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ARTICLE INFO ABSTRACT

In 2011, a network of five thallium-doped sodium iodide (Nal(Tl)) detectors was installed on Aragats
Space Environmental Center (ASEC) and was included into ASEC detectors system. Along with
monitoring of different species of secondary cosmic rays, ASEC detectors register several thunderstorm
ground enhancements (TGEs). Nal(Tl) detector integration in the ASEC detector system is of great
importance for the study of thunderstorm phenomena for the reason that Nal(Tl) detectors have a higher
efficiency of gamma rays detection compared with plastic ones. In this article, the design and
characteristics of Nal(Tl) detectors are described. Simulations of detector response are performed.
Comparison of simulation results with experimental data showed good agreement between simulations
and experimentally observed distributions for analog-to-digital converter (ADC) channels (codes) of Nal
(T1) detectors at two depths of the atmosphere, thus, indicating the correctness of the detector's
response determination. A procedure for reconstruction of gamma energy spectrum was developed and
approximation of the energy spectrum of recorded TGE event was carried out by a power function under
the assumption that the recorded fluxes consist mainly of gamma quanta.
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1. Introduction

The Aragats Space-Environmental Center (ASEC) [1] provides
monitoring of different species of secondary cosmic rays and
consists of two high altitude research stations on Mt. Aragats in
Armenia [2]. Along with solar modulation effects, ASEC detectors
register several enhancements associated with thunderstorm activ-
ity. The used experimental techniques allowed for the first time the
simultaneous measurement of the electrons, muons, gamma rays,
and neutrons fluxes correlated with thunderstorm activity [3].
These phenomena are referred to as thunderstorm ground
enhancements (TGEs). Ground-based observations with a complex
of surface particle detectors, systematically measuring gamma
quanta, electrons, muons and neutrons from atmospheric sources
are necessary for proving the theory of particle acceleration and
multiplication during thunderstorms. Energy spectra and correla-
tions between fluxes of different particles measured on Earth's
surface address the important issues of research of the solar
modulation effects and the atmospheric high-energy phenomena.
Analysis of the resulting energy distributions and correlations
between different streams of particles can not only provide infor-
mation about the atmospheric phenomena and issues related to the
effects of solar modulation, but also, provides an opportunity to
draw conclusions about the theory of the particles’ passage through
the atmosphere at high electric fields. These fields are generated by
the storm phenomena and lead to increased flows of relativistic
electrons, gamma rays and neutrons [4-7]. Detectors located on
Mountain Aragats have observed such events repeatedly.

In 2011, a network of 5 detectors with Nal(Tl) scintillators was
installed on ASEC [8] to detect low energy gamma rays from the
runaway breakdown (RB) process in thunderclouds and particle
bursts. Including Nal(Tl) detectors in the ASEC detector system is
of great importance for the investigation of thunderstorm
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phenomena because Nal(Tl) detectors have high efficiency of
gamma rays detection in comparison with plastic ones [9]. Their
use allows more precise measurements of the observed fluxes of
gamma rays and therefore gives a wealth of information to draw
conclusions about the processes of particle acceleration and multi-
plication by storm phenomena.

2. Design and parameters of the Nal(Tl) detector

Single crystal Nal(Tl) detectors are routine detectors for detect-
ing gamma radiation of low and intermediate energy [9-11]. It has
high luminescence efficiency and can be made in a wide range of
sizes and shapes. Since the crystal is hygroscopic, it has to be
placed in a sealed enclosure. The crystal used had the following
parameters: radiation length is Xp=2.59 cm, the decay time is
approximately 7 ~ 230 ns. The wavelength that accords to the
maximum of the emission spectrum is A,,.x=415 nm, and the light
output is equal to 38 photons/keVy.

Actual detectors consist of 12.5 x 12.5 x 30 cm® crystal located
in a sealed body of 1 mm thick aluminum. A transparent window
made of Plexiglass is installed at the end side, and a type FEU-49
Photomultiplier Tube (PMT) is attached to the transparent win-
dow. The large photocathode (15cm in diameter) completely
covers the window. The spectral sensitivity range of the PMT
cathode is between 300-850 nm, thus, covering the entire spec-
trum of Nal(Tl) crystal radiation. A schematic view of Nal(Tl) based
scintillation detector is shown in Fig. 1.

The block diagram of electronic modules used for detector and
data acquisition system is shown in Fig. 2. These electronic
modules were developed in the ASEC laboratories for the registra-
tion of secondary cosmic rays [12]. They not only replaced the
outdated electronics of Nor Amberd and Aragats stations, but also
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Fig. 1. Schematic view of the detector with Nal (Tl) scintillation crystal.

have fostered the creation of new research facilities for the study
of space weather, TGEs, as well as being used in the creation of the
global network of detectors [13].

