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Exploring Origin of the High-Energy processes in Earth’s Atmosphere 

Thunderstorms and Elementary Particle Acceleration (TEPA-2016) 
Yerevan, Armenia, 3-7 October 2016  

The problem of the thundercloud electrification and how particle fluxes and lightning flashes are 
initiated inside thunderclouds are among the biggest unsolved problems in atmospheric sciences. The 
relationship between thundercloud electrification, lightning initiation, and particle fluxes from the clouds has 
not been yet unambiguously established. Cosmic Ray Division of Yerevan Physics Institute (YerPhI), Armenia 
and Skobeltsyn Institute of Nuclear Physics of Moscow State University (SINP), Russia already 6th year are 
organizing Thunderstorms and Elementary Particle Acceleration (TEPA) annual meeting, creating environment 
for leading scientists and students to meet each other and discuss last discoveries in these fields (see reports of 
previous TEPA symposia in Fishman and Chilingarian, 2010, Chilingarian, 2013, 2014, 2016). 

The CRD have an impressing profile of the investigations in the emerging field of high- energy physics 
in the atmosphere. New designed particle detector networks and unique geographical location of Aragats station 
allows observation in last 8 years near 500 intensive particle fluxes from the thunderclouds, which were called 
TGEs – Thunderstorm ground enhancements. Aragats physicists enlarge the TGE research by coherent detection 
of the electrical and geomagnetic fields, temperature, relative humidity and other meteorological parameters, as 
well as by detection of the lightning flashes. An adopted multivariate approach allows interrelate particle fluxes, 
electric fields, and lightning occurrences and finally come to a comprehensive model of the TGE. One of most 
intriguing opportunities opening by observation of the high-energy processes in the atmosphere is their relation 
to lightning initiation. C.T.R. Wilson postulated acceleration of electrons in the strong electric fields inside 
thunderclouds in 1924. In 1992 Gurevich et al. developed the theory of the runaway breakdown (RB), now 
mostly referred to as relativistic runaway electron avalanches - RREA. The separation of positive and negative 
charges in thundercloud and existence of a stable ambient population of the cosmic ray electrons enables the 
acceleration of the seed electrons in direction of the Earth's surface and to open space (Terrestrial gamma 
flashes, TGFs). Both TGEs and TGFs precede the lightning activity and can be used for the research of poorly 
understood lightning initiation processes providing key research instrument – fluxes of electrons, neutrons and 
gamma rays originated in the thunderclouds. Information acquired from the time series of TGEs along with 
widely used information on the temporal patterns of the radio waveforms will help to develop both reliable 
model of lightning initiation and detailed mechanism of electron acceleration in thunderclouds. 

TOPICS OF THE SYMPOSIUM: 
30 participants from Russia, USA, Germany, Israel, and Armenia present 20 plenary talks and 10 posters in 

6 sessions: 
1. Research of the Thunderstorm ground enhancements (TGEs) observed by particle detectors located on

earth’s surface;
2. Research of the Terrestrial gamma-ray flashes (TGFs) observed by the orbiting gamma- ray

observatories;
3. Relation of Lightning to the TGE and TGF;
4. Monitoring of TLEs and thunderstorms from the orbit;
5. Cloud electrification and atmospheric discharges: measurements and applications;
6. Instrumentation, muon detection.

2 discussions held: 

Databases in high-energy atmospheric physics: description and ways to establish cooperation; 

Do lightning discharges produce relativistic particles? 
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Visit Aragats research station near the south summit of Aragats Mountain coincide with the installation of 
new detectors measuring UV and IR radiation from the lightning bolt (collaboration YerPhI- SINP).  
Among the most important results reported and discussed at symposia was the relation of TGE to lightning:  

During numerous thunderstorms on Aragats there were no particles fluxes registered simultaneously with 
lightning;  
In 2015-2016 25 events were detected when lightning abruptly terminate particle flux from clouds;  
Investigations of pulse shape from particle detectors and atmospheric discharges prove that all pulses 
from detectors are electromagnetic interferences (EMI) only. 

Observed on Aragats fluxes of electrons, gamma rays and neutrons can be explained with standard RREA 
+ MOS theory with CR electron seeds. Lightning do not generate high-energy particles!  
Large TGEs open conductive channel for lightning and usually lightning occurred at large TGEs and stop them. 
TGE is essential for the lightning initiation.  
Symposia participants agree that the topic of High-Energy Physics in Atmosphere (HEPA) is well progressing: 

There is big activity in several countries to establish surface particle detectors for research in TGE 
physics;  

RB/RREA model with CR seeds rather satisfactory explains TGE measurements worldwide;  

Planned research of TLE and TGF from orbit can be coupled with surface measurements;  

The established links with meteorology, atmospheric electricity, Atmospheric Cherenkov Telescopes 
(ACT) experiments, look very promising;  

Planned lightning mapping array will be very important addition to Aragats facilities;  

New fast electronics will reveal origin of TGE and TGE-lightning relations;  

Broad collaboration with Space and Lightning physics experiments will significantly improve research 
and understanding in the new emerging HEPA field. 
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Figure 1. Locations of the Aragats, Nor Amberd  and Yerevan stations.  



Figure 2.  Schematic  illustration of the  “classical” tripolar charge structure 
of the thundercloud and four lightning types. QP = + 40 C,   QN = - 40 C and 
QLP=+3 C are typical thunderstorm cloud charges found in the literature, (e. 
g., Rakov and Uman 2003, Ch. 3) . The lower dipole is formed by QLP=3 C 
and  a portion of QN equal to -3 C. 
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Figure 3. The algorithm of lightning type identification. 



Δ

Figure 4. Electrostatic field changes produced by negative CG that occurred on  June 18, 2016, 14:55:45 UTC. The field changes are recorded by the  field 
mills located in Aragats and Nor Amberd, separated by a distance of 12.8 km.  

Figure 5. Electrostatic field changes produced by positive CG that occurred on July 4, 2016 11:19:49 UTC. The field changes are recorded by the field mills 
located in Aragats and Nor Amberd, separated by a distance of 12.8 km.  
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Figure 6. Fast electric field record of negative CG that occurred on June 18, 2016 at 14:55:45 UTC. 

