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AAbstract: We present the energy spectra of the electrons and gamma rays produced in the thunderstorm atmospheres, 
during so called Thunderstorm Ground Enhancement (TGE) events. The huge flux of thunderstorm correlated par-
ticles was detected by the experimental facilities of Aragats Space Environmental Center (ASEC) in 2009 and 2010. 
The location of ASEC monitors (3200 m a.s.l.) allowed registering the additional fluxes of electrons before they atte-
nuate in the air. Using ASEC detectors with various energy thresholds, spectrum of thunderstorm correlated electrons 
was obtained. The low energy threshold detectors give possibility to study the gamma-ray and electron TGE spectra 
at energy range less than 10 MeV where TGE particles are abundant. Monte Carlo based detector response calcula-
tion of the detectors allows us to reconstruct gamma ray spectrum from the measured energy deposit spectra. The 
gamma-ray and electron spectra analysis of the largest detected September 19, 2009 TGE is done. For the first time 
we present electron and gamma-ray spectra of October 4, 2010 TGE measured by the recently installed detectors.
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1 Introduction

A relativistic runaway electron avalanche (RREA, [1]) is 
believed to be the major driving force of the high-energy 
phenomena in the terrestrial atmosphere. The relativistic 
electrons accelerated/multiplied in the strong electrical 
fields embedded in the thunderstorm atmosphere give 
rise to particle avalanches detected in space and on the 
Earth’s surface. Terrestrial Gamma-ray Flashes (TGFs), 
observed by gamma-ray observatories aboard low eleva-
tion satellites, have been copiously detected during the 
last decades [2]. Recently it was reported [3] that small 
fraction of TGF events observed by the FERMI Gamma-
ray Burst Monitor (GBM) are, in fact, not gamma-rays at 
all, but high energy electrons. Recent observations of 
Italian Space Agency AGILE (Astro-rivelatore Gamma a 
Immagini LEggero) spacecraft have shown that electrons 
accelerate at least up to energies of ~100 MeV [4]. Li-
mited statistics of the TGF spectra at high energies did 
not allow recovering energy spectra of individual events 
and researching spectral variability of the individual 
TGFs, only cumulative spectrum is published. Further-
more, for detailed research of TGF energy spectra, a new 
class of space facilities is required [4]. Amount of the 
energy spectra based on the surface detection of the elec-
tron and gamma-ray fluxes correlated with thunderstorms 
is also not large. The Thunderstorm Ground Enhance-

ments (TGEs) are rather rare events, detected mostly on 
high altitudes and only very few of them end up with 
gamma-ray spectra recovery. Till recent paper on TGEs 
detected at mt. Aragats [5], there were no experimentally 
measured electron spectra. 
Using Baksan observatory data, [6] assume 1000 , 2000, 
3000 m cloud height, to obtain 3 possible values of the 
power spectra index of gammas from  to -2.57 to -4.36, 
for various events discussed in the paper. For instance, on 
October 11, 2003 the spectral indexes were estimated to 
be -3.78, -4.09, -4.36 if assume the cloud height 1000, 
2000, 3000 m respectively. 
We present electron and gamma-ray spectra for 2 largest 
TGEs, based on millions of additional particles measured 
by particle detectors of Aragats Space Environmental 
Center (ASEC, see [7]). The analyzed TGE events were 
observed by the ASEC particle detectors in 2009-2010 at 
the minimum of the solar activity when the monitored 
fluxes of the secondary cosmic rays were very stable. 
Along with detecting the count rate of the neutral and 
charged particle fluxes, some of the ASEC detectors 
measure also energy deposit distributions (photomultip-
lier pulse height histograms) of incident particles. The-
reafter, the detector response is calculated by the Monte 
Carlo method and by solving the inverse problems we 
recover the energy spectra of gamma rays and electrons 
at the altitude 3200 m.
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2 Gamma-ray Energy Spectra Re-
covery Methodology

The energy spectra of the RREA electrons and gamma 
rays contain information on the mechanisms of the ava-
lanche development, seed particles, on the strength and 
elongation of the electrical field in the thundercloud and 
on the height of cloud above the detector. Analyzing 
energy spectra of the electrons and gamma-rays of differ-
ent TGE events, it will be possible to disentangle the 
complicated problem of the RREA initiation and devel-
opment, get insight into the structure of electrical fields 
in the thunderstorm atmospheres. 
By the scintillating detectors we measure the energy 
releases spectrum (the distribution of the photomultiplier 
amplitude heights enumerated as ADC codes). The histo-
gram of codes is stored each minute. However, we are 
interested not in the energy deposit spectrum, which is 
dependent on the detector response and on the particle 
flux attenuation in the roof and elements of the detector, 
but in the gamma-ray flux before entering the roof and 
detector itself. Thus, we have to solve the inverse prob-
lem – recover by the measured spectrum of energy depo-
sit the spectrum that is fallen on the detector or on the 
roof of the building where detector is located. We solve 
the inverse problem and “unfold” the gamma-ray spectra 
by multiple solutions of the direct problem: assuming the 
analytic form of the RREA gamma-ray spectra (power, 
exponential, or power with cutoff, we tune free parame-
ters (number of events, spectral index) by minimizing a 
“quality” function describing the closeness of simulated 
with GEANT4 energy deposit histogram with experimen-
tally measured one. The electrons and gamma-rays were 
traced through the material of the roof above the detector 
and trough the detector itself. The unfolding of the Ara-
gats Solar Neutron Telescope (ASNT) [8] gamma-ray 
spectrum above the roof of the ASEC laboratory building 
at altitude of 3200 m was made in the following way:

� A power spectrum with initial parameters ran-
domly chosen from predetermined interval is 
generated;

� This spectrum is used to simulate traversal of 
gamma-rays via roof and ASNT detector com-
ponents to finally obtain simulated energy depo-
sit spectrum;

� The obtained simulated spectrum is compared 
with experimental one; the discrepancy (quality 
function) and initial spectrum parameters are 
stored;

� If number of iterations is not fulfilled do the 
above mentioned operations again.

Having the stored data of the quality function depen-
dence on the spectral index, we can estimate the spectral 
index value corresponding to the minimum of the quality 
function. The quality function minimum corresponds to 
the simulated energy deposit which is closest to the 
measured one. 

On October 4, 2010 large TGE event was detected by all 
ASEC monitors. The incident gamma-ray spectrum re-
covery was performed by multiple simulations of various 
test spectra incident on the detector. The same method 
was used in [5]. The test gamma-ray spectrum was simu-
lated with energies greater than 10 MeV as in [5]. We 
also recovered gamma-ray flux at 5-10 MeV. The test 
spectra were simulated according to power law with 
spectral indices varying in the range -2 to -4 by step 
value 0.1. From simulations of the RREA development in 
the thunderstorm clouds in presence of the large electric-
al fields we obtain that these limits are plausible for the 
TGE gamma-ray spectrum. Simultaneously both spectra 
measured by top and bottom 20 cm thick scintillators 
were simulated. 200 trials were performed and quality 
functions were calculated each time to describe the 
closeness of the energy deposit obtained in simulation 
with the experimental one. The “best” test spectrum 
(incident on the detector) is chosen at the minimum of 
the quality function, expressing the difference of the 
measured and simulated energy deposit. The estimated 
gamma-ray spectrum is ~ E-3.27±0.15 in the energy 
range >10 MeV and number of gammas is ~100,000 
particles/.m2/min.

Figure 1. Gamma-ray differential spectrum of the Octo-
ber 4, 2010 thunderstorm event.

We have the gamma-ray spectrum of October 4, 2010 
event based on ASEC detectors’ data. The gamma-ray 
spectrum is presented in Figure 15. The electron conta-
mination in gamma-ray energy releases spectrum is neg-
lected as the number of electrons >10 MeV during Octo-
ber 4, 2010 TGE is hundred times less compared to 
gammas. We have recovered the gamma-ray spectrum in 
the low energy region 5-10 MeV by the same method as 
we used for the spectrum recovery at 10-100 MeV. The 
recovered gamma-ray spectrum for the October 4, 2010 
event is shown in Figure 1. It can be seen that the spec-
tral index changes significantly at the low energies, be-
coming harder: E-1.9±0.4 at 5-10MeV instead of E-3.27±0.15 at 
10-100 MeV.