A high voltage transformer, along with the matching buffer
amplifier is mounted within an aluminum PMT enclosure, which is
a good shield against external noise. The software-adjustable high
voltage (HV) converter is used to power the PMT. HV is controlled
over the network via an RS-485 interface. Remote control ensures
changing the high voltage in the range between +900V and
2100V with 2V step. The electronic units of PMT and data
acquisition system (DAQ) consume about 100 W and requires a
low voltage power supply (DC 12 V) that allows autonomous
backup power supply (e.g. solar-powered).

The PMT pulse signal enters the 8-channel pulse analyzer
(Fig. 2). The «pulse analyzer» has been created for digitizing the
PMT pulses and consistent processing of the data entering its
inputs [12]. The input stage of the pulse analyzer consists of an
8-channel logarithmic analog-to-digital converter module (LADC)
with programmable threshold, digital-to-analog converters (DAC)
to adjust the thresholds, a microcontroller and a serial interface
(USB, RS-232, RS-485) for connecting to a computer. The LADC
converts the pulse into digital code that determines the number of
ADC channel, i. e. the number of bin.

The data collected during one minute are transferred to the PC.
Thus, the number of particles and the values of their amplitudes
are recorded in codes. Since the LogADC quantization step is about
10.5% of the measured amplitude, the dependence of the ampli-
tude on the code is determined by the following expression:

AK)=A(1) x 1.105% -1, 1)

where A(K) is PMT amplitude, which corresponds to the code K,
and A (1) is the threshold of LADC corresponding to the least
significant bit.

3. Calibration and response function of Nal(Tl) detectors.

Calibration of Nal(TIl) detectors was carried out by comparing
the amplitude distribution of the PMT obtained from the fluxes of
secondary cosmic rays with the simulation results based on the
design features of the detectors.

From calibration experiments on the heights of the mountains
[14] it was obtained that 85-90% of the background of charged
particles on 1m? area is that of single particle, the remainder
being groups of two or three particles etc. This is the reason why
the distribution of energy loss is determined mainly by single
charged particles. The fraction of muons and electrons in the high
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Fig. 2. Block diagram of frontend and data acquisition electronics.
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Fig. 3. Schematic of the setup for Nal(Tl) detector testing and calibration.

mountains is approximately ~ 60% and 30%, respectively, of the
flow of charged particles and their ionization losses differ by
5-10% [14-16]. Thus, the observed maximum (mode) Kj4x in the
distribution of ADC channels is determined by single muons
energy losses [14]. Therefore, the detector calibration is reduced
to determining the energy deposit in the crystal according to
theKjax. Since the light output of the crystal is proportional to the
particle energy loss, then, a similar relation between the energy
loss of particles E and ADC channel follows from Eq. (1):

E(K) = E(Kpax) - 1.105% ~ Kuax | )

where Kjax is the mode of observed distribution of ADC channels.

It is known that the muon minimum ionization losses in the Nal
(T) crystal are dE/dX ~ 1.305 MeV/(g/cm?) [9,17]. The mode of
path length distribution in the crystal for incident particles is
calculated according to the simulation conditions (angular and
lateral distribution) described below and equals to 12.5 cm, which
corresponds to Lyop ~ 46 g/cm2 of matter. Therefore, mode of ene-
rgy deposit distribution corresponds to E(Kpyax) = Emip ~ Lyop -
1.305MeV ~ 60MeV. From Eq. (2), the code K is expressed by
E energy losses in the detector as follows:

K= IH(EK/EMIP)/ ln(1105)+KMAX (3)

The experimental setup for the investigation of Nal(Tl) detector
response is shown schematically in Fig. 3. It consists of 3 cm thick
plastic scintillator with an area of 1 m? installed over the Nal(Tl)
detector, and 1 mm thick iron roof with an area of 4 m% The
design of the plastic scintillator is described in [18,19].