Figure 7.  Fast electric field record of positive CG that occurred on  July 4, 2016 at  11:19:49 UTC. 



Figure 8. Electrostatic field changes of opposite polarity at Aragats and Nor Amberd, (separated by 12.8 km) produced by inverted polarity IC flash that 
occurred on July 10, 2016  at 19:18:10 UTC.  

Figure 9. Optical image of inverted polarity IC flash,  July 10, 2016, 19:18:10UTC.  

Figure 10. Fast electric field record of inverted polarity IC flash that occurred on July 10, 2016 at 19:18:10 UTC. 



Figure. 11. Electrostatic field change and particle flux (count rate) detected  at Aragats  for TGE (about 20 % above the background) terminated by lightning 
flash (July 28, 2016, 13:56:34 UTC).  Distance to lightning from the particle detector estimated by one of the field mills at Aragats is indicated in red. 

Figure. 12.  Electrostatic field changes recorded by the field mills in Aragats and  Nor Amberd for TGE-terminating lightning flash  ( July 28, 2016, 13:56:34 
UTC ) shown in Figure 9. 

Figure 13. Optical record corresponding to lightning flash that terminated 
the TGE on July 28, 2016 at 13:56:34 UTC (see also Figs. 11 and 12). 
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Figure 14. Electrostatic field change and particle flux (count rate) measured at Aragats for a sequence of two TGEs, each terminated by a lightning flash 
(May 10, 2016, 14:15:48 UTC (left)  and 14:17:46 UTC (right)). 

Figure  15. Electrostatic field changes recorded by field mills in Aragats and  Nor Amberd for a sequence of two TGEs, each terminated by a lightning flash 
(May 10, 2016, 14:15:48 (left)  and 14:17:46 (right)).  



Figure 16. Fast electric field record of lightning flash that occurred on May 10, 2016 at 14:15:48 UTC and  terminated the earlier of the two TGEs shown 
in Figs. 14 and 15. Pulses labeled b), c), and e) in the top panel are similar to pulse a)  and are not shown on an expanded time scale. 

Table 1. Availability of  ΔE records, wideband E-field records, and WWLLN data for 24 lightning events terminating  TGEs. 
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Table 2. Distances (km) estimated by electric field mill EFM-100 and WWLLN for 8 lightning events that terminated TGEs.  

Figure 17. Types of lightning flashes that terminated TGEs. 

Figure 18. Electrostatic field  and  particle flux (count rate) for the TGE terminated by lightning flash that occurred on May 4, 2016 at 19:04:33 UTC. The 
GPS time stamp of the oscilloscope trigger assumed to be a proxy for the start of significant electromagnetic emission from lightning discharge is indicated 
by vertical arrow, labeled “Trigger”. 



Figure 19. Electrostatic field and  particle flux (count rate) for the TGE terminated by lightning flash that occurred on May 10, 2016 at 14:15:48 UTC. The 
GPS time stamp of the oscilloscope trigger assumed to be a proxy for the start of significant wideband electromagnetic emission from lightning discharge is 
indicated by vertical  arrow.  

Table 3. Parameters of electrostatic field changes and associated particle 
flux drops  for 24 TGEs terminated by lightning 
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Figure 1. The fast Data acquisution system for the research of particle flux - lightning relations 

IN SITU 



Figure 2. a) disturbances of the near surface electrostatic field, distance to lightning and 1-minute count rate of STAND1 (MAKET) upper scintillator; 
energy threshold ~ 1MeV;   b) 1-sec time series of the 3 cm thick plastic scintillator of the same detector. A strong lightning discharge is seen as a vertical 
line interrupted TGE. 

Figure  3. The one-second time series of ArNM. Only time series corresponding to 0.4 s dead time demonstrates large peak (black curve) due to counting 
multiple secondary neutrons coming within time span ~ 1ms; the time series corresponding to 750 and 1200 s dead time demonstrate no peak. Incert is 
described in the body of the paper.  



Figure  4. 50 ms time series of the bottoms scintillator of STAND1 detector and electrostatic field disturbances 
(positive lightning with amplitude 69.3  kV/m).

Figure 5. EMI activity Typical EMI signature from atmospheric discharges 
in the particle detector waveform.  Synchronised time-series of the pulses of 
fast electric field and signals from plastic scintillator.  

Figure 6. Registration of the lightning occurred on May 15, 2016, 12:48:25; 
Waveforms of fast electric field a); NaI detector output b); in the insert c) is 
shown a typical shape of NaI detector response to incident particle. 
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“By what 
physical mechanism or mechanisms is lightning initiated in 
the thundercloud?” “What physical 
mechanisms govern the propagation of the different types of 
lightning leaders?”. 

 “The problem of how 
lightning is initiated inside thunderclouds is not only one of 
the biggest unsolved problems in lightning physics; it is also 
probably one of the biggest mysteries in the atmospheric 
sciences.” 

In situ



•

•

•

•



Figure 2. One-minute time-series of STAND1 detector: the count rate combinations 100 and 010 correspond to signals only from upper and middle 
scintillation detectors, respectively. Flux enhancement at 13:55-13:56 UT is ~34% (44 ). Electric field decreased from +25 kV/m at 13:53:25 UT to -24 kV/m 
at 13:55:25 UT. Distances to 4 nearby lightning flashes measured by the same EFM-100 device are 4.8, 1.9, 11.7, and 3.8 km from left to right, respectively. 
Other 6 lightning flashes shown in the top of picture occurred at distances more than 10 km.   

Figure 3. One second time series of 1 cm thick scintillator of STAND1 detector located nearby MAKET experimental hall. Negative lightning abruptly 
terminates TGE. 

Figure 4. 50 ms time series of MAKET upper 1-cm thick scintillator count rate and electrostatic field.  The time of trigger is denoted by a point occurred at 
13:56:34.087 UT (calculated by 11 GPS satellites). WWLLN registered lightning at 13:56:34.087 UT. The electric field starts to rise ~50 ms after trigger, 
reaching maximum ~200 ms later; the amplitude  of the electric field change is ~48.6 kV/m. Particle flux starts to decline at 11:56:34.2 UT. 
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Table 1. Recovered intensities of the electrons and gamma rays of TGE for 
the upper and lower 20 cm thick scintillators.  

