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Abstract The high-altitude detection of astronomical

radiation (HADAR) experiment is a new Cherenkov

observation technique with a wide field of view (FoV),

aimed at observing the prompt emissions of c-ray bursts

(GRBs). The bottleneck for this type of experiment can be

found in determining how to reject the high rate of night-

sky background (NSB) noise from random stars. In this

work, we propose a novel method for rejecting noise,

which considers the spatial properties of GRBs and the

temporal characteristics of Cherenkov radiation. In space

coordinates, the map between the celestial sphere and the

fired photomultiplier tubes (PMTs) on the telescope’s

camera can be expressed as f ðdði; jÞÞ ¼ d0ði0; j0Þ, which

means that a limited number of PMTs is selected from one

direction. On the temporal scale, a 20-ns time window was

selected based on the knowledge of Cherenkov radiation.

This allowed integration of the NSB for a short time

interval. Consequently, the angular resolution and effective

area at 100 GeV in the HADAR experiment were obtained

as 0.2� and 104 m2, respectively. This method can be

applied to all wide-FoV experiments.

Keywords IACTs � Wide field of view (FoV) � c-ray
burst � Cherenkov radiation

1 Introduction

c-ray bursts (GRBs) are a phenomenon in which gamma

rays from the depths of the universe suddenly increase on a

short-time scale; they are the most violent explosion phe-

nomenon after the Big Bang. Theoretically, the prompt

emission of the GRB is generated by the energy dissipation

process inside the relativistic jet, whereas the multi-band

afterglow emission is generated by the external shock

caused by the collision between the relativistic jet and the

external medium. Therefore, gamma bursts are used to

study the emergence of compact celestial bodies (black

holes with constant star mass and neutron stars), gravita-

tional wave radiation, relativistic shock waves, extremely

high-energy cosmic rays, high-energy neutrinos, and other

extreme objects in astronomical laboratories for scientific

phenomena and high-precision testing of basic physical

principles; they are also important probes for early universe

star formation and evolution, high-redshift galaxies, and

high-redshift cosmology.

The first c-ray burst (GRB) was discovered by the Vela

U.S. military satellites in 1967 and was recognized early as

being of extrasolar origin [1]. A bimodal structure (first
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reported in [2]) in the duration distribution of GRBs was

detected by the Burst and Transient Source Experiment

(BATSE) onboard the Compton Gamma Ray Observatory

(CGRO) [3], based on which GRBs are currently com-

monly classified as short (with a duration T90 \ 2 s,

SGRBs) and long (with T90 [ 2 s, LGRBs) [4]. BATSE

observations have also confirmed that GRBs have an iso-

tropic angular distribution in the sky [3, 5–8]. GRB970508,

with0.835\z B 2.3, was placed at a cosmological distance

of at least 2.9 Gpc, which was later corroborated by the first

redshift measurement [9]. Subsequently, the progenitors of

LGRBs were associated with supernovae (SNe) [10–14]

related to the collapse of massive stars. The first direct

detection of gravitational waves (GWs) by the Laser-

Interferometer Gravitational-Wave Observatory, termed

GW150914, was interpreted as a merger of two stellar-

mass black holes (BHs) with masses and was, by itself, a

discovery of prime importance [15]. It became especially

interesting in light of the discovery of a weak transient

source lasting 1 s in [16] and detected by Fermi/GBM

[17] only 0.4 s after the GW150914 (termed GW150914-

GBM). The highest-energy GRB photon ever recorded by

Fermi-LAT thus far had been emitted by GRB 130427A in

the early afterglow phase and had an energy of 95 GeV

(128 GeV in the rest frame during a redshift z ¼ 0:34)

[18]. While LAT-detected GRBs commonly exhibit photon

energies of a few hundred MeV, higher energies are rela-

tively rare. Although satellite experiments have provided a

vast number of exciting results, they are limited by their

effective areas and have difficulty detecting higher-energy

photons in the prompt emissions of GRBs.