The setup allows observation of the energy deposit spectra of
all secondary cosmic rays. Investigation of the neutral component
of the secondary cosmic rays is carried out when the signals from
the plastic scintillator are used as anti-coincidence (Veto). The
operation mode of the Nal(Tl) detector (PMT HV value and
discriminator threshold) was established in order to have the
peak of the recorded spectrum at channel 31. This ensures that the
energy threshold of the Nal(TI) detector is about 3 MeV, as follows
from the Eq. (3).
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Simulation of the detector response was performed by
GEANT3.21 [20] computer simulation program for the actual layout
shown in Fig. 3. We used default mode GHEISHA for hadronic
interactions. The simulations were carried out for the flux of
secondary cosmic rays (n, p, p*, p~, e*, e”, and y-rays) in the
range of energies from 1 MeV to 100 GeV and at two different levels
of observation 1000 and 3200 m above sea level, respectively. Fig. 4
shows the differential spectra of the secondary component of cosmic
rays obtained by the EXPACS package [21,22], calculated for a
location at an altitude of 1000 m above sea level and geographical
coordinates 40° 11’ North, 44° 31’ East.

The fluxes of secondary particles with energies between 1 MeV
and 100 GeV have been converted to the number of events in bin.
The zenith angular distribution for @ < 60° is taken in the form of
cos>°@ for all types of particles whereas the azimuth angle is
uniformly distributed. Figs. 5 and 6 show the detector response
simulation results for each component of the secondary cosmic
rays along with experimentally observed averaged diurnal data.
These results correspond to the above-mentioned two different
detector locations, one in Aragats at 3200 m (using a separate
detector), and the other in Yerevan Physics Institute at 1000 m
using the experimental setup of Fig. 3. The energy deposit of the
simulation was recalculated into ADC channels by Eq. (3).

The two peaks are shown in Figs. 5 and 6. The first peak in the
region of 5-7 channels is generated by a neutron flux, while the
second peak in the region of 31 channel is generated by a muon
flux. Neutrons with energies above 1 MeV are detected in the
crystal via inelastic scattering. When a muon flux obtained from
EXPACS calculations was included in the simulations, the total
intensity of spectrum increased in comparison with the experi-
ment. From the shape of the simulated spectrum, it was deter-
mined that this increase is due to ~ 20% muon overestimation.
Thus, 20% decrease in the intensity of the muon spectrum led to
good agreement between simulated and experimental spectra. The
muon fraction in Figs. 5 and 6 is compensated for this over-
estimation. The agreement between the simulations and the
experiment suggests that if Kyax=31 and E(Kyax) ~ 60 MeV,
then, from Eq. (2), the detection threshold of the detector is
Ery ~ 3 MeV.

Fig. 7 shows the response of the detector to the neutral
component of cosmic rays. The experimental spectrum is that of
data collected over several hours when the signal from the plastic
scintillator is used as anti-coincidence (Veto). Agreement between
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Fig. 4. Simulated differential energy spectra of the secondary cosmic rays compo-
nents for 1000 m above sea level.
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Fig. 5. Distribution of particles by ADC channels and energy deposit. The simula-
tion results and the experimental data at a height of 1000 m above sea level.
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Fig. 6. Distribution of particles by ADC channels and energy deposit. The simula-
tion results and the experimental data at a height of 3200 m above sea level.

the experimental data and the simulations was obtained when
90% detection efficiency of the plastic scintillator for charged
particles was included in simulation. The reason for low efficiency
was high detection threshold of used detector.

Fig. 8 shows the detection efficiency of the designed Nal(Tl)
detectors for the neutral component of the secondary cosmic rays.
As shown in the graph, the efficiency of gamma ray detection for
Nal(Tl) detector is higher than that of the plastic detectors [8].

A sufficiently thick crystal (at least 5 rad units) allows using the
detector as a total absorption detector to measure the energy of
particles by their energy loss. The energy deposit Egep in the
detector is formed by all the gamma quanta with energies E, > Eqep.
Some part of the energy Eouc=(E, — Eqep) €scapes from registration
depending on the location of the gamma-rays interaction point in



K. Arakelyan et al. / Nuclear Instruments and Methods in Physics Research A 763 (2014) 308-313 311

the crystal. The relationship between Ege, and E, has been studied
by simulations for the power law spectrum of gamma rays. The
simulations were carried out for three values of the power index
y=—19, —2.2 and —2.5. The simulation for each index contains
5x 107 hits. The simulation gives an energy dependence on the
ADC channel that is uniquely associated with Eqep, as can be
inferred from Eq. (2). Fig. 9 shows the simulation results of the
relationship between gamma quanta energy and the energy
deposit in the Nal (Tl) detector crystal. As can be seen in Fig. 9,
the E,/Eqep ratio increases with particle energy.