γ
γ

γ
γ

* for the low intensities the estimate of electron fraction is unstable 

Figure 4. Energy spectrum of TGE exteneded up to 30 MeV measured by 2 
NaI spectrometers 



Figure 5. 3-dimensional histogram of the energy release measured by the 60-cm thick plastic scintillator during the time interval from 13:52:22 UT to 
13:57:22 UT. The red arrow shows lightning occurred at 13:56:34. 
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Figure 12. June TGEs abruptly terminated by nearby lightning (a, c, d) and – not terminated  (b). The upper 1-cm thick plastic scintillator 
of STAND1 detector located nearby MAKET experimental hall measures one-second count rate. Electrostatic field and distance to lightning are measured 
and estimated by the EFM 100 electric mill located nearby GAMMA array. 

Table 2. Characteristics of the TGE events detected in Spring-Summer 2016 
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in 
situ 

Figure 13. Cartoon of TGE, TGF and lightning initiation above Aragats station. Radar pattern of the charge regions and lightning strokes detected by 
lightning mapping array are captured from the Figure 1 of (Marchall et all, 2005) 



Charged particles create a random pattern of
ionization in a huge 3-dimension storm cell. Due to
some, yet unspecified stochastic mechanism (for an
example of such a process, see, Iudin 2017) in some
place in the cloud a discharge occurred, stopping
TGE and initiated lightning.

Physics Letters A
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Figure 5.  STAND1 detector consisting of three layers of 1-cm- thick 
scintillators.  

Figure 6. CUBE detector. Six 1-cm thick scintillators are used as a veto 
system for the charged particles. Inner two 20 cm thick scintillators detect 
both charged and neutral fluxes.  



Figure 7. NaI(Tl) crystal assembly. 
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Figure 1.  Assembly of ASNT with the enumeration of 8 scintillators and 
orientation of detector axes relative to the North direction. 

Figure 2.  MAKET-ANI Extensive Air Shower (EAS) array 



IN SITU  

in situ

Figure 3. “Significance” of TGE in the number of standard deviations from the mean value of 1-minute time series of count rate. Top curve corresponds to 
upper scintillators, middle – to lower and the bottom – to vertical particle transition through both scintillators.  

Figure 4. Particle flux enhancement as measured on 19 September 2009 by four 5 cm thick 1 m2 area plastic scintillators on top of ASNT detector (Figure 
1); energy threshold ~ 7 MeV. 



Figure 5. The additional count rate of particles coming from different directions. Tthe 4 minute peak is formed by particles coming from the vertical direction 
((coincidences 3 - 7, 5 – 1, 6 – 2, 8 – 4); the particles coming from the inclined directions other combinations of coincidences of upper and lower scintillators, 
do not show any enhancement 

Figure 6. 8 and 16-fold coincidences in the channels of MAKET surface array 



Figure 7. Particle showers detected during 60 seconds of the fair weather a) and during a thunderstorm at maximal particle flux b). Vertical bars show the 
number of particles in showers. If there were more than one shower in a second the height of a bar is equal to the size (number of particles) of the largest 
shower, next number after an interval is the number of particles in the next ECS, and so on. Note that maximal number of ECSs in a second is 4. 

Figure 8. Differential energy release histogram of the TGE gamma rays 
obtained in 60 cm. thick scintillators of the ASNT array. Figure 9. Differential energy release histogram of the TGE electrons 

obtained in 60 cm. thick scintillators of the ASNT array. 



Figure 10 . Setup of ASNT detector in the MAKET experimental hall 

Figure 11. Time series of ArNM 1-minute count rate displayed in the number of standard deviations. Time series corresponding to 3 dead times are 
approximately identical.  



in situ 
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Figure 1. Light nuclei group spectra (Arqueros et.al.,2000, Vardanyan et.al., 
1999, Chilingarian et.al., 2004) 

Figure 2 Energy spectra of light and heavy nuclei obtained by neural 
classification and energy estimation. The EAS characteristics used 
are shower size and shape (age parameter). 
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of the neutron bursts correlated with EAS with neutron 
monitors or/and a new EN-detector, made of a mixture of the 
inorganic scintillator ZnS(Ag) with 6LiF, (Stenkin, 2008) 
looks very promising for measurements carried out at 
mountain altitude. 

At Aragats research station of Yerevan Physics Institute 
(3200 m asl)  variety of particle detectors are in operation 
(see details in Chilingarian et al., 2005, Chilingarian et. al. 
2016) including 2 Neutron monitors 18NM64 and ~ 300 
m2 of scintillation detectors. The purpose of this paper is to 
use these detectors for the detection of EAS neutron content, 
and - for scrutinizing possibilities of primary CR energy 
estimation by the registered neutron multiplicities. 

 INSTRUMENTATION 

The Aragats neutron monitor (ArNM) consists of 
eighteen cylindrical proportional counters of CHM-15 type 
(length 200 cm, diameter 15 cm) filled with BF3 gas 
enriched with B10 isotope and grouped in three sections 
containing six tubes each (in Figure 3 we show one section 
of it - 6NM64). The proportional chambers are surrounded 
by 5 cm of lead (producer) and 2 cm of polyethylene 
(moderator). The cross section of lead producer above each 
section has a surface of 6m2 and the total surface of three 
sections is 18m2. The atmospheric hadrons produce 
secondary neutrons in nuclear reactions in lead; then the 
neutrons get thermalized in a moderator, enter the sensitive 
volume of the counter, and in interactions with boron gas 
born Li7 and the α particle. The α particle accelerates in the 
high electrical field inside the chamber and generates enough 
ionization to be detected by the data acquisition electronics. 
High- energy hadrons generate a large number of secondary 
neutrons entering the lead producer, and, if we want to count 
all pulses initiated by the incident hadrons, we have to keep 
the dead time of the NM very low (the ArNM has a minimal 
dead time of 0.4 μs). If we want to count incident hadrons 
only (a one-to-one relation between count rate and hadron 
flux) we have to keep the dead time as long as the whole 
secondary neutron collecting time (~1250 μs) to avoid 
double counting. 

