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Abstract. The ARGO-YBJ detector was operated for 5 years at the YangBaJing Cosmic Ray
Observatory (4300 m a. s. 1., Tibet, China). The high altitude location and the high granularity
of the "full coverage" detector (central carpet with an active area of ~ 93 %), allow a detailed
space-time reconstruction of cosmic ray showers, making ARGO-YBJ well suitable to study the
effects of thunderstorm electric field on the shower development in atmosphere. An accurate
Monte Carlo simulation has been implemented to interpret the ARGO-YBJ data. CORSIKA is
used to simulate the evolution and properties of extensive air showers in atmosphere. The G4argo
code takes into account the response of the ARGO-YBJ detector. The correlation between the
reconstructed shower event rate and the near-earth thunderstorm electric field has been studied in
detail. We found that the variation of the shower rate depends on the strength and polarity of the
electric field, and is also highly dependent on the zenith angle of the primary cosmic ray. These
results could be helpful in understanding the effects of the electric fields on cosmic rays, and
provide important information for other cosmic ray studies with ground-based detectors (such as
LHAASO).
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1. Introduction

Thunderclouds are distributed in the altitude range of 4-12 km, and the electric field strength
can be up to 2000 V/cm [1, 2]. The influence of such strong field on charged particles cannot be
ignored, so the effect of thunderstorm electric fields on cosmic ray secondary particles has always
been a hot topic in atmospheric physics. In 1924, Wilson et al. [3] first suggested that strong
electric fields could accelerate electrons to high energy. In 1992, Gurevich et al. [4] proposed
an initial theory in which a "runaway" electron avalanche could cause dielectric breakdowns. In
this mechanism, the electric field could accelerate electrons and if the energy is high enough, the
electrons may become runaway and ionize the atmosphere molecules, giving rise to an avalanche
process. Subsequently Babich et al. [S] and Marshall et al. [6] developed the theory now commonly
referred to as "relativistic runaway electron avalanche" (RREA).

For decades, scientists have carried out many high altitude cosmic rays observations to detect
the thunderstorm ground enhancement (TGE). In 1985, Alexeenko et al. [7] first found that the
variation of the secondary cosmic ray flux was associated to the atmospheric electric field. Sub-
sequently many TGEs were detected by ground-based experiments, such as EAS-TOP [8], ASEC
[9], ARGO-YBJ [10], ASy [11], Mount Norikura [12]. These results showed that TGEs were cor-
related to thunderstorm electric fields, even if the possibility of other additional factors could not
be completely excluded. At the same time, Monte Carlo simulations were performed to study the
field effects on shower electrons. For example, Dwyer [13] and Symbalisty et al. [14] studied the
threshold of the electric field strength (E¢,) for RREA process and found that the value of Eg, was
dependent on the altitude.

The effect of atmospheric electric fields on secondary muons was also investigated. By using
the Neutron Detector at Yangbajing, Wang et al. [15] found that the muons counting rate had no
obvious correlations with the field, while Alexeenko et al. [16] observed a decrease of muons
intensity during thunderstorms.

Interesting data were recently presented by Bartoli et al. [17], who observed a decrease in the
single particle counting rate of the ARGO-YBJ detector in positive electric fields and small-scale
enhancements in negative fields. Here, we define the positive electric field as one that accelerates
positrons downward in the direction of the earth. By using simulations, a reasonable explanation
of the phenomenon was given in their work.

During thunderstorms, the secondary charged particles in extensive air shower (EAS) are ac-
celerated or decelerated according to their charge. The arrival time of shower particles in the de-
tector, their position, their energy and flux will be modified by the field, producing variations in the
detection rate. In this work, we performed Monte Carlo simulations by using the CORSIKA code
to study the effect of near-earth thunderstorm electric fields on the intensity of the shower events
detected by ARGO-YBJ. Our results may provide important information for physical analysis of
the Large High Altitude Air Shower Observatory (LHAASO) [18] or other ground-based cosmic
ray observatories.

2. The ARGO-YBJ experiment

The ARGO-YBIJ experiment [19] was a fully covered ground EAS array located at the Yang-
bajing (YBJ) Cosmic Ray Observatory in Tibet, China, at an altitude of 4300 m above the sea level,
corresponding to a vertical atmospheric depth of 606 g/cm?. The detector is composed of a single
layer of Resistive Plate Chambers (RPCs). The whole array consists of 154 unit named "clusters”
of size 5.7 x 7.6 m? as shown in Fig. 1. Each cluster is made of 12 RPCs and each RPC is read
out using 10 Pads (56 x 62 cm? each). The array is composed of a central full-coverage carpet
(130 clusters covering an area of 77.85 x 74.49 m?) and an outer guard-ring (24 clusters reach-
ing the area 111.26 x 99.04 m?). The ARGO-YBJ detector is connected to two data acquisition
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systems, corresponding to the scaler and shower operation modes, which work independently. In
scaler mode, the counting rate of each cluster is measured every 0.5 s [20, 21]. In shower mode, the
detector is triggered when at least 20 pads in the central carpet are fired in a time window of 420
ns. The arrival time and location of each hit are recorded to reconstruct the shower front shape, the
primary energy and the arrival direction [22].

