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Abstract: A sub-array of the Large High Altitude Air Shower Observatory (LHAASO), KM2A
contains 5216 electromagnetic particle detectors (EDs) and 1188 muon detectors (MDs). For
each shower event that meets the trigger conditions (at least 20 fired EDs within a time window
of 400 ns) in KM2A array, there are many signals from ED and MD detectors. The information
on the arrival time and location of each signal are recorded, and the ED hits are used for shower
reconstruction. Due to the acceleration and deflection by the atmospheric electric field (AEF)
during a thunderstorm, the arrival time and position of the ground-level particles are modified,
resulting in the changes in the inferred shower detection. To understand the shower event
variation during thunderstorms, the particle arrival time is studied by analyzing the KM2A data.
We can measure the distribution of changes of arrival time in the thunderstorm electric field.
The variation amplitude is not only dependent on the AEF, but also highly correlated with the
direction of the shower event. With the increase of the AEF strength and the zenith angle, the
variation in amplitude of the arrival time becomes larger. Our results are useful in understanding
the variation of shower rate detected by LHAASO-KM?2A, and will also provide important
information for shower reconstruction during thunderstorms.
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1. Introduction

Various particle accelerators operate in the cosmic plasma, filling the galaxy with high-energy
particles (primary cosmic rays). Upon entry into the atmosphere, these particles undergo sig-
nificant interaction with atomic nuclei, producing a large number of secondaries by hadron and
electromagnetic cascades. Thunderstorms are common convective weather events accompanied by
intense lightning discharges, strong winds and heavy rain [1]. Zhang et al. [2] have developed a
charge model that predicts the electric field generated by thundercloud charges through theoretical
calculations and simulations. Compared to the electric field strength (<10 V/cm) in fair weather
[3], the electric field strength during thunderstorms can be up to 1000 V/cm or even higher [4, 5],
and the secondary charged particles of extensive air showers (EAS) are accelerated and deflected
by the field, causing the variations in secondary particles measured at ground-level.

Alexeenko et al. [6] found that the flux variation of cosmic rays is related to the intensity of
the AEF during thunderstorms, which has also been studied in several ground-based experiments
during long-term observations [7-9]. In addition, a few articles have studied the effect of the electric
fields on the energy of secondary particles, and found that the energy spectrum is softened in the
presence of the field [10-12]. Axikegu et al. [13] simulated the variation in the lateral density of
secondary positrons and electrons, and found that the lateral distribution becomes wider. Due to the
acceleration and deflection in the electric field, the arrival time distribution of secondary particles
will also change during thunderstorms. However, there are few studies on this topic.

In this study, data of the shower mode detected by LHAASO-KM2A are analyzed. In the
shower mode, the trigger logic requires at least 20 EDs to be fired within a time window of 400 ns.
Notably, any changes of secondary particle arrival time will invariably affect the particle number
within the aforementioned time window. As a result, the selection of shower events that meet the
trigger condition could be modified. The purpose of this paper is to study the effects of thunderstorm
electric fields on the arrival times of secondary particles detected by LHAASO-KM2A.

2. The LHAASO-KM2A experiment

Located on Mt. Haizi in Daocheng, Sichuan Province, P.R. China, LHAASO consists of four
sub-arrays, KM2A, WCDA, WFCTA and ENDA [14]. LHAASO will operate for more than 10
years under severe environmental conditions. The signal attenuation is required to be less than 20%
in 10 years due to detector aging. As the main part of LHAASO, KM2A contains 5216 EDs and
1188 MDs (as shown in Fig. 1). To study the cosmic ray variations during thunderstorms, two AEF
monitors (Boltek EFM-100) were installed at the LHAASO site. One was located on the roof of the
WCDA-2 building (here, we call it EFM-1), and the dynamic range of the AEF measurement was
from —270 to 270 V/cm [15]. Another one was mounted flush with the surface of the ground (here,
we call it EFM-2), with a saturation value of £1000 V/cm. The positions of EFM-1 and EFM-2 at
the LHAASO site are also shown in Fig. 1.

3. Data selection and observation results

The evolution of the lateral spread and energies of secondary particles in an EAS is influenced
by the acceleration and deflection in the electric field, as evidenced by various studies [12,13,16].
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Fig. 1. Layout of LHAASO-KM2A.

That means the time information of the secondary particles will also change. The space-time
information can be used to reconstruct the direction of the shower [17]. By using the arrival
time distribution of secondary particles in an EAS, Rasterizer et al [18] presented a method to
discriminate the mass and energy of primary cosmic rays. So it’s useful to study the distribution of
secondary particle arrival times.

3.1 The arrival time of secondary particles detected by LHAASO-KM2A

In the LHAASO-KM?2A experiment, for each shower event that satisfies the trigger condition,
the trigger time is set at 0, and the data acquisition system (DAQ) records all hits within 5000 ns
before or after the trigger time. These hits contain secondary particles in the EAS, as well as detector
noise. Fig. 2(a) shows the distribution of secondary particle arrival time for one shower event in
fair weather. We can see that the secondary particles are mainly concentrated within hundreds of
nanoseconds after the trigger time, while the noise is randomly distributed over the entire 10 us.
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Fig. 2. Arrival time of ground-level particles from one shower event (a) and the average arrival time
distribution per shower event (b) in fair weather.
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In order to clearly measure the arrival time distribution of secondary particles, many shower
data in fair weather are analyzed. Fig. 2(b) shows the average distribution per shower event. We
can see that the arrival time of ground-level particles are not random, but show a clear pattern.
From -5000 to -1000 ns, the particle number remains essentially stable. From the trigger time, the
number increases sharply, reaching a maximum value before 400 ns, and then decreasing rapidly.
After 3000 ns, the particle number remains stable again.