The Aragats Muon detector (Figure 4) consists of three 
vertically stacked plastic scintillators with an area of 1m2. 
The top 3cm thick scintillator is covered by 7.5cm of the lead 
filter; the middle 1cm thick scintillator is covered by 1.5cm 
of the lead filter and by ~ 60 cm thick rubber layer (carbon); 
the bottom 1cm thick scintillator is covered by the 6cm thick 
lead filter. The energy thresholds to detect muons in three 
stacked scintillators are ~170 MeV,  ~220 MeV and ~350 
MeV accordingly. DAQ electronics provides registration of 
50 ms time series of all scintillators. ArNM and Muon 
detectors are located at a distance of ~ 6m from each other in 
the MAKET experimental hall. The close location of these 
detectors allows joint detection of large EASs. Outdoors is 
located the STAND1 detector comprised of three layers of 1-
cm-thick, 1m2 area molded plastic scintillators and 3 cm 
thick plastic scintillator of the same type fabricated by the 
High Energy Physics Institute, Serpukhov, Russian 
Federation. The light from the scintillator through optical 
spectrum-shifter fibers is reradiated to the long- wavelength 
region and passed to the photomultiplier FEU-115M. The 
maximum of luminescence is emitted at the 420-nm 
wavelength, the luminescence time being about 2.3 ns. 

The heart of the Data acquisition system (DAQ) is NI-
myRIO board (see Figure 5). The output pulses from the 7-

channel discriminator board are fed to the FPGA of the 
myRIO board where the logic of event identifying, pulses 
counting and GPS time stamping is implemented. The 8-th 
channel is reserved for the synchronization pulse (the 
trigger) from any of particle detectors. We use for triggering 
one of ArNM channels (second or 8-th proportional counter); 
the “EAS” trigger was generated when 1-second count rate 
exceeds the mean count rate by 4 standard deviations. The 
output of the proportional counters (Figure 3) and one of the 
Muon detector scintillators (Figure 4) were directly connec-
ted to the digital oscilloscope (2 channel picoscope 5244B 
with 25MS/s sampling rate) with 60 cm long RG58 coaxial 
cable. Data capture length can be chosen from 1 second, 
including 200 ms pre-trigger and 800 ms post-trigger time 
with sample interval 40 ns, or, for instance, 10 ms with 
the sample interval of 0.4 ns. 

 
Figure 3. Layout of Aragats Neutron Monitor (ArNM) 

 
Figure 4. The “muon” stacked detector with large amount of lead and 
rubber between 3 scintillators 

The special file generated by digital oscilloscope at any 
trigger, time series of particle detector count rates, current 
electrostatic field strength and service information (status of 
myRio, time delays, number of satellites used) are 
transferred to the mySQL database at CRD headquarters in 
Yerevan.  All information is available via ADEI multivariate 
visualization code by link http://adei.crd.yerphi.am; 
explanations are located in the WiKi section. 

 



Figure 5.  Schematic view of the fast DAQ for the EAS core detection. The particle pulses from first scintillator of Muon detector and 8-th (or second) counter 
of ArNM are registered and stored when 1-second count rate of ArNM proportional counter exceeds mean count rate by 4 . The DAQ is continuously 
registered 50 ms time series of all STAND1 and muon detector channels and electrostatic field as well. 

Table 1. ArNM registration of the neutron burst 



Figure 6. Time series of ArNM second proportional counter corresponding to 3 dead times. Only with shortest dead time of 0.4 s DAQ electronics registered 
a large neutron burst.  

Figure  7.  Neutron burst detected by the ArNM with dead time 0.4 s. Only counters from the first section (2,3,4) demonstrate peaks. 

Figure 8. Particle detector output waveforms corresponding to different time zooming scales 

Figure 9. 1-sec time series of 3 scintillators of Muon detector and 3 cm thick outdoor scintillator of STAND1 detector. 



Figure 10. The integral energy spectrum of all particles measured by the 
MAKET-ANI surface array. 

I (E) = aE-

J (E) = bE-

Imax (E0) = Jmax (E0). 

Table 2. Recovered energy spectra from ArNM proportional counters 
(numerical values obtained from the fits shown in Figure 11)  

I1=178.5E-1.39 I2=5884E-1.64

I3=779.3E-1.52 I4=5873E-1.64

I8=2606E-1.589 I11=130.6E-1.369

Figure 11. Multiplicity distributions of ArNM proportional counters 
channels (1,2,3,4,8,11) measured in time span of 1 July 2014 - 1 June 2015. 
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Figure 1. Spectral histograms of the measured TGF120120412 and 11.6, 13.4, 16.0, 20.2 km altitude wide and narrow beam models. Histograms are 
compared by scaling total number of counts in simulation to be equal the measured number. As data values in some histogram bins for some TGFs are equal 
to zero, model values are used to estimate the error bars. The narrow beam models are in a better agreement with the data. The corresponding likelihood 
analysis results are shown in Figure 2. 



Figure 2.The likelihood analysis results for the different models for the TGF120120412, showing the variation in -2 Log L as a function of rate. Smaller 
values of -2 Log L meaning better fits are observed for narrow models. The rate corresponding to the minimum is about 0.15 and 0.2 photons per sec for 
10 and 20 km altitude models respectively. There is a second, less probable minimum at rates higher than 0.5 photons/ sec. 

Figure 3. Observed counts spectrum for TGF100909539 (in black), with 
11.6 km narrow beam model spectrum overlaid. The red curve is the model 
spectrum, and the blue is the same curve without pulse pileup effects 
modelled. As can be seen, taking into account pulse pile-up effects 
significantly improves the fit. 

Figure 4. Spectral histograms of TGF100909539, fit with the 11.6, 13.4, 
16.0, 20.2 km altitude, wide and narrow models after pulse pile-up 
corrections. Narrow beam, low altitude models best fit the data. 
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 Figure 1. Structural diagram of scintillator gamma-ray spectrometer. 

Figure 2. A) Photo of the gamma-spectrometer equipped with 50mm NaI(Tl) 
detector, B)  Photo of the gamma-spectrometer equipped with collimated 80 
mm CsI(Tl) detector. GPS sensor is placed on the detectors head. 

