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Abstract. Ground Level Enhancement (GLE) events of solar cosmic ray refer to the sudden,
sharp and short-lived enhancement of ground level energetic particles generated from solar flare.
The study of GLE events has been playing an important role in the study of solar activity and
basic physics of cosmic rays. The Large High Altitude Air Shower Observatory (LHAASO), a
multi-component instrument, is located at high altitude (4410 m a.s.l.) in Daocheng, Sichuan
province, P.R. China, with the one of the main aims to observe GLE events. The sensitivity
of LHAASO-WCDA to observe GLE events has been estimated in this paper. The minimum
flux needed for LHAASO-WCDA to observe GLE event has been calculated by using the energy
spectrum of 13 GLE events during 22 solar cycles. The result shows that LHAASO-WCDA can
observe GLE events with the energy exceeds 50, 100, 500 or 1000 GeV.
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1. Introduction

Ground Level Enhancement (GLE) [1] events of solar cosmic ray refer to the sudden, sharp and
short-lived enhancement of ground level energetic particles with energy above 450 MeV generated
from solar flare and coronal mass ejection (CME). Since Frobush [2] discovered GLE events, 72
GLE events have been recorded. The probability of occurrence of GLE events is higher during the
maximum and declining phase of the solar activity cycle [3]. Solar activity will release an amount
of high-energy particles (solar cosmic rays) during the GLE event. Among them, more than 90%
are protons, followed by alpha particles, and a small number of electrons as well as other particles.
The transport of these particles between the Sun and Earth just takes about 10 minutes, and usually
cause adverse effect on aviation, space and communications. Therefore, the study of GLE events
is not only an important sample to understand the mechanism of the generation, acceleration and
propagation of cosmic rays, but also helpful to the prediction and early warning of catastrophic
space weather.

The solar energetic particle detection during GLE events is mainly divided into direct and
indirect detection. Direct detection usually refers to measure solar energetic particles by satellite
experiments like ACE, STEREO, SOHO and GOES. As we well know that the observed capacity of
the satellite is generally in energy ranges from KeV to a few hundred MeV, so particles with higher
energies can only be detected by ground based detector. Due to the existence of the earth atmosphere,
the solar energetic particles can generate atmospheric shower by the cascade in the atmosphere [4].
Therefore, a large number of secondary particles will be produced, including hadrons, electrons,
muons and photons etc. The secondary particles, measured by using ground based detector, can
be used to infer the properties of primary solar energetic particles. Hence, based-ground detection
is an indirect detection. Common ground detections, include neutron monitors and EAS array
experiments, can detect solar energetic particles with energies above GeV. For instance, the IceTop
[5] experiment detected solar energetic particles in the energy range of 0.6-7.6 GeV during the
GLE70 event. It is also reported that the energy of the solar energetic particles is several hundred
GeV. For example, the BUST [6] experiment detected the energy of solar energetic protons with
energy above 500 GeV during the GLE42 event. Theoretical prediction has reported that the upper
limit of the energy of the solar cosmic rays released by solar activity is 3 TeV [7]. According to
the calculations [8], however, these particles could be accelerated to higher energies, 10 TeV. More
observational results are needed to verify whether the energetic solar particles in GLE events can
reach hundreds of GeV, or even TeV. The observation of GLE events is also one of the scientific aim
in the Large High Altitude Air Shower Observatory (LHAASO). Whether the LHAASO experiment
can observe high-energy GLE events, the first problem to be solved is the sensitivity estimation
of GLE events observed by the LHAASO experiment. In this work, we estimate the sensitivity of
the LHAASO-WCDA experiment to observe GLE events under different zenith angles, observation
energies and GLE time durations by using proton observational peak energy spectrum of 13 GLE
(GLE40-GLES2) events in 22 solar cycles.
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2. Calculation method of sensitivity for observing GLE events in LHAASO-WCDA
experiment

The Large High Altitude Air Shower Observatory (LHAASO), an extensive air shower (EAS)
array, is located at high altitude (4410 m a.s.l.) in Daocheng, Sichuan province. The array consists
of a 1.3 km? array (KM2A), a water Cherenkov detector array (WCDA), and 18 wide field-of-view
air Cherenkov/fluorescence telescopes (WFCTA). Among them, LHAASO-WCDA, covering an
area of ~ 78,000 m?, is located at experiment center and constituted by 3120 detector units as well
as divided into 3 separate arrays. More details of LHAASO-WCDA can be found elsewhere [9 10].
In LHAASO experiment, LHAASO-WCDA detection threshold can be as low as a few dozen GeV,
which is possible for the LHAASO experiment to study solar cosmic rays. This means that GLE
events can be observed.

