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Abstract As a proposed detector, the giant radio array for

neutrino detection (GRAND) is primarily designed to dis-

cover and study the origin of ultra-high-energy cosmic

rays, with ultra-high-energy neutrinos presenting the main

method for detecting ultra-high-energy cosmic rays and

their sources. The main principle is to detect radio emis-

sions generated by ultra-high-energy neutrinos interacting

with the atmosphere as they travel. GRAND is the largest

neutrino detection array to be built in China.

GRANDProto35, as the first stage of the GRAND experi-

ment, is a coincidence array composed of radio antennas

and a scintillation detector, the latter of which, as a tradi-

tional detector, is used to perform cross-validation with

radio detection, thus verifying the radio detection effi-

ciency and enabling study of the background exclusion

method. This study focused on the implementation of the

optimization simulation and experimental testing of the

performance of the prototype scintillation detector used in

GRANDProto35. A package based on GEANT4 was used

to simulate the details of the scintillation detector, includ-

ing the optical properties of its materials, the height of the

light guide box, and position inhomogeneity. The surface

of the scintillator and the reflective materials used in the

detector was optimized, and the influence of light guide

heights and position inhomogeneity on the energy and time

resolutions of the detector was studied. According to the

simulation study, the number of scintillator photoelectrons

increased when changing from the polished surface to the

ground surface, with the appropriate design height for the

light guide box being 50 cm and the appropriate design

area for the scintillator being 0.5 m2. The performance of

the detector was tested in detail through a coincidence

experiment, and the test results showed that the number of

photoelectrons collected in the detector was � 84 with a

time resolution of � 1 ns, indicating good performance.

The simulation results were consistent with those obtained

from the tests, which also verified the reliability of the

simulation software. These studies provided a full under-

standing of the performance of the scintillation detector

and guidance for the subsequent operation and analysis of

the GRANDProto35 experimental array.

Keywords GRANDProto35 � GEANT4 � Scintillation
detector � Light guide height � Photoelectrons

1 Introduction

Ultra-high-energy cosmic rays (UHECRs), with ener-

gies of � 1018eV, are the most energetically charged par-

ticles ever observed, although their origin remains unclear
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[1]. They are probably extragalactic in origin and pur-

portedly made in powerful cosmic accelerators; yet, neither

is identified. The direct strategy to discover UHECR

sources is to detect localized excesses from the arrival

direction of UHECRs. However, cosmic-ray charged par-

ticles tend to be easily changed in terms of direction

because of the effect of galactic and intergalactic magnetic

fields at the time of traveling, which prevents us from

precisely retracing their trajectories back to their sources.

UHECRs interact with cosmic microwave background

photons, thus lowering their energy compared to the orig-

inal energy. Consequently, only a few UHECRs above 40

EeV can reach the Earth from distances beyond 100 Mpc—

the Greisen–Zatsepin–Kuzmin cutoff [2, 3].

In contrast, the indirect strategy entails looking for EeV

gamma rays and neutrinos produced by UHECRs.

UHECRs interact with their accelerating sources and sur-

rounding matter to produce ultra-high-energy (UHE)

gamma rays and neutrinos, which can point back at their

sources because they are not charged nor affected by cos-

mic magnetic fields during propagation. However, similar

to UHECRs, interactions with the cosmic microwave

background cause the UHE gamma rays to lose both

energy and their original information. Gamma rays do not

reach the Earth beyond 10 Mpc. Instead, they cascade

down to GeV–TeV, which makes it difficult to disentangle

the gamma rays produced in unrelated phenomena. How-

ever, UHE neutrinos barely interact with intergalactic

matter during intergalactic propagation because of their

small cross section; therefore, they present the best means

for the observation of UHECRs. Figure 1 shows the

propagation of UHECRs and the associated secondary

particles from their sources to the Earth.

Because the cosmogenic neutrino flux is not constant

and tiny fluxes are involved, an extremely sensitive neu-

trino detector array is needed for their discovery. The giant

radio array for neutrino detection (GRAND), a proposed

large-scale neutrino observation array planned in China,

was designed for this purpose with the ultimate goal of

discovering and studying the sources of UHECRs [4–6].

With GRAND, the sources of UHECRs may be better

observed by combining cosmic rays, neutrinos, and gamma

rays at different energies. Upon arrival at the Earth,

UHECRs, gamma rays, and neutrinos initiate large particle

showers in the atmosphere. The propagation of charged

particles through the geomagnetic field may result in radio

emissions. GRAND follows its principle to detect the

ground footprint of the radio emission, using an array of

200,000 radio antennas distributed over an area of 200,000

km2 and operating in the 50–200 MHz band. Because radio

detectors are under novel development, and their perfor-

mance parameters have to be tested by mature traditional

detectors, the GRAND Cooperative Group established the

GRANDProto35 experiment for testing.