3.2 The arrival time variation during thunderstorms

For the thunderstorm that occurred on February 2, 2022 (here, we call it Thunderstorm
20220202), the specific information of AEF variation is presented in Fig. 3. Thunderstorm
20220202 lasted for more than 30 minutes (from 12:00 to 12:36 UT), with a maximum electric
field strength more than 400 V/cm. We define the period 11:00-11:50 UT before Thunderstorm
20220202 as fair weather.
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Fig. 3. Variation in the near-earth AEF during Thunderstorm 20220202.

Fig. 4 shows the arrival time distribution of a typical shower event during Thunderstorm
20220202. We find that the time distribution appears to be wider.
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Fig. 4. Arrival time of ground-level particles from one shower event in thunderstorm weather.
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Fig. 5(a) shows the particle number as a function of arrival time during Thunderstorm
20220202 and in fair weather. Compared to the results in fair weather, the percent variation of par-
ticle number is shown in Fig. 5(b). It can be seen that the number increases during thunderstorms,
especially for the arrival time larger than 400 ns, with a maximum value of about 8% at 800 ns. As
a result, the triggered shower rate increases in strong electric fields.
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Fig. 5. Arrival time distribution (a) and percent variation (b) during Thunderstorm 20220202.

To better characterize the arrival time variation, the time distributions are normalized, as shown
in Fig. 6(a). We can see that the arrival time distribution widens during Thunderstorm 20220202.
For a better presentation of the results, the percent variations are shown in Fig. 6(b). When the
arrival time is less than 550 ns, the percentage of particles decreases, with a maximum decrease of
about -4.5%, otherwise the percentage of particles increases and the variation can be up to 2.1%.
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Fig. 6. Normalized arrival time distribution (a) and percent variation (b) during thunderstorms during
Thunderstorm 20220202.

3.3 The AEF dependence of the arrival time variation

From above, we can see that the arrival time distribution widens during Thunderstorm
20220202. To study the relationship between the arrival time variation and the electric field
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strength, another thunderstorm that occurred on 7 June 2022 (called Thunderstorm 20220607 as
shown in Fig. 7) is analyzed. This lasted for about two hours, with field strength exceeding 360
V/cm.
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Fig. 7. Variation in the near-earth AEF during Thunderstorm 20220607.

We analyze the arrival time variations of secondary particles in different AEF strength ranges
during Thunderstrom 20220607. Fig. 8(a) shows the normalized time distributions, and Fig. 8(b)
shows the percentage variation of the particle arrival time. As shown in Fig. 8, near the trigger time
region (less than 510 ns), the percentages of particles all decrease, and the decreasing amplitude
increases with the AEF strength. However, the percentage of particles increases far from the trigger
time, and the augmented magnitude is directly proportional to the intensity of the AEF. As the
strength of the AEF intensities, the distribution of arrival time proportionally widens.
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Fig. 8. Aurrival time distribution (a) and percent variation (b) in different AEF strength ranges during
Thunderstorm 20220607.
3.4 The zenith angle dependence of the arrival time variation

The AEFs have different effects on cosmic rays with different directions [13]. In this work, we
study the variation of arrival time from different zenith angle ranges during thunderstorms. Firstly,
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the arrival time distributions in fair weather are analyzed, as shown in Fig. 9(a). It can be seen that
the normalized arrival time distribution widens significantly with increasing zenith angle.
Compared with the results in fair weather, the percentage variations of the arrival time
distributions in different zenith angle ranges during Thunderstorm 20220607 are shown in Fig.
9(b). The arrival time variations are found to be strongly dependent on the primary zenith angle.
During the thunderstorm, near the trigger time region, the particle percentages decrease in all zenith
angle ranges, and the decrease in amplitude increases with the zenith angle. Far from the trigger
time, the opposite situation occurs, the particle percentages increase, and the amplitude increases
with the zenith angle. As a result, the variation amplitude of the arrival time distribution becomes
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Fig. 9. Arrival time distribution (a) and percent variation (b) in different zenith angle ranges during
Thunderstorm 20220607.

4. Summary

In this work, we have studied the arrival time distribution of the secondary particles in EAS
detected by LHAASO-KM2A. Thunderstorm 20220202 and Thunderstorm 20220607 are chosen
as typical examples. During thunderstorms, we can see that the arrival time distribution becomes
wider, and the variation amplitude is dependent on the AEF strength and zenith angle. The arrival
time distribution widens with the increase of the AEF strength, and the variation amplitude increases
with the zenith angle.

Thunderstorm electric fields can widen the arrival time distribution. With the increase of AEF
strength and zenith angle, the percentage of particles from the EAS decreases within a time window
of 400 ns. As a result, the triggered shower rate and the shower reconstruction could be changed.
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