The sensitivity of LHAASO-WCDA to observe GLE events refers to the minimum flux of GLE
solar energetic particles that exceeds 5 times the standard deviation (o) of background count of
LHAASO-WCDA (galactic cosmic rays, GCR). During the GLE event, the background count Ngcr
can be calculated as follows:

Emax N
Noer =T - / / ‘ (E)GCR Aer(E, 0) - dE - dQ (1)
Here, T is time duration of GLE, E.y is energy cutoff of GCR (10%° eV), A (E, 8) is WCDA’s
effective area, (fl—%)GCR is the energy spectrum of H [11] add He [12] of GCR, Q is solid angle
(dQ = sin6 - db - dy, 0 is zenith angle, ¢ is azimuth), E,, is the minimum observation energy
of LHAASO-WCDA experiment. For zenith angle 0 — 15°, 15 — 30°, 30 — 45° and 45 — 60°, the
minimum observed energy is 50, 50, 60 and 127 GeV, respectively. According to the background
count Ngcr, the minimum count Ng g required for 50 (- = VNgcr) observation of GLE events
can be calculated by

NGLE = 5 - VNgcr ()

It can also be expressed as

Er;xax dN
NgLg =T - (d_E)GLE -Ae(E, 0) - dE - dQ 3)

min

Here, Epax is energy cutoff of solar energetic particles in GLE events (Emax = 10 TeV). (%)GLE
is energy spectrum of GLE events and can be expressed as KE~¢ , where K is the normalization
constant and « is the power law index. The normalization constant can be calculated from equations
(3) when the specific value of the relevant variable (0, T, Emin, Emax, @, Ac(E, 6), NGLE) is given.
The sensitivity F is the minimum flux (507) required by LHAASO-WCDA to observe GLE events.
It can be calculated by K and equations (4).
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3. The calculation results and discussion of the sensitivity of LHAASO-WCDA in
observing GLE events

The GLE events can be observed by LAASO-WCDA when the solar energetic particle flux / in
GLE event is higher than F'. The solar energetic particle flux I of GLE events can be calculated by

Erax
I:T-// Iy-EP - dE - dQ (5)

Here, I is energy spectrum coeflicient of GLE events, £ is energy spectrum index. By extrapolating
proton average differential peak energy spectra (Io - E™# = (2.61 +0.25) - 10° - E~(3-3220.08) [;)=2
s~!sr7!GeV~!]) of 13 GLE events in 22 solar cycle at energy range from 3 to 10 GeV [13], the
average peak flux I of solar energetic particles can be given. At the same time, the sensitivity F
can be calculated by using the WCDA'’s effective area [14] and proton peak energy spectrum index
(-3.32) of 13 GLE events in 22 solar cycle. So the ability of LHAASO-WCDA to observe GLE
events can be examined with comparing the calculated results of / and F.

For high energy particles with different zenith angles, the effective areas of WCDA are different.
Figure 1 shows the sensitivity /' of LHAASO-WCDA to observe GLE events (green triangle) and
the flux 7 of solar energetic particles (blue dot) were calculated over different zenith angle ranges
(0 —15°, 15 -30°, 30 — 45°, 45 — 60°) when the lower limit of WCDA observation energy is 127
GeV. Also, the I/F (red square) with different zenith angles is plotted. These results show that
the sensitivity of LHAASO-WCDA to observe GLE events becomes terrible and //F decreases
with increasing zenith angle. When the zenith angle is up to 45 — 60°, however, the I/F is still
greater than 1. So LHAASO-WCDA can also detect GLE events over larger zenith angle ranges.
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Fig. 1. The solar energetic particle flux, sensitivity and its ratio as a fluctuation of zenith angle.

At the same zenith angle, the energy of solar energetic particles and the time duration of GLE
are also important factors to affect the ability of LHAASO-WCDA to detect GLE events. Figure 2
shows F', I and I/F as a function of the observed energy when the zenith angle is 0 — 15°. It can be
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seen that the ability of LHAASO-WCDA to detect GLE events decreases with the increase of the
observed energy. But when the observed energy is more than 1TeV, [ is 30 times than F, or even
higher. This means that LHAASO-WCDA has a very strong ability to observe GLE particles with
energy higher than TeV. In addition , dependence of F', I and I/F on the time duration are shown
in figure 3 when the zenith angle is 0 — 15° and minimum observed energy is 50 GeV. It can be seen
that the possibility of LHAASO-WCDA to observe GLE events become larger with time duration.
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Fig. 2. The solar energetic particle flux, sensitivity and its ratio as a fluctuation of observation energy.
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Fig. 3. The solar energetic particle flux, sensitivity and its ratio as a fluctuation of time duration.
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4. Conclusions

By using LHAASO-WCDA sensitivity calculation method for Observing GLE Events and
combined with the observation results of 13 GLE events in solar cycle 22, the ability of LHAASO-
WCDA to observe GLE events for different zenith angles, observed energies and GLE time duration
were analyzed in this paper. The results show that LHAASO-WCDA can observe GLE events with
energy higher than 1 TeV at zenith angle of 0 — 15°. It is worth noting that our results are obtained
by extrapolation of the energy spectrum of GLE events, this means that the energy spectrum of the
solar energetic particles remains unchanged at higher energies.
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