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Abstract. Study of transient atmospheric events (TAE) is started by a new space instrument TUS, an imaging detector equipped with a 
large area mirror-concentrator (~2 m2) and 256 photomultipliers in the focal plane. Its covering area in the atmosphere is 80 kmx80 km. 
TUS was launched on 28 April 2016, and several hundred of TAE were measured during the first months of its flight. The detector has 
several modes of operation with different temporal resolution, which allow measuring TAE at various time scales. In comparison with 
earlier experiments, the instrument measures orders of magnitude less bright transient luminous events due to a large optical aperture. TUS 
has a spatial resolution (5 km from orbit height 500 km), which gives an opportunity for a reliable classification of TAE types basing on 
their temporal dynamics and spatial structure. Data on lightning are compared with data from ground-based networks and examples of 
TAE images are discussed.

l. INTRODUCTION. DESIGN OF THE TUS
DETECTOR

The TUS detector is accommodated on board of the 
Lomonosov satellite (international designation MVL 300, or 
2016-026A). It was launched on April 28, 2016, on a polar 
sun-synchronous orbit with inclination of 97°.3, a period of 
— 94 min, and a height around 500 km. Description of TUS 
and its main characteristic were published elsewhere [1-3], 
Optical parameters (focusing power of mirror- concentrator, 
coefficient of photon-electron conversion at photomultiplier 
tube (PMT) cathode, PMT gain coefficient) were measured 
before the flight [4, 5], In preliminary measurements by 
Tatiana satellites, the background atmosphere UV photon 
intensity was measured for various regions of the Earth and 
various moon phases [6-8] and was taken into account during 
the TUS experiment preparation.

It was a-priori known (and confirmed by Tatiana 
experiments) that moon UV light scattered in the atmosphere 
is the main source of background noise in the TUS 
experiment. At nights with the Moon above the horizon, the 
most of measured UV radiation are photons scattered in the 
atmosphere. An important result of the observation was a 
higher intensity of the Moon UV light in the presence of 
clouds in the field of view (FOV) than from the clean 
atmosphere-roughly twice larger. At moonless nights, the 
background intensity is constant at scales of thousands km 
above oceans and has two regions of higher intensity: in 
aurora regions and above equatorial ionospheric anomaly. 
This feature and lower noise at moonless nights make 
operation of TUS much safer at moonless nights.

The TUS detector consists of two main parts: a parabolic 
mirror-concentrator of the Fresnel type and a square-shaped 
256-pixel photodetector in the focal plane of the mirror. The 
mirror has an area of about 2 m2 with a focal distance of 1.5
m. In control measurements of the mirror quality, the size of 
the focal spot was found to be less than the detector pixel size 
(15 mm). A pixel field of view equals 10 mrad, which results 
in space resolution at the atmosphere 5 km with the area of 
TUS FOV approximately 80 km x 80 km at sea level. It was 
also found that the focusing part of the mirror area is 
accompanied by a diffuse mirror scattering part with its 
percentage of -  40% of the total mirror area. This diffuse 
scattering part is important in observation of large radiating

objects, like clouds lit by the Moon. It also adds background 
to pixels and produces signals from events outside the FOV.

Pixels o f the TUS photodetector are photomultiplier 
tubes Hamamatsu R1463 with multialkali cathode of 13 mm 
diameter. The pixel wavelength band 240-400 mn is limited 
by a UV filter cutting the band at upper wavelength of 400 
mn and by PMT quantum efficiency (OE) at wavelengths 
lower than 240 (G/:'< 10%). Average O S  in the UV band is 
20%. Light guides with square entrance apertures (15 
lmn x 15 mm) and circular outputs were employed to fill 
uniformly the detector’s FOV. Each pixel has a black blend 
with the height of 1 cm above the light guide to protect it 
from side irradiation. An UV filter of 13 lmn diameter and
2.5 mm thick is placed in front o f each PMT. The pixels are 
grouped in 16 identical photodetector modules. Each cluster 
has its own digital data processing system for the first-level 
trigger, based on a Xilinx field-programmable gate array 
(FPGA), and a high voltage power supply, controlled by the 
FPGA. The central processor board gathers information from 
all modules, controls their operation, and implements the 
second-level trigger algorithm.