Recently, sub-TeV energy c rays were successfully

observed by the Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) and High Energy Stereoscopic Sys-

tem (H.E.S.S.) telescopes approximately 1 min after the

GRB 190114C burst and 10 h after the end of the prompt-

emission phase of GRB 180720B [19–21]. These events

were unique, as researchers were able to observe them for

the first time in afterglow emission photons with sub-TeV

energies. Soon thereafter, the H.E.S.S. collaboration

announced the detection of photons with energies up to 4

TeV high from GRB 190829A between 4 h and 56 h after

the trigger [22]. Additionally, MAGIC reported the

detection of hundreds of GeV c-ray emissions from GRB

201216C in the afterglow phase [23]. Along with GRB

160821B and GRB 201015A, from which over 100 GeV of

emissions at the � 3r level have been reported [24, 25],

six GRBs have been reported with VHE afterglow emis-

sions. Imaging atmospheric Cherenkov telescopes (IACTs)

have been making great progress in the observations of

VHE emissions in the afterglow phase. However, it is

challenging for IACTs to conduct prompt-phase observa-

tion. They have a narrow field of view (FoV) and need to

slew because a GRB does not typically enter their FoV

within the first seconds of the prompt phase occurring, even

if they have larger effective areas (unless the GRB occurs

in their FoV, which has a very small probability).

Traditional extended air shower (EAS) experiments, for

example, the High-Altitude Water Cherenkov Observa-

tory [26] and the Large High Altitude Air Shower Obser-

vatory [27], which have wide FoVs, high duty cycles, and

large effective areas, have not yet detected GRBs. In

general, the energy thresholds of the EAS experiments are

also higher than those of the IACT experiments.

The detection of high-energy photons in the prompt

phase of the GRB is conducive to understanding the

acceleration mechanisms and energetics because it con-

strains the progenitors, jet feeding mechanism, and extra-

galactic background light (EBL)-induced absorption of

high-energy photons, which limits the Lorentz invariance

violation (LIV). Therefore, it is important to search for

prompt VHE emissions from GRBs using ground-based

instruments that can achieve excellent sensitivity and a

low-energy threshold over a wide FoV. The high-altitude

detection of astronomical radiation (HADAR) experiment

is a new observation instrument that uses a large-dimen-

sional refractive water lens as a light collector to observe

Cherenkov light induced by VHE cosmic rays (CRs) and c
rays in the atmosphere. In 2016, a prototype experiment

was conducted and was successfully operated at the

Yangbajing Observatory (4300 m above sea level, 90:522�

E, 30:102� N, 606 g/cm2) in Tibet, China. Cosmic rays

were successfully detected. More detailed information is

available in [28, 29].

However, the bottleneck in wide-FoV Cherenkov tech-

nology is caused by the high rate of night-sky background

(NSB) noise from random stars overwhelming the Cher-

enkov light signal from a GRB. Consequently, images of

air showers recorded by telescopes are indistinguishable,

and the fitting of a Hillas ellipse with the fired photomul-

tiplier tubes (PMTs) on the camera, a critical step in event

reconstruction, cannot be precisely performed. In this

study, we propose a novel method that considers the spatial

properties of GRBs and the temporal characteristics of

Cherenkov radiation to reject NSB noise.

The remainder of this paper is organized as follows.

Section 2 describes the HADAR experiment in detail.

Section 3 presents a novel trigger method for wide-view

IACT experiments, and Sect. 4 includes the results of the

novel trigger method. Section 5 presents the conclusions of

the study.
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2 Imaging atmospheric Cherenkov technique
and the HADAR experiment

2.1 Imaging atmospheric Cherenkov technique

(IACT)

Cherenkov radiation is produced when an energetically

charged particle moves through a dielectric medium at a

velocity higher than the speed of light. The electric field of

the particle polarizes the adjacent molecules in the med-

ium. Once the particle has passed, the molecules return to

their original dipole configuration by releasing a brief pulse

of continuum electromagnetic radiation that peaks at the

UV and blue wavelengths.

The radiation fans out in the shape of a cone along the

direction of the particle’s path. The emission of molecules

in the wake of the particle interferes constructively via the

Huygens-Fresnel principle. The opening angle of this cone

for a medium with refractive index n is given by

cos hC ¼
ðcnÞt
vst

¼ c

nvs
; ð1Þ

where angle hC is known as the Cherenkov angle, vs is the

speed of the particle, and c is the speed of light in a

vacuum.