 

Figure 3. Calibration spectrum of Cs-137 (E=662 keV) obtained with 10 cm 
CsI(Tl) detector. Lines 1.46 MeV and 2.614 MeV correspond to naturally 
occurred isotopes K-40  and Tl-208. 



Figure 4. Background spectra obtained with 80mm CsI(Tl) detector in Moscow region (left) and 50mm NaI(Tl) detector at Aragats station (right). 

Figure 5. Spectrogram (left) and time profile in several energy channels (right) of gamma radiation measured during thunderstorm in Moscow region. 



Figure 6. Time profile of TGE observed 18.07.2016 

 

Figure  7. Energy spectra obtained at the period of thunderstorm 18.07.2016 in Moscow region. 

Figure 8. Time variations of gamma-radiation measured during rainy weather on October,17-18. Rightr panel: readings of NaI(Tl) detectors of ErPhI group. 
Left panel: readings of 5 cm NaI(Tl) detector described in this paper. 

Figure 9. Energy spectra obtained by 5-cm NaI(Tl) detector during 4-hour period of TGE 17-18 of October, 2016. 



Figure 10. Variations of gamma-ray flux observed during the winter storm of 30.11.2016 – 01.12.2016 by Aragats NaI(Tl) detectors (top left), STAND 
detectors in different coincidence configuration (top right) and rectangular CsI(Tl) detector equipped with SINP MSU electronics (down). 
 

Figure 11. Upper limit for the gamma-ray flux of TGE observed 18.07.2016 
in Moscow region (red) and TGE spectrum, measured 28.08.2015 by NaI(Tl) 
detector on Aragats station (Chilingarian et.al.,, 2015a) (black) 



Figure 12. Example of 1-second fast record of 5-cm NaI(Tl) detector readings on Aragats 
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Figure 1.  Architecture of Advanced Data Extraction Infrastructure. Data 
Source Access Layer unifies access to the time series stored in different 
formats. After data filtering and quality checks the data is aggregated and 
stored in intermediate caching database. Access to the data is provided by 
ADEI library and web services are used to communicate with client 
applications.  

LogGroups

cache level
caching database





Figure 2. Screenshot of ADEI Web Frontend. The data outage is indicated using a small line on top of the plot (see 5). Legend contains description of 
displayed graphics. The selected part of plot may be zoomed or exported using buttons 3 and 4. Axes controls and results of search are located in the left 
sidebar.  



Figure 3. Screenshot of ADEI Wiki page (left part of the screen). Thelist of ASEC detectors and links on the pages with detailed detector description.  

Figure 4.  Screenshot of ADEI Wiki page (right part of the screen). Previews of most interesting events (event katalog). By clicking on the preview, the 
appropriate analysis session for the selected event will be opened in the main ADEI screen. 

 





Figure 5. Meteorological and radiation information on the severe storm on Aragats. 



Figure 6.. Time series of STAND3 detecor coincidences in the “number of standard deviation” scale. Rough estimate of energy spectra. In the incert we 
demonstrate correlation analysis of the STAND3 detector coincidences.   

Figure 7. Enumeration of number of additional (relative to mean) particles detected during TGE. In insert histograms of count rates of 60 cm thick plastic 
scintillator of whole and one third of horisontale scale are shown. 



Figure 8. One minute time series of count rate of the 1-cm thick plastic scintillator belonging to STAND1 detector (upper, located nearby MAKET 
experimental hall) along with disturbances of the electrostatic field and distances to atmospheric discharges. 



Figure 9. One second time series of count rate of the 3-cm thick plastic scintillator belonging to STAND1 detector (located nearby MAKET experimental 
hall) along with disturbances of the electrostatic field and distances to atmospheric discharges.  

 

Figure 10. 50 ms time series of count rate of the 1-cm thick plastic scintillator belonging to STAND1 detector (upper, located nearby MAKET experimental 
hall) along with disturbances of the electrostatic field and distances to atmospheric discharges. 

Figure 11. 1-minute time series of of 20-cm thick plastic scintillators of CUBE detector. In insert – natural units; main body – in number of standard 
deviations (N ). 



Table 1. CUBE detector one minute time series. 2 inner 20 sm thick plastic scintillators with and without veto and their ratio. 

Table 2. The mean values of 4 count rates measured by CUBE detector on 
fair weaher on 16 June 2016 and their ratio. 

Table 3. The recovered electron and gamma ray fluxes and fraction of 
electrons in TGE flux on 16 June 2016. 



Figure 12. Energy spectra of TGE measured by the the network of NaI spectrometers. 

 

Figure 13. Energy release spectra measured by the the 60 cm thick plastic scintillator 



Figure 14. The 1-minute time series of outside temperature and NaI crystal count rate. In insert are shown results of simple correlation analysis and delayed 
analysis. 
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Figure 1. NaI(Tl) spectrometers installed beneath the title roof of the SKL 
experimental hall at Aragats station 

K=d ln +K    (1) 

Figure 2. Energy deposited from 662 keV gamma rays from 137Cs  isotope 
decay; 1 minute exposure time. 

Figure 3. Energy deposited in detector by ambient cosmic rays (peak is 
corresponding to muons with energy ~ 60 MeV).  

Table 1.  Energy resolution of NaI (Tl) spectrometers at 662 keV and the 
ADC scale factor d. 



Figure 4. Energy deposited from 662 keV gamma rays in four NaI (Tl) 
spectrometers. 

Table 2. The code values corresponding to the different generator pulses  

Table 3. Scale factor d s for each ADC channel.  

Figure 5. ADC linearity test, in the insert we show the pulses amplitude fed 
to ADC and registered code.  



dJ dE=A

Table 4.. Parameters of the TGE spectra approximated by a power function for 3 different modes of background estimation 



 

Figure 6. Relative errors of spectrum parameters for three modes of 
background estimation  
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Figure 7. Fragment of Bi,k matrix. Column “A” represents the energies Ei of gamma-quanta. The rows show the number of events registered under code k 
at the given energy. 

Table 5. Parameters of the 10 June 2014 and 04 March 2016 observed and 
reconstructed events spectrum. 

Figure 8.. NaI(Tl) detector’s gamma registration efficiency as  a 
function of nergy. 