The simulation showed that the power index of the “observed”
Eqep spectrum agrees within + 2% with primary spectrum embedded
in the simulation. Given this fact, the procedure for obtaining
spectra E, from the experimental values Eqep, was carried out as
follows. The experimental Eqe, Spectrum was approximated by
power function. The power index of this approximation was used
in simulation to obtain the E,/Eqep relationship. Then, two-step
correction for the reconstruction of the energy spectrum of
gamma rays E, was performed, i.e. correction for the detection
efficiency and for incomplete energy measurement according to
obtained E,/Eqe, relationship. Verification with simulated data
showed that the proposed technique provides accurate recon-
struction of the spectrum intensity in the range of indices between
—1.9 and —2.5 no worse than 20%, while for the spectral index the
accuracy is within 2%. The intensity accuracy was assessed by
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Fig. 7. Simulation results and experimental data for the neutral component at
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comparing the integral intensity of reconstructed spectrum with
total number of simulated events.

4. Gamma quanta energy spectrum of the May 15, 2013 event

Geographically, ASEC is located in a zone of active formation of
storm clouds in spring and autumn. The Nal(Tl) detectors are
continuously monitoring the fluxes of secondary cosmic rays and
increases in the count rate of the detectors have been repeatedly
observed during thunderstorms (TGE). One of these events regis-
tered on May 15, 2013 is shown in Fig. 10. It can be seen that there
is an excess of the count rate of the detectors between 12:20 p.m.
and 12:43 p.m. The average count rate at quiet time of all detectors
is calculated for the time between 11:00 a.m. and 12:00 p.m. and
equals to 1.77 x 10*min~!. In Fig. 11, dotted line shows the
average count rate.

According to the ASEC installation data [23], at the peak time
between 12:29 p.m. and 12:32 p.m., the event consists primarily
(> 90%) of gammas and therefore simulation results are applic-
able for TGEs analysis.

Fig. 11 shows the energy deposit distribution of CR flux at quiet
time (CR), during TGEs (CR+GE) and the energy deposit distribu-
tion of excess particles (TGE). The distributions are built for the
same timing parameters: CR+TGE for 4 min of event i.e. from
12:29 P.M. to 12:32 P.M.,, CR average distribution for the quiet time.
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Fig. 9. Relationship between gamma quanta energy and the energy deposit in the
Nal (TI) detector crystal.
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Fig. 12. Corrected (circles) and uncorrected (triangles) energy spectra of TGE's
gamma rays.

The average excess of count rate at the specified time is
2167 min~!, which is equal to 12% of the average. At peak time,
(12:30) excess has reached 16%.

The first step in the determination of the energy spectrum of
excess gamma rays in TGE was performed by Eq. (2). Triangles in
Fig. 12 show the distribution of the energy deposit from TGE
particles. The distribution was approximated by a power function
with an index equal to —2.0 +0.1 and intensity A=(4.06 + 0.99)
10* (m? min MeV) ~', (y*/ndf=0.49). We used the power index
—2.0 of this approximation to obtain the E,/Eqep relationship by
simulations.

The spectrum correction of the TGE gamma rays was carried
out taking into account the incomplete energy measurement in
the detector crystal according to obtained E,/Eqep relationship. The
next correction was carried out taking into account the depen-
dence of detector efficiency given in Fig. 8.

The corrected energy spectrum of gamma was approximated by
a power function with an exponent —2.09 +0.07, and intensity
A=8.0+15-10* (m? min MeV)~!, (y*/ndf=0.5). The spectrum
correction leads to a twofold intensity increase, while the slope
is the same within experimental error.

5. Summary

A network of Nal(Tl) detectors working on ASEC at Mt. Aragats
allows determining the distribution of energy loss of particles in
the crystals along with the continuous monitoring of CR. Calibra-
tion has been carried out for the purpose of correct reconstruction
of particle energy spectra from the values of the ADC channels.
Calibration was performed by comparing the simulation results of
the cosmic rays passing through the detector with experimentally
observed distributions for two depths in the atmosphere i.e.
1000 m and 3200 m above sea level. Comparison of simulations
with experimental data showed the following:

® There is good agreement between simulations results and
experimentally observed distributions for ADC channels of
Nal(Tl) detectors at two depths of the atmosphere, indicating
the correctness in the determination of the detector response.

® Eq. (2) allows the correct conversion of the measured ADC
channels in the energy deposit in the detector.

The reconstruction of gamma quanta energy has been carried
out from the measured energy deposit in the crystal detector. The
reconstruction procedure takes into account the incomplete
energy measurement in the crystal detector and its dependence
on gamma quanta energy. The results showed that spectrum
correction leads to a twofold increase in the intensity of gamma
rays with energy E < 100 MeV, while the slope is the same within
experimental error.

Approximation of the energy spectra of recorded event (TGE)
by a power function was carried out under the assumption that the
recorded fluxes consist mainly of gamma quanta.
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