The change in the refractive index n as a function of

atmospheric depth means that the light pool at the ground

level takes the shape of a flattened disk or pancake. When a

c-ray above 1.022 MeV (2Mec
2) interacts with the nucleus

of an oxygen or nitrogen atom in the upper atmosphere, it

spontaneously produces electron-positron pairs. Conserva-

tion of momentum dictates that these particles travel close

to the incident direction of the c-ray at nearly the speed of

light, thereby producing Cherenkov radiation in their wake

above the threshold energy. c rays are not the only sources

of particle showers in the atmosphere. Cosmic rays that

pass through the atmosphere also induce extensive air

showers (EASs).

The method for imaging Cherenkov radiation in the

atmosphere consists of a large optical collection dish

comprising tessellated mirror facets focused onto a multi-

pixel camera box. The pixels contain PMTs that can reg-

ister single photons with a time resolution comparable to

that of Cherenkov flash (a few nanoseconds). The PMTs

and their associated back-end electronics record images of

the air shower as a signal above the ambient night-sky

background in real time as it progresses; when the radiation

reaches the ground, its intensity is quite faint, only 100

photons/m2 originating from a 1 TeV c ray; therefore,

multiple imaging atmospheric Cherenkov telescopes

(IACTs) are often evenly distributed around a site to

maximize the effective area of the array.

2.2 HADAR experiment

The HADAR instrument was configured with four

water-lens telescopes that employed the imaging atmo-

spheric Cherenkov technique, whose main task is to mea-

sure Cherenkov light induced by 10 GeV to 100 TeV CRs

and c rays in the atmosphere. The four water-lens tele-

scopes were square-shaped with a side length of 100 m.

The side length was selected because the Cherenkov light

pool generally has a radius of approximately 125 m [30].

To perform joint observations, plastic scintillation detec-

tors of the Yangbajing hybrid array were added to the

telescope system. A water-lens telescope consists mainly of

an acrylic spherical cap lens with a diameter of 5 m, a

cylindrical tank with a radius of 4 m and a height of 7 m,

and a camera with an array of 18961 PMTs with 5 cm

diameters. The steel tank, containing an absorption layer in

the inside wall and a thermal insulation material coated on

the outer wall, is filled with purified water to reflect radi-

ation emissions to the PMTs. The PMTs are placed in the

focal plane of the lens and arranged as a series of con-

centric ring matrices supported by a stainless steel space

frame. The details of the profile structure of a water-lens

telescope and the instrument layout can be found in [31].

Focal length (FL) is one of the most important param-

eters of a lens. The value of the FL measured by ZEMAX

was Fexp ¼ 690� 1:5 cm [32]. The parameters used in

the ZEMAX simulation were the same as the geometric

parameters of the lens. Thus, the focal ratio

N ¼ F=U ¼ 1:38. As a pathfinder experiment, the HADAR

was designed to explore the processing technique of a wide

FoV water lens. Hence, we chose a commercial material,

acrylic, as the shell of the prototype water lens instead of

high-UV-transparent materials. The absorption of acrylic

and purified water can be ignored in the water-lens optical

system at wavelengths between 400 nm and 500 nm.

Because the camera did not occlude the lens, the telescope

could obtain a wide FoV for observation. The camera was

designed on a curved surface to ensure that the light inci-

dent at a large angle could be clearly focused. The light

parallel to the main optical axis of the telescope at 0-30�

was well focused.

3 Trigger algorithm

GRB jets are usually unresolved and are viewed as point

sources by instruments that are observational rather than

intrinsic. This is because of their intrinsically small size,

especially at early times, and their cosmological distances,

which result in very small angular sizes [33]. Therefore,

the GRB signal exhibits spatial characteristics. The main

123

A novel trigger algorithm for wide-field-of-view imaging... Page 3 of 7 25



high-rate noise is NSB noise, which is emitted from ran-

dom stars because IACTs can only make observations on

clear and moonless nights. In contrast, NSB is isotropic and

has no spatial characteristics.