It is important 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. The main mode is aimed at 
registering extensive air showers (EASs) bom  by extreme 
energy cosmic rays and has a time sampling of 0.8 ps. This 
mode is also efficient for elves measurements, the most 
common type of transient luminous events. Three other 
modes have time sampling of 25.6 ps and 0.4 ms for 
studying TLEs of different kinds slower than elves: sprites, 
blue jets, gigantic jets, etc., and 6.6 ms for detecting micro
meteors, space debris and thunderstorm activity at a longer 
time scale (~1.7 s). Waveforms in each mode (a “record”) 
consist of 256 time samples. The trigger algorithm consists 
of two levels. The first level trigger decision is based on a 
comparison of the simple moving average of analog-to- 
digital converter (ADC) counts calculated for each pixel with 
a threshold level that depends on the mean value of the 
background noise. At the second level trigger, the geometry 
and number of hit pixels are analyzed. In case of EAS and 
meteors it is a search for a track, i.e., adjacent pixels lined up 
within a certain time.
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Two processes in the photodetector electronics affect 
the event selection by TUS. These are the trigger algorithm 
itself and the PMT gain control. During normal operation, 
the detector measures the UV background level and adjusts 
the sensitivity of the PMTs to avoid their saturation under 
conditions of increased UV intensity during moonlit nights. 
This leads to a lower sensitivity and a higher trigger threshold. 
The high voltage correction occurs once every 100 ms.

TUS on board the Lomonosov satellite and during 
preflight preparations at cosmodrome Vostoclmy is shown in 
Figure 1.

An important addition to the space detector data on 
lightning and related events gives use of data from ground 
based lightning detection networks (WWLLN, Vaisala) 
generously presented to us by prof. R. Holzworth, the head 
of the World Wide Lightning Location Network, and Vaisala 
Inc. company.

Figure 1. Artist’s view o f  the TUS detector on board the Lomonosov satellite 
(left panel). TUS on board the Lomonosov satellite coveredwith a protective 
cover during preflight preparations at cosmodrome Vostochny (right panel). 

2. THE MAIN RESULTS

In what follows, we present the preliminary results o f an 
analysis of data obtained with TUS in various modes of 
operation to demonstrate that different phenomena can be 
measured in UV range from orbit by one detector. All these 
events are related to UV background (airglow, city lights) 
and thunderstorm activity. First we discuss events in the EAS 
mode of operation (0.8 ps temporal resolution), then in the 
TLE mode (0.4 ms) and finally we present a thunderstorm 
measurement in the METEOR mode (6.6 ms).

2.1 EVENTS WITH NOISE-LIKE WAVEFORMS IN 
THE EAS MODE AND CITY LIGHTS

The majority of events registered thus far by TUS have 
noise-like waveforms with ADC counts of all PMTs 
fluctuating around some average values, which are close to 
each other if  rescaled according to the individual PMT gains. 
A typical waveform (recorded in a full moon night) in one 
pixel is shown in Figure 2. The trigger is caused by random 
fluctuations of the background.

Figure 2. Typical waveform in one pixel o f  a noise-like event.

Within the group, there is a subset of events with noise
like waveforms but strongly non-uniform illumination of the 
focal plane. An event of this kind is shown in Fig. 3 when 
TUS was near Erevan, Armenia. One can see a strong 
localized signal in the group of pixels. Interesting to note that 
pixel signals above USA cities are modulated with 120 Hz 
while Europe and Russia ones- with 100 Hz. An example of 
waveform measurements above the USA with 0.4 ms 
temporal resolution with well seen periodical structure and 
the results of Fourier analysis are shown in Figure 4.

There are numerous other events of this kind but a 
preliminary analysis reveals that only a part o f them can be 
directly related to city lights or other anthropogenic sources. 
These data are under analysis.

Figure 3. Snapshot o f  the focal plane o f  the event registered above Erevan, 
Armenia.

