
Simulation of Iron Core Proton Discrimination Capability 

in the HADAR Experiment 

Xiaoyao Ma1,2,a,*, Haijin Li1,2,b,*, Liwu Liu1,2,c, Shaozhang Zhao1,2,d, Shang Sun1,2,e, Qi Gao1,2,f,* 

1Department of Physics, Faculty of Science, Tibet University, Lhasa, Tibet, China 
2Department of Computing, Tibet University, Lhasa, Tibet, China 

a3066797421@qq.com, bhaijin_li1976@163.com, cliulw@ihep.ac.cn, dzhaosz@ihep.ac.cn, 
esunlaoke@qq.com, ffbc1980@163.com 

*Corresponding author 

Keywords: Cosmic ray, CORSIKA, Component discrimination, Q-factor 

Abstract: The research detailed in this paper focuses on an extensive simulation of the 

HADAR experiment's detection capabilities concerning iron cores and protons. Leveraging 

a sophisticated software package built on the CORSIKA simulation program, the study 

meticulously examined the distribution characteristics of secondary particles emitted by 

iron cores and protons. Discrimination between these primary cosmic rays was 

accomplished through the utilization of Hillas parameters and MRSW (Modified Hillas 

parameters - Mean Reduced Scaled Width) parameters. Additionally, a quantitative 

assessment was introduced in the form of the Q-factor to gauge the effectiveness of both 

discrimination methods.The obtained results showcase the HADAR experiment's 

remarkable proficiency in not only detecting but also distinguishing between iron cores and 

protons. Notably, the MRSW method emerged as highly effective, demonstrating 

significantly superior discrimination capabilities compared to the Hillas parameters. This 

advancement is pivotal for the HADAR experiment, providing researchers with a more 

robust and accurate tool for characterizing cosmic ray events.The successful discrimination 

achieved in this study contributes valuable insights to the broader field of astroparticle 

physics. The refined capabilities of the HADAR experiment open new avenues for 

investigating the intricate properties of cosmic rays, thereby advancing our understanding 

of high-energy astrophysical phenomena. These findings, presented in this paper, lay the 

groundwork for future research endeavors and underscore the HADAR experiment's 

significance in unraveling the mysteries of the cosmos. 

1. Introduction 

The study of the cosmic ray energy spectrum, particularly the energy spectra of various 

components, can effectively address the issues of cosmic ray origins, acceleration, and propagation. 

This is especially true for the study of heavy particle energy spectra. By tracing the abundance of 

heavy nuclei elements throughout cosmic history, one can indirectly investigate the evolutionary 

history of stars, which are the sources of heavy nuclei, examine the cosmic evolutionary process, 

and test existing theoretical models. However, the method of indirectly measuring cosmic rays 
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through the measurement of cascade showers induced in the atmosphere faces significant 

uncertainties in energy scale and resolution. Additionally, a limited understanding of the strong 

interactions between high-energy particles leads to considerable discrepancies in the measurements 

of the single-component energy spectra of cosmic rays by different ground-based experiments. 

The Hillas parameter method plays a significant role in gamma/proton (γ/p) discrimination using 

Imaging Cherenkov Telescopes and is one of the key methods for existing IACTs (Imaging 

Atmospheric Cherenkov Telescopes) in γ/p discrimination. Due to the different development 

processes of hadronic showers from various cosmic ray components, theoretically, IACTs can also 

achieve discrimination between different heavy particle components of cosmic rays under the 

observation of atmospheric Cherenkov telescopes with certain precision. Some experiments have 

begun attempts in this direction, such as the WFCTA array of LHAASO, which utilizes direct 

Cherenkov light for cosmic ray heavy particle discrimination. HADAR (The High Altitude 

Detection of Astronomical Radiation) is a next-generation telescope in planning, which uses 

transmission mirrors instead of the traditional reflective mirrors in IACTs. This design significantly 

enhances the field of view (approximately 60 degrees for HADAR) and lowers the detection 

threshold, offering unparalleled advantages in the observation of transient sources. To fully explore 

the potential of HADAR, this paper takes the discrimination of cosmic ray iron (Fe) and protons (P) 

as an example. It investigates HADAR's cosmic ray heavy nuclei detection capabilities by 

simulating the effective area, angular resolution, and energy resolution for Fe and proton detection 

in HADAR, and applies the Hillas parameter method and its improved versions for cosmic ray 

heavy particle discrimination. 

