represent huge flashes distributed over the entire photo detector.
These flashes are lightning discharges under a thundercloud or outside the FOV. In the second case,
the measured signal is a diffuse scattered light from the mirror. In some cases the signal has a
definite center of luminosity which indicates the position of the events in the FOV. All events have
various spatial structure and temporal dynamics. As an example, we present an event that was
measured on June 27, 2016, above India, Fig. 7. It occurred in the FOV and produced a huge
signal: several pixels in the center of the event are saturated (see also Fig. 8).
A comparison with Vaisala Global Lightning Dataset GLD360 was made for this event. Several lightning strikes were found in this region for the time of the TUS measurements and two
of them (negative cloud-to-ground) took place exactly in the FOV. Different events have various
3 “ELVE” stands for Emission of Light and Very Low Frequency perturbation from an Electromagnetic Pulse (EMP)

Sources [34].
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– bright expanding ring to a maximum radius of ∼ 300 km – in the ionosphere (altitudes of 80–
90 km) are so-called elves3 – the result of the ionosphere heating by an expanding electromagnetic
wave from a powerful cloud-to-ground lightning. The typical life-time of an elve is . 1 ms. Elves
represent the most frequent type of TLEs: according to ISUAL (Imager of Sprites and Upper
Atmospheric Lightning) global experimental data [35], 50% of all registered TLEs were determined
to be elves.
A number of such events were measured by the TUS detector. The event presented here
(see the snapshots of focal plane in Fig.5) was registered on September 18, 2016, above Africa
(9◦.66S, 17◦.14W). An arc-like shape of the track made by the brightest PMTs and the speed of
development support the hypotheses that this was an elve. Waveforms of several pixels and the
geographical location of the event are shown in Fig. 6. The Vaisala GLD360 lightning location
network data demonstrate a significant thunderstorm activity in the nearby region. 19 lightning
flashes were measured in the area with radius of 500 km during ±2 s. One of them has a peak
current of 135.1 kA which is significantly larger than the threshold of elves production [36].
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Figure 7: Waveforms of three pixels of the event registered on June 27, 2016, above India (25◦.3S, 77◦.8E)

temporal structure and most probably occurred in the active thunderstorm regions. The same was
observed in previous measurements that were made by Vernov and Tatiana MSU satellites.
4.3 Meteor measurements
Unaffected by variable weather conditions, which limit the effectiveness of ground-based meteor observation networks, orbital detector can become an effective facility for meteor study.
The METEOR mode of the TUS operation has 6.6 ms temporal resolution and it allows to
record digital oscillograms of 1.7 s length. This was implemented for measurements of much
10
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Figure 6: Waveforms of several active pixels of the elve event registered on September 18, 2016, above
Africa. The Y-axis is ADC counts for active pixels (individual baselevels are subtracted).
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slower than EASs and TLEs processes and it is suitable for registering of meteors, thunderstorms
atmospheric airglow and city lights. As it was shown in [37] the standard “solar” meteors with
velocities of about 3×106 cm/s can be efficiently detected by the fluorescence light produced along
the meteor track with the kinetic energy threshold of about 25 J using the TUS detector with the
time sampling near 10 ms.
During the month of operation in this mode a dozen of meteors were measured. One of them
is presented in the Fig. 9. The speed of the meteor in assumption of its horizontal movement in the
TUS FOV is ∼ 50 − 60 km/s. The meteor was registered on January, 3, 2017, at 14:31:08 UTC.
This time is close the Quadrantids meteor shower peak in 2017.

Figure 9: Waveforms of active pixels of the meteor event, measured on January, 3, 2017, at 14:31:08 UTC.

These measurements demonstrate the possibility of usage of EECR fluorescent detector for
measurements and study of meteors. This confirms the strategy and estimations made for the next
orbital detector for meteor study, discussed in [38, 39]. It was shown that JEM-EUSO telescope
has the capability to observe meteors down to magnitude M = +7. Taking advantage of its large
11
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Figure 8: Snapshots (at t = 40 ms, 88 ms, 96.4 ms) of the focal plane for the event from the previous figure.
Colors denote ADC counts.
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FOV and high detection rate, JEM-EUSO is able to record a statistically significant flux of meteors,
both for sporadic and shower meteors.
4.4 Thunderstorm measurements with 6.6 ms temporal resolution

5. Conclusions
TUS, the first orbital detector of extreme energy cosmic rays, is operating for approximately a
year on board the Lomonosov satellite. In a search for an EAS, generated by an EECR, it observes
a large number of background events of various origin that take place in the nocturnal atmosphere
of the Earth. A multi-level algorithm for the search of EAS-like events was developed and applied
to the TUS data set. As a result, a number of preliminary EAS candidates were selected and
analysed on the event by event basis according to the spatial-temporal criteria for horizontal and
vertical EASs. The most interesting for the further analyses candidates for horizontal EASs, which
demonstrate a movement of the image in the FOV were selected. An analysis of their temporal
parameters is complicated by the large PSF and different sensitivity of pixels. An influence of
possible anthropogenic sources of illumination and weather conditions must also be taken into
account. A more detailed analysis of EAS candidate events found in the TUS detector data is in
progress, and its results will be reported elsewhere.
Examples of lightning, TLEs and meteors registered by the TUS detector demonstrate the
possibility of such an orbital telescope to measure and research the UV transient phenomena of
12
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In the previous space experiments of Moscow State University aimed for the UV atmosphere
radiation study a numerous series effects were found. Missions Tatiana-1, Tatiana-2 and Vernov
were using a two channel UV and infrared detector based on the same Hamamatsu PMTs and
similar electronics as TUS and provide UV measurements with 1 ms (0.5 ms for Vernov satellite) temporal resolution. The events correlated with thunderstorm region usually have multi-peak
structure indicating a sequence of UV flashes in the detectors FOV with the inter peak intervals of
tens of ms. On the other hand above thunderstorm regions the phenomenon of the series of flashes
was observed by Tatiana-2 experiment: the consecutive transients followed one another with time
between the triggers at T = 60 s. In the Vernov experiment, the same approach was used for the
search of series and gave similar result, but with a much shorter time interval (due to satellite data
transmission capability): T = 4.5 s between flashes. For more details see [40, 41].
The TUS detector in Meteor mode can measure thunderstorm activity in the time scale which
was not covered yet by previous experiments which measure waveforms of 128 or 256 ms with
intervals of 4.5 s. The duration of the meteor mode waveforms is equal 1.7 s. Two examples of
measurements are shown in fig. 10. The upper panel shows the measurements above a thunderstorm region which was identified using Vaisala GLD360 data. In the FOV of the detector a series
of lightning discharges occurred. Sharp peaks represent the return strokes of powerful lightning
flashes. Small and wide peaks represent the other lightning related UV emissions (of the preliminary processes in the thunder clouds, upper atmospheric events etc.). Another event is shown on
the bottom panel of the fig. 10. In contrast to the previous one it doesn’t have narrow (one sample)
peaks. Interesting to note that there were no any lightning measured by Vaisala GLD360 network
in the radius of 300 km from the place of measurements.
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various origin and in different time scales. This feature of the equipment will be used to study the
thunderstorm effects in the upper atmosphere.
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Figure 10: Upper panel: series of UV flashes above thunderstorm. The sharp peaks are supposedly lightning
discharges. Bottom panel: far from thunderstorm (based on Vaisala GLD360 network data) UV transient
flashes. Different colors correspond to different photodetector channels.
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