Frequency, Hz
Figure 4. Example o f  a waveform measured above the USA on June 11, 
2016, 04:56 UTC in the mode with 0.4 ms temporal resolution (top panel) 
and results o f  the Fourier analysis with a peak at 120 Hz (bottom panel).
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2.2 INSTANT TRACK-LIKE FLASHES IN THE EAS 
MODE

One of surprises of the TUS operation in space is a 
big number of instant (i.e., happening in one or, rarely, two 
time samples of 0.8 ps) and as a rule intensive flashes that 
produce tracks or, sometimes, small spots in the focal 
surface. They were called “track-like events.” They are 
likely to be caused by low energy cosmic ray particles 
(mainly protons of hundred MeV energy). These events and 
results of their simulation in GEANT4 are described in paper
[9], Those events comprise approximately 14% of all events. 
An example of a track-like-event is shown in Fig. 5. One can 
see a flash that occurs during one time frame simultaneously 
in a group of PMTs lined up in a track.
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Figure 5. Track-like event registered on October 25, 2016. Left: waveforms 
o f  ten PMTs that demonstrated the biggest ADC counts. Colors denote 
different pixels. Right: snapshot o f  the focal surface at the moment o f  
maximum ADC counts.

2.3 EVENTS WITH UNIFORMLY MONOTONOUSLY 
INCREASING PIXEL COUNTS

Another distinct group of events consists of ADC 
counts monotonously increasing in comparatively slow rise 
time (100 ps). We shall call them “monotonous flashes.” 
Such a flash typically evolves simultaneously in majority of 
pixels presenting an almost uniform illumination of the focal 
plane. An example of a waveform of a monotonous flash is 
shown in Fig. 6. In most cases, the global maximum of a 
flash is not passed prior to the end o f the recorded trace 
(200 ps).

An analysis of geographical distribution of these 
flashes demonstrates their correlation with well known 
regions of thunderstonn activity. A comparison with 
lightning flashes measured by the WWLLN has been 
performed. It demonstrated that the majority of them occur 
in more than 400 km from the TUS FOV within 1 s time 
interval (see [10] for details).

Figure 6. Example o f  a "monotonous flash ” waveform in two pixels.

These flashes can be explained as follows. The TUS 
diffuse scattering mirror part has much wider FOV than the 
focusing mirror part and the probability of lightning 
detection (or related to them transient events) outside the 
actual FOV could be higher if  energy distribution of 
lightning is hard. Let us make a simple estimation of the 
signal in one pixel for a point-like somce out of the focusing 
mirror FOV. A point-like somce radiating O photons at 
distance of R  to nadir direction of the TUS produces q(O, R) 
photons reflected by plane rough mirror of area &•

<7(C. R) = Q Scos(()(R))-/-lr,(R- h-). 
where <5(R)=arccos(/7/(/72+R2)05) is the angle between

nadir and the direction from TUS to the light somce. The 
light is scattered from the mirror to a focal plane pixel, 
having the FOV of IO-4 sr, and produces P(O,R) = q(O,R) 10' 
4 0.2/2;t photoelectrons in one pixel.

For a distance R= 1000 km (much out of focusing mirror 
FOV), a somce of G=1023 photons (a typical UV flash 
measured by Tatiana and Vemov satellites) produces a 
number of photo electrons in one pixel of the order P=104. 
Taking into account that duration of a lightning is thousand 
times longer than the TUS time sample (in the EAS mode of 
operation) one should expect a signal o f dozen 
photoelectrons in one pixel-too small for detecting above the 
background. For distances close to the focusing mirror FOV 
(/?= 100 km), the plane mirror may produce a monotonous 
flash with total number of photo electrons more than P=105 
(or 102 per pixel per time sample). Snapshots inside the FOV 
of the focusing mirror become very much different, showing 
lateral characteristics o f the somce with pixel signals per 
time sample two order of magnitude higher than from the 
plane mirror.

2.4 ELVES MEASURED BY THE TUS DETECTOR

During the first months of operation, the TUS 
detector measured numerous UV transient flashes in the EAS 
mode with different temporal dynamics and spatial structure. 
The most coimnon type of TLEs with a specific geometry of 
the development in the ionosphere are so-called elves-the 
result of the ionosphere heating by an expanding 
electromagnetic wave from a powerful cloud-to-ground 
lightning. A number of such events were measured by the 
TUS detector.