3 Electron and Gamma-ray Spectra 
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Measured on September 19, 2009

The calibration of ASNT energy deposit spectrum as well 
as the update of the attenuation coefficients with help of 
recovered gamma ray spectrum, allows us to check the 
electron and gamma-ray spectra of the huge TGE de-
tected on September 19, 2009. Due to the indirect me-
thod of spectra recovery we need calibration procedures 
to prove the soundness of the reported spectra. We have 
recovered the gamma-ray spectrum of the largest regis-
tered TGE on September 19, 2009 using ASNT second 
detector (ASNT-2) data and the increased light attenua-
tion coefficients (previously reported spectra obtained 
with averaged ASNT energy deposit spectra and old 
attenuation coefficients can be found in [5]). In [5], for 
recovering the gamma-ray energy spectrum we use as 
test spectra falling on the roof of the laboratory building 
power spectra with varying power index and maximal 
energy of 50 MeV; therefore we do not continue the 
resulting energy spectra above 50 MeV. This cutoff was 
defined based on TGF data reporting 20 - 50 MeV max-
imal energy of detected gamma-ray spectra [9], [10], [11]. 
After reporting the 100 MeV gamma-rays by the Mini-
Calorimeter (MCAL) measurements onboard AGILE [4]
we decided to examine once more the spectra recogniz-
ing that at 50 MeV we have still ~50 gamma-rays. We 
decide to use as the test spectra the same power spectra 
but with maximal energy of 100 MeV instead of 50. It 
allows as recovering spectra up to 100 MeV; the old and 
new analysis perfectly coincides in the energy region up 
to 50 MeV (see Figure 2). Both old and new spectra are 
obtained with one and the same method, but the new 
spectrum was estimated with updated light attenuation 
coefficients. Until 50 MeV the old and new spectra in-
dices are - E-2.96±0.2 and E-3.03±0.25 respectively, the differ-
ence is within the error bars. At highest energy of 100 
MeV we have ~10 gammas; number of gammas above 
50 MeV is ~700 from 40,000 particles (per sq.m. per 
min), only 1.75% of gamma-rays >10 MeV. 
This change of the September 19, 2009 gamma-ray spec-
trum will affect also the previously recovered electron 
spectrum [5] since gamma-ray contamination of the elec-
tron spectrum changes. The maximal energy of gamma-
rays is increased and more gammas will be detected by 
5cm scintillators, since the gamma-ray detection effi-
ciency is higher for the high energy gammas.
The 5cm thick scintillating detectors were divided into 4 
groups taking into account the amount of the matter 
above the detectors, i.e. the energy thresholds for detec-
tion of charged particles. The estimated amount of gam-
mas contaminating the electron spectrum was subtracted 
from the number of additional particles registered during 
the TGE. Using enhancements (peaks) detected in these 
18 five cm thick scintillators we select groups corres-
ponding to 4 diverse energy thresholds. In the present 
analysis we have also added the fifth spectral point cor-
responding to ASNT “11” coincidence [8]. For the detec-
tion in upper and lower scintillators the electron should 
have energy at least ~30 MeV (see Figure 6c of [5]). 

Figure 2. The differential gamma-ray spectrum of Sep-
tember 19, 2009 TGE, the new and old analysis coincide 
in the energy region 10-50 MeV.

Figure 3. The electron integral spectra of September 19, 
2009 TGE, the last measured point of the energy spec-
trum is at 30 MeV; the dashed line is extrapolation.

The thresholds were estimated taking into account the 
energy loses in matter above the detectors using Monte 
Carlo simulation. 2 MeV error bars were put on the thre-
sholds to account for the uncertainties of roof construc-
tion since there are many gaps in the roof material. In 
Figure 3, the electron spectra of September 19, 2009 
TGF are compared: corresponding to the old (published 
in [5]) and derived above (see Figure 2) gamma ray spec-
tra contamination. The index of the exponential fit (green 
curves) slightly changes from -0.18±0.06 to -0.24±0.08, 
both indices are within the errors of the fit.
In the old analysis the maximal energy of the September 
19, 2009 TGE electrons was estimated to be ~30 MeV 
since it was erroneously assumed that all additional flux 
detected by ASNT “11” is due to gamma-rays. After the 
revision of the data and recalculating the gamma-ray 
efficiency to be detected by ASNT “11” coincidence, it 
was found that electrons were detected by ASNT “11”. 
The fifth electron spectrum point at ~30 MeV is in a 
good agreement with the lower energy spectrum ��2/ndf 
~0.1).. The spectrum can be extrapolated till 50 MeV, 
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whereas the number of electrons at this energy is vani-
shingly small (~3 electrons at 50 MeV).

4 Conclusions

We have estimated the energy spectra of RREA electrons 
and gamma rays, using the variety of ASEC detectors 
including their enhanced possibilities to measure energy 
deposit in the scintillators. The high-altitude location of 
ASEC provides a good opportunity to detect thunders-
torm correlated electrons, which attenuate rapidly in the 
atmosphere. We have reconstructed the gamma-ray spec-
tra from the measured energy deposits spectra by means 
of GEANT4 simulation. We have also calculated gamma 
contamination of the electron spectrum and electron 
contamination of the gamma spectrum. Gamma-ray spec-
tra are described by power law. The electron spectrum is 
exponential in case of September 19, 2009 and October 4, 
2010 TGEs. The results are confirmed by simulations of 
RREA development in atmospheric electric fields. Seed 
electrons spectrum obeys the power law and become 
exponential only after avalanche leave behind several e-
folding lengths in thunderstorm cloud if the field length 
is large enough.
The obtained spectra are in a good agreement with theory 
of the RREA process in the atmosphere during the thun-
derstorms. However, other possible mechanisms also can 
be considered to explain the high values of the detected 
maximal gamma-ray energy. The maximal energies of the 
TGE gammas are estimated to be ~100 MeV for October 
4 and September 19 events. These values require the 
acceleration of the electrons even to higher energies. 
There are less ground-based experiments dedicated to the 
investigation of the particle acceleration in the atmos-
phere in comparison to the space experiments. Joint ob-
servations of ground and space-based detectors, i.e. TGFs 
and TGEs, will help to understand the high energy phe-
nomena in the thunderstorm atmosphere.
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