2. Simulation Parameter Settings  

The HADAR experiment is a composite array consisting of four large-aperture wide-angle water 

lenses and surrounding scintillator detectors, primarily designed for observing Cherenkov light 

produced in the atmosphere by cosmic rays and gamma rays. The array structure is shown in Figure 

1(a). The water lenses and the surrounding plastic scintillator array (Yangbajing Composite Array) 

work in conjunction to conduct observations, with the four water lenses arranged in a square with a 

spacing of 100 meters. Figure 1(b) presents the detailed design of a single wide-angle water lens, 

which mainly consists of a 5m diameter hemispherical spherical tank lens, a cylindrical metal tank, 

and an imaging system at the bottom. The lens primarily serves as a Cherenkov light collector. The 

tank, with a radius of 4m and a height of 7m, is filled with high-purity water to enhance the 

transmission of ultraviolet photons. The inside of the tank is lined with absorbent material, and the 

outside with insulating material. The imaging system, composed of 18,961 2-inch photomultiplier 

tubes, is arranged on the focal plane of the lens to digitize the imaging. The system is designed with 

a curved surface to capture photons entering at large angles and is supported by a stainless steel 

frame. The focal length of the lens is 6.8m. This water lens structure is designed to achieve a large 

observational field of view, as shown in Figure 1(b), where parallel light entering at the edge is 

focused at the edge of the imaging system, enabling a total field of view angle of 60°. Moreover, the 

water lens, as a novel lens technology, uses cost-effective acrylic materials and high-purity water as 

its basic materials, making it relatively low-cost and easy to maintain. 
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Figure 1: Schematic of the HADAR Array (a) Array layout; (b) Detailed structure of a single water 

lens. 

During the simulation, the QGSJII-4 model was employed for the strong interactions of primary 

protons and iron cores in the CORSIKA simulation. The range of Cherenkov light radiation was set 

between 350 nm and 700 nm, consistent with the parameters in reference [1]. The energy range for 

primary particles was set at 30 GeV to 30 TeV for protons, and 500 GeV to 50 TeV for iron cores. 

The incident zenith angle was 10°, and the azimuthal angle ranged from 35° to 55°. In this 

simulation, the HADAR optical system consisted of four water lenses, each with a diameter of 5 

meters, arranged in a square with a side length of 100 meters. The effective field of view was from 

-30° to 30°. The setup of the optical system, the imaging system, and the particle discrimination 

algorithm in the simulation program were consistent with those described in reference [2]. To 

ensure the reliability of the simulation results, the impact area for secondary particles was set to 800 

× 800 m².  

To ensure a similar number of Cherenkov photons produced by the two types of particles, the 

energy ratio of iron cores to protons can be calculated using the following equation: 

E

Z59.1 


                                    (1) 

In the equation, Z represents the nuclear charge number of the incident particle, E is the energy 

of the incident particle, and Δ is the expected displacement of the particle. Based on this formula, 

the energy ratio of protons to iron cores is calculated to be 1:26. 

3. Simulation of Basic Detection Properties of HADAR for Fe and P 

To verify the reliability of the Fe/P energy range set in this simulation, the basic parameters such 

as effective area, angular resolution, and energy resolution for iron cores and protons in HADAR 

were simulated. 
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Figure 2: The change in effective area with energy for iron cores and protons at a 10° zenith angle 

incidence. 

The effective area is defined as the product of the impact area of the air shower and the ratio of 

simulated events that trigger the detector and pass the selection criteria (consistent with the 

definitions in references [1] and [2]), and three parameters are introduced: 

total

cut
scatteff

N

N
SA 

                               (2) 

Figure 2 presents the effective area at a 10° zenith angle incidence. The left graph shows the 

variation of the effective area for protons with energy, while the right graph shows the same for iron 

cores. As seen in Figure 2, the effective area increases with energy, with a rapid trend in the 

low-energy region and a more gradual trend in the high-energy region. Under the same conditions, 

the effective area for Fe is slightly smaller than that for P. Near the plateau region, the effective area 

for Fe is about 6.38×105 m2, while for P, it is approximately 6.4×105 m2. 

 

Figure 3: Variation in angular resolution with energy for iron cores and protons at a 10° zenith 

angle incidence. 

The angular resolution simulation involved point sources, with particle types being Fe and P. 

The angular resolution was calculated by simulating the angular difference between the 

reconstructed direction and the true source direction (using a point spread function and taking the 

68% containment radius). The incident angle in the simulation was 10°. The angular resolution 

simulation results for iron cores and protons are shown in Figure 3, with the left graph depicting the 
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angular resolution variation with energy for iron cores, and the right for protons. As energy 

increases, the angular resolution capabilities for both iron cores and protons gradually improve, 

with a quick trend in the low-energy region and a more gradual trend in the high-energy region. The 

angular resolution capabilities of iron cores and protons are quite similar. HADAR's optimal 

angular resolution for Fe (500 TeV) is about 0.4°, and for protons (30 TeV), it is also around 0.4°, 

close to HADAR's angular resolution for gamma photons. This indicates that HADAR retains good 

angular resolution capabilities in Fe/P detection.  

Energy reconstruction is achieved by detecting the number of secondary particles in the shower. 

The reconstructed energy, Erec, is related to the charge amount Q deposited in the detector, the 

incident angle θ, and the distance R from the telescope to the core position. Currently, there is no 

definitive formula to represent this relationship, and this paper adopts a look-up table method for 

energy reconstruction. The principle of the look-up table method can be found in reference [2]. 