The event presented here (see the snapshots of focal 
plane inFig.7) was registered on September 18, 2016, above 
Africa. 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 Figure 8.
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Figure 8. Waveforms o f  several hit pixels and geographical location o f  the elve event registered on September 18, 2016, above Africa. The Y-axis is a ratio 
o f  ADC counts and background signal fo r  each pixel.

Figure 7. Snapshots o f  the focal plane show arc-like shape and movement o f  the object through the detector’s field  o f  view. The snapshots were taken a t t  = 
0.077ms, 0.182 ms, and 0.174 ms from  the beginning o f the record Colors denote the signal amplitude in arbitrary units scaled to individual PM T gains.

A comparison with Vaisala Global Lightning Dataset 
GLD360 was made for this event. Two lightning discharges 
of different polarity was found 120 km away from the TUS 
event. The direction to the lightning and the geometry and 
dynamics of the event support the elve hypothesis.

2.5 LIGHTNING AND TLE MEASUREMENTS WITH 
0.4 MS TEMPORAL RESOLUTION

Several hundred of events were measured by the TUS 
detector in the TLE mode. Most o f 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 as was discussed 
above.

We present an event that was measured on June 27, 
2016, above India, as an example. It occurred in the field of 
view and produced a huge signal: several pixels in the center 
of the event are saturated, see Figs. 9 and 10.

A comparison with Vaisala Global Lightning Dataset 
GLD360 was made for this event as well. 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 temporal structure and 
most probably occurred in the active thunderstorm regions. 
The same was observed in previous measurements that were 
made by Vemov and Tatiana MSU satellites.

Figure 9. Waveforms o f  three pixels and the geographical location o f  the event registered on June 27, 2016, bott India (25. °3S, 77. °8E).
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Figure 10. Snapshots o f  the focal plane. Snapshots were made at t  = 40 ms, 88 ms, 96.4 ms from  the beginning o f  the record Colors denote real ADC  
counts.
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2.6. THUNDERSTORM MEASUREMENTS WITH
6.6 MS TEMPORAL RESOLUTION

The TUS detector was operating in so called the 
METEOR mode with 6.6 ms temporal resolution for 13 days 
at the very beginning of 2017. This mode allows measuring 
slow events with a duration up to 1.7 s. A number of bright 
meteors were measured during this period of time, which 
confirms the multi-functionality of such orbital observatory. 
(These events are out o f the focus of the paper, so we do not 
provide an example.) The most important point is that the 
majority of events was measured above thunderstorm 
regions and represent very long waveforms of lightning and 
TLEs inside the TUS FOV or nearby. These sequence of 
flashes have very complicated temporal structure with 
nmnerous peaks. An analysis o f this data is in progress.

As an example we present an event which was measured 
on January 4, 2017, 03:23:27 UTC, above South America 
(17°.7S, 66°.5W). It is a sequence of spikes lasting in the 
field of view during nearly one second (Figure 11).

Figure 11. Waveforms o f  a pixel fo r  an event measured on January 4, 2017, 
03:23:27 UTC, above South America. Time tick = 6.6 ms.

On-line data of South America lightning location 
network StarNet indicates a presence of a thunderstorm in 
the region of measurements (shown in Figure 12 by the red 
circle).

Figure 12. Left panel: location o f  the TUS event registered on January 4, 2017, 03:23:27 UTC, above South America (17°. 7S, 66°. 5W). bottom panel: map 
o f  lightning activity fo r  the January, 4, 2017, 03 a.m. UTCfrom the STARNET Sferics Timing and Ranging Network (http://www.starnet.iag.usp.br/).

CONCLUSION

The diversity of transient events recorded by TU S in the 
UV range of wavelengths has improved significantly our 
earlier understanding of transient atmospheric events. 
Nmnerous measurements obtained in three temporal scales 
(temporal resolutions: 0.8 ps, 0.4 ms, 6.6 ms) have 
demonstrated the multi-functionality of the orbital telescope. 
We believe TUS marks a big step in the development of the 
technique of detecting extreme energy cosmic rays from 
space, and its data is important for the development of much

more advanced instruments like KLYPVE and JEM-EUSO 
[11,12].
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