During several thunderstorms, the rate of reconstructed shower has shown significant varia-
tions. In this work, Monte Carlo simulation has been performed to study the correlation between
the flux variation of reconstructed showers and the near-earth thunderstorm electric field.
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Fig. 1: ARGO-YBJ detector layout.

3. Simulation paratmeters

CORSIKA (COsmic Ray SImulations for KAscade) is a detailed Monte Carlo program to
study the evolution and properties of extensive air showers in the atmosphere initiated by photons,
protons, or nuclei of energies up to 10!'7eV [23]. The code of CORSIKA 7.5700, which takes into
account the effect of the electric field on the transport of electrons and positrons, was used in this
simulation work. The selected hadronic interaction models are QGSJETII-04 for high energy and
GHEISHA for low energy events. We assume an electric field length of 1000 m, extending from the
detector level, 4300 m, up to 5300 m (i.e. from atmospheric depth 606 g/cm? to 531 g/cm?). The
electric field intensity is chosen as a series of values in the range from -1000 to 1000 V/cm. Taking
into account the energy threshold of the ARGO-YBIJ detector [22], protons showers with energy
range from 100 GeV to 1 PeV are selected as primary particles in the simulation, with a power law
spectrum with index o =-2.7. We consider protons with zenith angle in the interval from 0° to 60°.
The energy cutoff for secondary particles is set to 0.1 MeV, i.e. positrons and electrons with energy
below this value are discarded from the simulation. The number of simulated showers is 2 x 10%.

To simulate the transport of particles in the detector we used the G4argo code, a GEANT4-
based simulation package developed for the ARGO-YBJ detector [24]. In this simulation, the
sampling area is set to 400 x 400 m”. To increase the statistics of events, each shower arriving at
the detector is sampled 100 times.
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4. Simulation results

4.1 The electric field effects on the rate of reconstructed shower events

The correlation between the electric field strength and the rate of reconstructed shower events
detected by ARGO-YBJ was simulated. Fig. 2 shows the percent variation of shower events for
different electric field values. In negative fields (accelerating electrons), the event rate increases as
the field strength increases, with an enhancement up to 26.3% for fields of -1000 V/cm. In positive
fields (accelerating positrons), if the electric field strength is greater than 700 V/cm, the event
number increases with increasing field with an enhancement up to 4.2% in field of 1000 V/cm.
On the contrary, the number of events is reduced in the field range 0 - 700 V/cm with a maximum
variation of -1.3%.
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Fig. 2: Percent variation of the number of reconstructed showers as a function of the electric field in ARGO-
YBJ. The inset shows an enlarged view of the field range where the shower number is reduced.

To understand the rate variation shown in Fig. 2, it is useful to study the energy distributions
of electrons and positrons, since the effect is due to the difference in the number and energy of
electrons and positrons in the shower. This mechanism has been fully described in our previous
works, where the variations of single particle rates in ARGO-YBJ were analyzed and successfully
explained [17, 21]. According to the Bethe theory [25], the drag force increases with increasing
energy when the positron/electron energy is larger than ~1 MeV. This means that the electric field
has a larger effect on charged particles with smaller energy. The number of electrons at YBJ is
in average 1.7 times larger than that of positrons. Fig. 3 shows the ratio of electrons to positrons
(N,-/N.+) with different energy. The ratio becomes larger with decreasing energy. The energy
distribution of positrons and electrons in absence of electric field is shown in Fig. 4. In the energy
region 1-18 MeV, the proportion of electrons (i.e. the ratio of electrons in a certain energy region to
the total number of electrons) is larger than that of positrons. The phenomenon is reversed in higher
energy regions. Since positrons have a larger energy than electrons and are in a smaller number,
the increase of positrons cannot compensate for the decrease of electrons in positive fields when
the field strength is smaller than 700 V/cm, and so a reduction of the total number of electrons and
positrons occurs. ARGO-YBJ detects electrons and positrons. So it is easy to understand the rate
variations shown in Fig. 2, and in particular the decrease phenomenon in the field range 0 - 700
V/cm.