 

Figure 9. Registered on the 10 June 2014 at 17:29-17:32  TGE spectrum. The observed (red) spectra compared with reconstructed with inverse matrix 
obtained with a)  = 1.5; b)  = 2.0 and  c)   = 2.5 . 



The Aragats data acquisition system for highly 
distributed particle detecting networks
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Figure 1. TETRA Report for 18 August 2011 event. Top panel shows triggers detected above 20 threshold. Second panel shows rate per second of lighting 
strikes within 5 miles from USPLN. Third panel shows the distance to each lightning strike detected by USPLN within 120 miles. Bottom panel shows the 
overhead cloud density. 

 

Figure 2. Three dimensional radar images of the thunderstorm on 22 June 2013 that produced two TETRA TGFs. The size of each panel is roughly 30 km 
by 30 km. 



Table 1. Table of TETRA gamma ray events. [9] 

 

Figure 3. PVC assembly containing a BGO scintillator and 2 PMTs to view 
either end. Six of these are placed in each TETRA-II box. 



Figure 4. Detector box during assembly, showing 6 PVC BGO assemblies 
and fast electronics. 

 

Figure 5. Four of 10 TETRA-II detector boxes on roof of Building B, UPR-
Utuado. 

 

Figure 6. Map of TGFs seen by GBM onboard Fermi in the Americas. [11] 

Figure 7. Count rate/2 msec in three BGO for 24 August 2016 at LSU. 

 

Figure 8. 24 August 2016 event for a single BGO in ±300 m sec window. 



 

Figure 9. 24 August 2016 event for a single BGO in ±100 μsec window. 
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Figure 1.  An example of the daily profile of EF including the intervals with 
fair weather (until ~ 1445 UT on June 30, 2016) and with the thunderstorm 
(since ~ 1450 until ~1900 UT). 

About 20 events of incereased count rates in 1 sec data of the first channel 
of SEVAN system were observed since June 9 until September 17, 2016. The 
aboslute value of electric field at LS during these events was usualy larger 
than about 60 kV/m. Figures 2 – 4 show selected intervals with such type of 
events.  

 

Figure 2. Example when the increase on chan1 of SEVAN is during positive 
EF polarity. Middle peak of increased SEVAN counts is in the period of 
large positive EF values. Only about 15% of the so far recorded SEVAN 
events have been observed for positive EF values. 

 

Figure 3. Example from June 30, 2016. Increased counts in the SEVAN 
chan1 are mainly during periods of large negative EF values. They do not 
correlate with the lightning strokes. Sometimes, nearby lightning may 
terminate the increased counts. Large spikes on EF signal correspond to 
nearby lightning that occurred at distance usually less than about 5 km from 
LS. Humidity was > 87%. 



Figure 4. Event from August 10, 2016. One of two strongest increases 
observed by SEVAN. Humidity was >98.7% during the whole time period. 
The double-peak structure is statistically significant even in 1 sec resolution 
data in comparison with the intervals before and after. No corresponding 
channel 2 nor NM count rate increased during the whole interval. 



M. Panasyuk, S. Svertilov, V. Bogomolov, G. Garipov, V. Barinova, A. Bogomolov, A. Iyudin,        
V. Kalegaev, M. Kaznacheeva, V. Morozenko, I. Myagkova, P. Klimov, V. Petrov, A. Prokhorov,     
I. Yashin 
M.V. Lomonosov Moscow State University, Physics Department, 
D.V. Skobeltsyn Institute of Nuclear Physics, Moscow, Russia 

×



σ

Figure 1. Example of “energy release – time” diagram with heavy charged 
particle detection events. The energy release values vs time (in the part of 
second) is plotted. Circles are corresponding to the events detected by 
DRGE-11, triangles – by DRGE-12, squares – by DRGE-21. 



Figure 2. “Gamma by gamma” record for TGF 18.09.2014. Circles are 
corresponding to the events detected by DRGE-11, triangles – by DRGE-12, 
diamonds – by DRGE-22.   

Figure 3. The map presented the sub-satellite point positions at the times of 
detection of UV flashes and TGF candidates (numbered). 

 

Figure 4. The map of distribution of TGF candidates selected by the soft 
criterion in the Equatorial region (red points) and imitations by heavy 
charged particles (blue points). Yellow rings mark the TGF-like events 
coincided with UV flashes. 



Figure 5. Time profiles of UV (blue curves) and red (red curves) flashes coincided with TGF candidates. The left panel presents profiles for event detected 
16.10.2014 at 03:27:58 UT, the right panel presents profiles for event detected 05.09.2014 at 16:10:19 UT. The system is used for the digitizing observed 
signals and to control the LIDAR system, including: 

7  

Figure 6. The time profiles of electron counts along one Vernov orbit. Time scale means universal time UT. Green, blue and violet lines mark the counting 
rate in the range 150-300 keV of DRGE-31, DRGE-32 and DRGE-33 detectors, respectively. Red and light green lines mark the time profiles of integral (  
> 15 keV) counting rates of bremsstrahlung from the DRGE-11 and DGE-12 outputs. The more detailed part of profiles with peaks corresponding to the 
precipitation is shown in the bottom left part of the panel. The Vernov satellite orbit projections on the Earth map are shown in the bottom part of the panel. 
The orbit, which corresponds to the presented profiles is marked by red.  



 

Figure 7. The top panel: the time profiles of counting rates in BDRG channels, BDRG-1 20 – 35 keV (green line), BDRG-3 20-35 keV (lilac line), BDRG-1 
60 – 100 keV (blue line), BDRG-3 60 – 100 keV (brown line). Time scale means universal time UT. 
The middle panel: the time profile of L values at the same times as on the top panel. 
The left bottom panel: the satellite orbit projection on the map, the right bottom panel: 3D projection of the satellite orbit.



 

Figure 8. The top panel: the time profiles of counting rates in BDRG channels, BDRG-1 20 – 35 keV (green line), BDRG-3 20-35 keV (lilac line), BDRG-1 
60 – 100 keV (blue line), BDRG-3 60 – 100 keV (brown line). Time scale means universal time UT. 
The middle panel: the time profile of L values at the same times as on the top panel. 
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Figure 1. General view of of the transport and launch container developed 
to launch satellites from Progress cargoship. 

Figure 2.  Mounting of assembled NGS instrument onboard "Chibis-
AI"(green and brown boxes). 