Figure 4 presents the energy resolution graph after reconstruction, with the left graph for iron cores 

and the right graph for protons. As seen in Figure 4, the energy resolution improves with increasing 

energy, with a rapid trend in the low-energy region and a more gradual trend in the high-energy 

region. At 500 TeV, HADAR's energy resolution for Fe is approximately 22%, and the energy 

reconstruction for P is about 20%, indicating a good energy resolution." 

 

Figure 4: Variation in energy resolution for iron cores and protons with energy at a 10° zenith angle 

incidence. 

4. Fe/P Component Discrimination 

4.1 Hillas Parameters and MRSW Method 

The Hillas parameter method, proposed by A.M. Hillas in 1985, was originally developed for γ/P 

discrimination, aiming to filter out γ photons from a large background of protons. Due to the 

differences in the development processes of hadronic showers from various cosmic components, 

theoretically, HADAR can also achieve discrimination between different heavy particle components 

of cosmic rays under the observation of atmospheric Cherenkov telescopes with a certain 

precision.[3-7] 

The Hillas parameters used in this paper are shown in Table 1. These include Dr: the distance 

between the event core and the array center, fLength: the major axis of the Hillas ellipse, fWidth: 

the minor axis of the Hillas ellipse, fSize the charge amount, fDistance: the distance between the 

image centroid and the telescope, fMiss: the perpendicular distance from the telescope array center 

to the image axis, and fAzwidth: the azimuthal width. 
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Table 1: Hillas parameters used in the study 

Nev tele Dr fLength fWidth fDelta fSize 

fMeanX fMeanY fDistance fMiss fAzwidth fSinDelta fCosDelta 

According to the simulation results, the fWidth and fLength parameters can distinguish between 

Fe and P components to some extent. The fWidth parameter shows better discrimination 

performance compared to the fLength parameter, but it is still not ideal. Figure 5 shows the 

discrimination effects of fWidth and fLength parameters on iron cores and protons, respectively, on 

the left and right. 

 

Figure 5: Discrimination of iron cores and protons using Hillas parameters. 

The MRSW (Mean Reduced Scaled Width) parameter method is an improvement over the Hillas 

parameters. MRSW stands for Mean Reduced Scaled Width and can be calculated using the 

following formula: 







telNi i

ii

tel

widthwidth

N

1
MRSW


                       (3) 

In this method, widthi is the measured value, while <width>i and σi are the expected value and 

the spread of the Hillas width (or length), respectively.[8-10] 

The discrimination effectiveness of the MRSW parameter method is shown in Figure 6. The 

discrimination results of the MRSW method are superior to those of the Hillas parameter method. 

The effectiveness of different discrimination methods can be described using the Q-factor." 

 

Figure 6: Discrimination of iron cores and protons using the MRSW method. 
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4.2 Q-factor 

The Q-factor is defined as: 

Fe

survive

proton

surviveQ





                                 (4) 

proton

survive
 is the ratio of simulated protons after discrimination selection to the simulated protons 

before selection, also known as the survival rate of protons; 

Fe

survive
 is the ratio of simulated iron 

cores after discrimination selection to the simulated iron cores before selection, which is the 

survival rate of iron cores.[11-14] 

The Q-factor is a function of energy, and a larger Q-factor indicates better discrimination 

effectiveness. When using a certain parameter for discrimination, if the Q-factor exceeds 2.0, it 

signifies that this parameter can effectively distinguish between components. 

Figure 7 illustrates the variation of the Q-factor with different energies using three different 

selection parameters: (a) MRSW, (b) fWidth, and (c) fLength. As shown in Figure 7, the MRSW 

parameter demonstrates the best discrimination effectiveness. Regardless of the parameter, as 

energy increases, the Q-factor also increases, indicating improved discrimination effectiveness [15].  

 

Figure 7: Relationship between the quality factor and energy in the HADAR experiment. 

5. Conclusion 

Using a software package based on the CORSIKA simulation program, the detection capabilities 

of the HADAR experiment for iron cores and protons were simulated. The distribution 

characteristics of secondary particles from iron cores and protons were utilized, employing Hillas 

parameters and MRSW (Modified Hillas parameters - Mean Reduced Scaled Width) for the 

discrimination of two types of primary cosmic rays. Additionally, the Q-factor was introduced to 

assess the discrimination effectiveness of these methods. The results show that HADAR has certain 

detection and discrimination capabilities for iron cores (50 TeV - 500 TeV) and protons (30 GeV - 

30 TeV). As the energy increases, the effective area, angular resolution, and energy reconstruction 

resolution improve. The Hillas parameters and the improved MRSW parameters can be used to 

distinguish between Fe/P, with the discrimination effectiveness of the MRSW parameters 
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significantly superior to that of the Hillas parameters, and the discrimination capability noticeably 

increasing with higher energies. The introduction of neural networks and deep learning methods 

could further enhance HADAR's discrimination capabilities for cosmic ray heavy nuclei such as 

Fe/P.  
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