The intensity variation of the shower events detected by ARGO-YBJ during thunderstorm Xunxiu Zhou

Ratio: Ne/Ne*
o
Percent of particle number(%)

. . 0.001 . .
10 100 1000 10 100 1000

Energy (MeV) Energy (MeV)
Fig. 3: Ratios of electrons to positrons as a func- Fig. 4: Percent distributions of electrons and
tion of energy in absence of electric field. positrons as a function of energy in absence of

electric field.

4.2 The field effects on the reconstructed events with different primary zenith angles

The thickness of the atmospheric layer varies with the zenith angles of the primary particle,
so the field effects on the secondary charged particles is different. Fig. 5 describes the percentage
variations of the reconstructed shower rate as a function of the primary zenith angle in a field
strength of -1000 V/cm and 1000 V/cm. In a field of -1000 V/cm, the number of events increases,
and the enhancement amplitude decreases with increasing zenith angle. For zenith angle of 5° and
55°, the increase is 30.6% and 8.7%, respectively. In a field of 1000 V/cm, the number of showers
increases for 6 < 40°,but decreases for 8 > 40°. The variation is 8.0% for = 5° and -8.6% for
0 = 55°. From Fig. 5, we can see that the percent variation of reconstructed showers is strongly
dependent on the primary zenith angle and the polarity of the electric field.

Fig. 6 shows the variation of the number of reconstructed showers with different primary
zenith angles in different fields. We can see that the variation is correlated with the polarity and
strength of the electric field, and it is also highly dependent on the zenith angle of the primary
particle. In negative field, the number increases as the field strength increases, and the enhancement
becomes larger at smaller zenith angles. In positive fields, if 8 > 40°, the number of showers
decreases for any field strength. If 6 < 40°, the number of showers decreases in field of strength 0
- 700 V/cm, but increases when the field is above 700 V/cm.

To understand this phenomenon, we simulate and study the field effect on the lateral distri-
bution of secondary positrons and electrons at YBJ. We found that the lateral distribution widens
during thunderstorms and this effect increases with zenith angle. The variation of the lateral dis-
tribution, combined with the finite size of the detector, produces the effects shown in Fig. 5 and 6
(see [26] for further details).

4.3 The field effects on the reconstructed shower events with different N4

Npad (pad-multiplicity) is the number of fired pads of the shower event recorded by the detector.
Fig. 7 shows the variation of the number of reconstructed showers as a function of Np,q in a field
with strength 1000 V/cm. We can see that the effect is almost independent from N, i.€. the rate
of small showers and large showers vary in a similar way. The differences in variation are less than
1.8% for fields of -1000 V/cm and 0.4% for fields of 1000 V/cm.

The same result is shown in Fig. 8, where the variations of the number of showers with dif-
ferent Nyaq as a function of electric field are presented. For different Np,q, the variation amplitudes
are almost the same.
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Fig. 5: Percent variation of reconstructed showers as a function of the primary zenith angle for electric field
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Fig. 7: Percent variation of reconstructed showers as a function of N4 for electric field of 1000 V/cm.
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Fig. 8: Percent variation of reconstructed showers as a function of the field, for different values of Np,q.

5. Conclusions

Monte Carlo simulations have been performed to study the effect of thunderstorm electric
fields on the rate of reconstructed showers detected by ARGO-YBJ. The number of events increases
or decreases according to the field strength and polarity. In negative fields, the number of events
increases with the electric field strength, with an amplitude up to 26.3% in field of -1000 V/cm. In
positive fields, if the field strength is greater than 700 V/cm, the number of showers increases with
a variation reaching 4.2% for fields of 1000 V/cm, while the number of showers decreases in the
field range 0 - 700 V/cm, with a maximum amplitude of -1.3%.

We also study the variations of the rate of reconstructed showers with different Vp,q and zenith
angles. The results show that the correlation between the rate variation and Np,q is not obvious.
Instead, the rate variations are highly dependent on the primary zenith angle. With smaller zenith
angles, the rate increase becomes larger in negative fields. In positive fields, the decrease becomes
larger with higher zenith angles.

A similar rate increase/decrease, depending on the field strength and polarity, was indeed
observed in the ARGO-YBJ single particle data and explained with the same mechanism [17].
The agreement between our previous analysis and simulations makes us confident that the EAS
variations could also be due to the same effect. The analysis of EAS ARGO-YBJ data is currently
in progress.

These results could be helpful to understand the phenomenon detected by ground-based exper-
iments during thunderstorms, and useful to study the acceleration mechanism of secondary charged
particles caused by atmospheric electric field.
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