Table 1. Specification of the NGS instrument 

Table 2. Specification of the RFA instrument 

°

Dolgonosov et al.

Figure 3.  Installation points of "Kite" antennas is indicated by red arrows. 
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Event Time = T(WWLLN) –T(Earthquake) . 

T(Seismic Wave)

T(Seismic Wave) (T(Earthquake) + Travel Time). 

t = Time difference = T(WWLLN) – (T(Earthquake) + Travel Time). 

–100 sec < Time difference < +100 
sec

N=



Figure 1. The comparison of calculated Event Times and computational 
Travel Times for 1038 TGFs associated with earthquakes  
Data sources: GBM Terrestrial Gamma-ray Flashes (TGF) Catalog; Search 
Earthquake Catalog U.S. Geological Survey; WorldWide Lightning 
Location Network (WWLLN).  

Figure 2. The probability density function for the calculated Time difference 
data in comparison with probability density functions of normal distribution 
and Cauchy distribution 
Data sources: GBM Terrestrial Gamma-ray Flashes (TGF) Catalog; Search 
Earthquake Catalog U.S. Geological Survey; WorldWide Lightning 
Location Network (WWLLN). 
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Table 1. Interval estimation of the calculated Time difference for observed 
1049 TGFs from WWLLN associations table 

Figure 3. The earthquakes magnitude for selected 996 TGFs from WWLLN 
associations table 
Data sources: GBM Terrestrial Gamma-ray Flashes (TGF) Catalog; Search 
Earthquake Catalog U.S. Geological Survey; WorldWide Lightning 
Location Network (WWLLN). 



Figure 4. The Phases of Seismic Waves associated with selected 996 TGFs from WWLLN associations table 
Data sources: GBM Terrestrial Gamma-ray Flashes (TGF) Catalog; Search Earthquake Catalog U.S. Geological Survey; WorldWide Lightning Location 
Network (WWLLN) 
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Figure 1. The Sat24.com infrared image of the clouds over Europe at 22:00 
UTC, 18 August 2016. The red pointer demonstrates the destination from 
the place of observation (Moscow) to the Sprite location.  

Source: Weather Europe Sat24.com – http://en.sat24.com/en 

Figure 2. The crop image of the Blitzortung.org contributors lightning map 
of Europe. The red pointer demonstrates the destination from the place of 
observation (Moscow) to the Sprite location.  

Source: Blitzortung.org contributors lightning map – http://blitzortung.org 

Figure 3. The first Sprite was follow after the repetitive lightning discharge 
and can be seen together with the lightning flash halo. 

 

Figure 4. The second Sprite occurs after the multiple lightning discharge. 

Table 1. WorldWide Lightning Location Network Data associated with the first Sprite. 

Table 2. WorldWide Lightning Location Network Data associated with the second Sprite. 
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Figure 1. A railway transportation system to underground laboratory. 



Figure 2. Three decades ago: the installation of the first Germanium 
detector for searching for double beta decay of 76Ge nuclei. From left to 
right: V.Pogosov (YerPhi) and A.Starostin (ITEP, Moscow) 

Figure 3. S. Amirhanyan is checking DAQ system before starting the data 
collection 

Figure 4. The staff of underground laboratory. From left to right: S. 
Amirkhanyn,  A. Aleksanyan, T. Kotanjyan, L. Poghosyan  

 

Figure 5. An old Germanium detector (surrounded by shielding to decrease 
enviromental background). 

Figure 6. Background spectrum measured by the HPGe detector during 
equal time intervals (22 hours): blue – on the surface; red - in the 
underground laboratory; green – in the underground laboratory with radio-
pure lead shielding. 

Figure 7. The new HPGe-detector with its analyzer BOSON  

Figure 8. The muon detectors consisted of a pair of plastic scintillators each 
of 50x50x5cm3 size. 

Figure 9. Hourly count rates measured by a pair of plastic scintillators



Figure 10. Incident muons hourly count rate distribution 
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Figure 1. The muon hodoscope URAGAN. In the foreground one of the 
supermodules is seen. On the left and behind, the other three SM can be 
seen.  
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Figure 2. An example of a smoothed 5-minute matrix of changes of the 
angular distribution of the detected particle flux in terms of statistical errors. 
Down: without correction on the shape of the angular distribution; right: 
with correction. 
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Figure 3. Variations of the projections of the local anisotropy vector 
AS(black curve) and AE (red curve) during the passage of the anticyclone (a) 
and cyclone (b) from the West to the East (marked by blue vertical lines). 
Broken lines indicate the behavior of observed average value. 

Figure 4. Variations of the muon flux (red line) and behavior of the 
atmospheric pressure (black line) during the passage of baric formation, 
July 2009. Blue areas: periods of the passage of cyclones. Red areas: periods 
of the passage of anticyclones. 



Figure 5. The dependence of the integral counting rate of MH URAGAN on atmospheric pressure during the passage of fronts over the Moscow region. 
Left: cold fronts; right: warm. 

Figure 6. The dependence of the length of the vector of anisotropy of muon flux detected by MH URAGAN on atmospheric pressure during the passage 
of fronts over the Moscow region. Left: cold fronts; right: warm. 

Figure 7. The dependence of the integral counting rate of MH URAGAN on surface temperature during the passage of fronts over the Moscow region. 
Left: cold fronts; right: warm. 

Figure 8. The dependence of the length of the vector of anisotropy of muon flux detected by MH URAGAN on surface temperature during the passage 
of fronts over the Moscow region. Left: cold fronts; right: warm. 



Figure 9. Maps of radiolocation observations using Doppler weather radars (on the left) and muonographs (on the right) at moments 22:30 
and 23:00 UTC for the thunderstorm occurred on May 29, 2015. 

Figure 10. Time dependence of parameters rh/ rh and rh/ rh on May 29, 
2015. 
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Figure 1. Circuit diagram of our designed unit. 

Figure 2. The shapes of the signals taken at the designed unit’s check points. 
(1) pulse signals on the input. 
(2) amplifier signal after the first integrating circuit. 
(3) amplifier signal after the second integrating circuit. 
(4) signal on the selection and storage circuit’s capacitor C4. 
(5) window of authorization for reading out of the signal. 
(6) pulses of NI PCI-6221  ADC’s internal counter. 