Generally, H.E.S.S. or MAGIC telescopes are equipped

with a large optical reflecting dish. These telescopes must

rotate with the gamma source when they make scientific

observations because they have a narrow FoV. However,

owing to the small FoV, the night sky background noise

received by the mirror is significantly lesser. After a simple

cut on pixels (e.g., image cleaning), a clearer Cherenkov

image caused by CR or c rays can be obtained on the

camera. However, this trigger method cannot be directly

applied to experiments with a wide FoV, such as the

HADAR. Because HADAR telescopes have a wide FoV,

this introduces a significant amount of NSB noise. The

challenge for the HADAR experiment is determining how

to reject the high rate of NSB noise from random stars. For

high-energy events, the effect of the NSB noise can be

ignored because high-energy events generate many Cher-

enkov photons. The signal is not overwhelmed by the

noise. However, low-energy events do not generate as

many photons as high-energy events. It is difficult to dis-

tinguish which PMTs have been triggered by noise, and

which have been triggered by Cherenkov photons. Clear

images cannot be obtained. Therefore, to make better sci-

entific observations using HADAR, we improved the trig-

ger method.

As shown in Fig. 1, on a clear and moonless night, a

GRB appeared at dði; jÞ on the celestial sphere, which was

in the FoV of the HADAR experiment. High-energy c rays
from the GRB entered and interacted with the Earth’s

atmosphere. They produced a large number of electron–

positron pairs with enormous velocities. When electron–

positron pairs travel faster than light in the Earth’s atmo-

sphere, their passage causes a brief flash of light: Cher-

enkov light. The photons from the Cherenkov radiation

were collected by the lens and focused on by the camera

(this was the signal of interest). Simultaneously, the pho-

tons from the random stars also entered the lens and were

recorded by the camera (this was the main noise). At low

energy, the crucial signals from the GRB were submerged

by NSB noise.

The trigger algorithm used by HADAR was as follows:

(1) one PMT was fired if � 9 photoelectrons were col-

lected by the PMT within the time window; (2) if the

number of adjacent triggered PMTs on the camera was

n� 3, a telescope was considered to be triggered; (3) an

event was recorded if � 2 telescopes were triggered in a

time window of 20 ns (to reconstruct the event); (4) a 10 �
10 PMT matrix was selected from the camera with adjacent

triggered PMTs as the center. Subsequently, all fired PMTs

in the matrix were used to fit the Hillas ellipse (a key step

for event reconstruction). The area enclosed by the ellipse

is denoted as d0ði0; j0Þ. Other PMTs outside the matrix were

masked to reduce the trigger rate of the NSB noise. As

previously mentioned, GRBs have distinct spatial proper-

ties. Therefore, to perform detection even at low energies, a

map between dði; jÞ, the position of the GRB on the

celestial sphere, and d0ði0; j0Þ, where the signals were large

and concentrated on the camera, could be constructed as

follows: f ðdði; jÞÞ ¼ d0ði0; j0Þ. This implies that a limited

number of PMTs were selected from one direction.

Because the atmospheric index of refraction was very

close to 1, the Cherenkov light almost kept pace with

radiating charged particles. Near the edge of the ‘‘light

pool’’, most of the light from the c ray shower arrived

within 2 ns. Thus, a very short temporal window was

possible, allowing for suppression of the dominant NSB.

The number of background photons is given as follows:

nph ¼ BAXns; ð2Þ

where B is 557m�2sr�1ns�1, A is the mirror area (in this

study, A 	 43m2), X is the solid angle corresponding to

each PMT (X 	 1:6� 10�4 sr), n is the photocathode

quantum efficiency, and s is the integration time of 	 20

ns. The number of Cherenkov photons is given as follows:

Nph ¼ NAn; ð3Þ

where N is the number of Cherenkov photons per m�2

inside the solid angle X at a given distance from the shower

axis. In the integration temporal window of s ¼ 20 ns, the

Cherenkov signal was fully recorded, while introducing as

Fig. 1 (Color online) Mapping the location where there was a GRB

on a celestial sphere with a fired PMT on the camera. dði; jÞ denotes
the position of the GRB on the celestial sphere. d0ði0; j0Þ is the area

where the signal is stronger and concentrated in the camera (circled

by the red ellipse)
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little noise as possible. This suggests the use of fast pho-

tomultiplier cameras in telescopes for this purpose.

4 Result

After applying the new trigger method, the NSB was

suppressed and the angular resolution and effective area

were significantly improved.

In Fig. 2, the black line represents the time distribution

of all photons (including NSB and Cherenkov photons)

received by all PMTs. The NSB overwhelmed the Cher-

enkov signals of interest. After selecting the area d0ði0; j0Þ
with the strongest signal on the camera (blue line), the NSB

was suppressed, and the Cherenkov signal was well pre-

served compared to the case that only included Cherenkov

signals (red line).

In addition, the angular resolution was improved and the

effective area increased. Fitting a Hillas ellipse is a critical

step for event reconstruction in IACTs. However, while

applying all PMTs of one camera, it becomes a challenge

to fit a Hillas ellipse with fired PMTs because many of

them are fired by the NSB. This results in a significant

difference between the reconstructed and real directions.

Therefore, the angular resolution was[1� at E\200 GeV,

as indicated by the black line in Fig. 3, when applying all

PMTs of one camera. As the energy increased, the angular

resolution gradually approached 1�. This was because the

Cherenkov signals became stronger and were no longer

submerged by the NSB. The angular resolution improved

considerably after selecting d0ði0; j0Þ on the camera, as

indicated by the red line. After selection, the fired PMTs

could be fitted by a qualified ellipse that contained the

essential parameters for event reconstruction at low energy.

Furthermore, the angular resolution of the high-energy

event was also improved. In contrast to the blue line, which

corresponds to the case with only Cherenkov photons, the

red line indicates that the NSB has a certain influence on

the event reconstruction.

Figure 4 shows the effective area of the HADAR

experiment. The simulated area was 800 � 800 m2. The

black line was the effective area before PMT selection. At

E\200 GeV, almost every event triggered the telescope

array because the NSB was introduced heavily, resulting in

many PMTs being fired. After PMT selection, because the

NSB was suppressed and Cherenkov photons were lower in

low energy, the probability of event triggering the tele-

scope array became lower, which was almost the same as

the case with only Cherenkov photons, as shown by the red

and blue lines. Aside from the angular resolution, when

E[ 300 GeV, the effective area was almost the same in

the three cases.
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PMT. The black line represents the time distribution of all photons

(including the NSB and Cherenkov photons) received by all PMTs.

The blue line represents the time distribution of photons, including a
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this more clearly, the selection and Cherenkov distributions were both

scaled by 10

2−10 1−10 1 10
Energy(TeV)

1−10

1

An
gl

e 
R

es
ol

ut
io

n 
[d

eg
re

e]

All PMT

After Selection

Only Cherenkov

Fig. 3 (Color online) Angular resolution. Black line: application of

all PMTs to the camera. Red line: after selection. Blue line: only

Cherenkov photons

2−10 1−10 1 10
Energy(TeV)

210

310

410

510

610

]2
Ef

fe
ct

iv
e 

Ar
ea

 [m All PMT

After Selection

Only Cherenkov

Fig. 4 (Color online) Effective area. Black line: application of all

PMTs to the camera. Red line: after selection. Blue line: only

Cherenkov photons

123

A novel trigger algorithm for wide-field-of-view imaging... Page 5 of 7 25



5 Conclusion

Unlike the afterglow theory, which is relatively simple

and well-tested by data, the GRB prompt-emission theory

is much more complicated. Thus, more experimental data

are required for prompt GRB emissions. The HADAR

experiment provides an effective solution for detecting

GRB prompt emissions on the ground. Unlike satellite

experiments with small effective areas and traditional

IACTs with narrow FoVs, the HADAR experiment has a

large effective area and wide FoV. The wide FoV allows

telescopes to cover a larger area of the celestial sphere and

observe GRBs without slewing. However, a wide FoV

introduces considerable noise from the NSB, making it

difficult to observe low-energy events.

To solve this problem, the GRB’s spatial properties and

temporal structure of atmospheric Cherenkov radiation

were fully utilized. At the coordinates d0ði0; j0Þ, a stronger

and concentrated signal on the camera was selected and

mapped to dði; jÞ, the position of the GRB on the celestial

sphere. To fully record the Cherenkov signal while intro-

ducing as little noise as possible, a 20-ns integration tem-

poral window was selected. After applying the new trigger

method, the angular resolution of low-energy events sig-

nificantly improved, and the angular resolution was 1� at

10 GeV. Moreover, the trigger rate of the telescope array

was significantly reduced at low energy because the NSB

noise was suppressed. This method can be used in all the

wide-FoV IACT experiments. As the angular resolution

and effective area of HADAR have improved, HADAR’s

capacity to observe GRBs increases the detection rate to at

least one GRB per year. We hope that future experimental

observations can confirm the progress of physics in the

prompt phase and relevant parameters.
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