Figure 3. 1 – neutron monitor, 6 – boxes of muon telescope with scintillators and PMT 

Figure 4. Testing of muon telescope detectors in laboratory. 



Figure 5.  Muon registration circuit diagram 

, “New 
multi-directional muon telescope and EAS 
installation on Mt. Hermon (Israel) in combination 
with NM-IQSY”,
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Figure 1. Fluxes of photons as a function of altitude Figure 2. Fluxes of electrons as a function of altitude 

 

Figure 3. Fluxes of photons as a function of altitude at different radial slices normalized on primary and square of the corresponding slice. The curves 
correspond to the ftting function (4) 

Figure 4. Photon energy spectra integrated over radial slices (see explanation in text). 



Figure 5. Photon energy spectra at first radial slice (see explanation in text). 

 

Figure 6. Photon energy spectra at second radial slice (see explanation in text). 
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Figure 7.  Photon energy spectra at third radial slice (see explanation in text). 

 



Table 1. Parameters describing the photon energy spectra detected at any of radial slices initiated by 30 MeV photon entering into the atmospher at different 
h fitted with (4). 

 

Table 2. Parameters describing the photon energy spectra detected at 0 < R(m) < 100 radial slice initiated by 30 MeV photon entering into the atmospher at 
different h fitted with (4). 

 

Table 3. Parameters describing the photon energy spectra detected at 100 < R(m) < 300 radial slice initiated by 30 MeV photon entering into the atmospher 
at different h fitted with (4). 

 

Table 4. Parameters describing the photon energy spectra detected at 300 < R(m) < 600 radial slice initiated by 30 MeV photon entering into the atmospher 
at different h fitted with (4). 

 

 

Table 5. Parameters describing the photon energy spectra detected at 600 < R(m) < 900 radial slice initiated by 30 MeV photon entering into the atmospher 
at different h fitted with (4). 



 

Table 6. Parameters describing the photon energy spectra detected at 900 < R(m) < 1200 radial slice initiated by 30 MeV photon entering into the atmospher 
at different h fitted with (4). 
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First Results on Transient Atmospheric Events from Tracking Ultraviolet Set-
Up (TUS) on Board the Lomonosov Satellite 

P. Klimov, B. Khrenov, S. Sharakin, M. Zotov, N. Chirskaya, V. Eremeev, G. Garipov, M. 
Kaznacheeva, M. Panasyuk, V. Petrov, A. Shirokov, I. Yashin 
M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear Physics, Moscow, Russia 

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 km×80 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.  

 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 × 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 of the TUS photodetector are photomultiplier 
tubes Hamamatsu R1463 with multialkali cathode of 13 mm 
diameter. The pixel wavelength band 240-400 nm is limited 
by a UV filter  cutting the band at upper wavelength  of 400 
nm and by PMT quantum efficiency (QE) at wavelengths 
lower than 240 (QE<10%). Average QE in the UV band is 
20%. Light guides with square entrance apertures (15 
mm × 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 mm diameter and 
2.5 mm thick is placed in front of 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) born by extreme 
energy cosmic rays and has a time sampling of 0.8 µs. 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 µs 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 Vostochny 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 of the TUS detector on board the Lomonosov satellite 
(left panel). TUS on board the Lomonosov satellite covered with a protective 
cover during preflight preparations at cosmodrome Vostochny (right panel). 

THE MAIN RESULTS 

In what follows, we present the preliminary results of 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 µs 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 of 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 of them can be 
directly related to city lights or other anthropogenic sources. 
These data are under analysis. 

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

Figure 4. Example of 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 of 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 µs) 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. 

Figure 5. Track-like event registered on October 25, 2016. Left: waveforms 
of ten PMTs that demonstrated the biggest ADC counts. Colors denote 
different pixels. Right: snapshot of the focal surface at the moment of 
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 µs). 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 of the recorded trace 
(200 µs). 

 An analysis of geographical distribution of these 
flashes demonstrates their correlation with well known 
regions of thunderstorm 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 of 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 source out of the focusing 
mirror FOV. A point-like source radiating Q photons at 
distance of R to nadir direction of the TUS produces q(Q, R) 
photons reflected by plane rough mirror of area S:  

q(Q, R) = Q S cos(δ(R))2 /4π(R2+h2), 
where δ(R)=arccos(h/(h2+R2)0.5) is the angle between 

nadir and the direction from TUS to the light  source. The 
light is scattered from the mirror to a focal plane pixel, 
having the FOV of 10-4 sr, and produces P(Q,R) = q(Q,R) 10-

4 0.2/2π photoelectrons in one pixel. 
For a distance R=1000 km (much out of focusing mirror 

FOV), a source of Q=1023 photons (a typical UV flash 
measured by Tatiana and Vernov 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 of dozen 
photoelectrons in one pixel-too small for detecting above the 
background. For distances close to the focusing mirror FOV 
(R=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 of the source 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 common 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 in Fig.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 7. Snapshots of the focal plane show arc-like shape and movement of the object through the detector’s field of view. The snapshots were taken at t = 
0.077 ms, 0.182 ms, and 0.174 ms from the beginning of the record. Colors denote the signal amplitude in arbitrary units scaled to individual PMT gains. 

 
Figure 8. Waveforms of several hit pixels and geographical location of the elve event registered on September 18, 2016, above Africa. The Y-axis is a ratio 
of ADC counts and background signal for each pixel. 

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 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 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 Vernov and Tatiana MSU satellites. 

 

 

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

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 of 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 
numerous peaks. An analysis of 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 of a pixel for 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 of the TUS event registered on January 4, 2017, 03:23:27 UTC, above South America (17°.7S, 66°.5W). bottom panel: map 
of lightning activity for the January, 4, 2017, 03 a.m. UTC from the STARNET Sferics Timing and Ranging Network (http://www.starnet.iag.usp.br/). 

CONCLUSION 

The diversity of transient events recorded by TUS in the 
UV range of wavelengths has improved significantly our 
earlier understanding of transient atmospheric events. 
Numerous measurements obtained in three temporal scales 
(temporal resolutions: 0.8 µs, 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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