The GRANDProto35 prototype coincidence array, as the

first construction stage of the GRAND experiment, will lay

the foundation for future stages. It is built based on the

Tianshan Radio Experiment for Neutrino Detection project

[7] located in the Tianshan Mountains in the Xinjiang

province of China. It consists of 35 radio detectors and 24

scintillation detectors. A scintillation detector with high

sensitivity and detection efficiency for cosmic-ray obser-

vation was used to perform cross-validation with radio

detection [8]. The goal is to achieve an efficiency of

[ 80% for the radio detection of showers, with a back-

ground rejection that maintains the ratio of false positives

to true positives to \10%. The GRANDProto35 coinci-

dence array is arranged in a rectangle, and the entire array

is 800 m long in the east–west axis and 2400 m long along

the north–south axis. Because of the geomagnetic field,

radio emission signals generated by cosmic rays perpen-

dicular to the geomagnetic field direction are more con-

centrated; therefore, such an array arrangement is more

conducive to the detection of air showers coming from the

north. To improve the efficiency of cosmic-ray detection,

scintillation detectors are inclined to the north.

The plastic scintillator is a unique detector that is used to

detect and measure the properties of energetic charged

particles in high-energy accelerators and nuclear and cos-

mic-ray physics experiments. Large-area plastic scintilla-

tors are commonly used as basic detector elements in

cosmic-ray-induced extensive air shower experiments to

measure the particle densities and their relative arrival

times at the observational site. It is ideally suited for this

purpose because of its rugged nature, fast response time

Fig. 1 (Color online) Schematic of the propagation of UHECRs from

astrophysical sources to the Earth. Because of their interactions with

cosmic photo backgrounds, cosmic rays produce UHE gamma rays

(which cascade down in energy) and UHE neutrinos (which oscillate

during propagation). All three UHE messengers may induce extensive

air showers in the Earth’s atmosphere
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(� 1 ns), and reasonable cost. For example, plastic scin-

tillation detectors have been selected for MINOS [9],

KASCADE-Grande [10], GRAPES-3 [11], AugerPrime

[12], Tibet ASc [13], and LHAASO [14].

There are several different designs for light collection in

scintillation detectors: (1) The photons are collected by

direct coupling of a photomultiplier tube (PMT) to one

edge or one face of the scintillator [15]. Because the PMT

cathode is much smaller than the scintillator area, only a

small fraction of the emitted photons is collected. Fur-

thermore, the nonuniform collection of photons is the pri-

mary factor influencing the variation in the detector

response. (2) The scintillation light is collected using

wavelength-shifting fibers, which have been designed for

ATHLET [16], AugerPrime, etc. (3) By coupling the

tapered plastic (adiabatic acrylic) light guide to the scin-

tillator and PMT to improve detector uniformity, the

addition of a plastic light guide to one end of the scintil-

lator results in a tremendous loss of light and an increase in

cost. In addition, the Cherenkov photons caused by charged

particles in the light guide may cause spurious signals. To

collect a large fraction of photon signals uniformly and

with a good time resolution, a simple design of photon

collection by the PMT mounted at a height below the

scintillator is employed in GRANDProto35.

The main physical performance requirements for scin-

tillation detectors used in GRANDProto35 are listed in

Table 1 [17]. The experiment requires that the scintillation

detector has high energy and time resolutions. Therefore, in

this study, GEANT4 was used to simulate the light emit-

ting, transmitting, and collecting processes of the scintil-

lator. In addition, the simulation also accounted for how the

shape of the light guide box and the position inhomo-

geneity of the detector influence the energy and time res-

olutions of the detector, thus optimizing the performance of

the detector and meeting the requirements for physical

indexes of the experiment.

The paper is constructed as follows: Sect. 2 describes

the GEANT4 simulation process for the detector in detail,

Sect. 3 compares the simulation and experimental results,

and Sect. 4 details the optimization simulation and test

results for the detector, i.e., the height of the light guide

box and the position inhomogeneity of detector. Section 5

presents the conclusions of this study.

2 GEANT4 simulation of the detector

A plastic scintillation detector uses the fluorescence

generated by ionization and excitation of radiation in

substances to detect ionizing radiation. The main working

process is described as follows: (1) When the charged

particles enter the scintillator, they interact with the scin-

tillation crystal, thereby exciting and ionizing the atoms

and molecules. (2) The excited atom is then deexcited to

emit fluorescent photons with a wavelength in the visible

band. (3) The light guide is used to collect as many scin-

tillation photons to the PMT photocathode as possible, after

which photoelectrons are emitted from the photocathode.

(4) The photoelectrons multiply in the PMT to generate

pulse signals. (5) The pulse signals are recorded and ana-

lyzed by electronics.

The best energy resolution was obtained by collecting

only the maximum number of photons. For this reason,

very good light collection is necessary; in this case, the

parameters affecting light collection are an important cri-

terion. For instance, light collection is largely influenced by

different factors, including the type and reflectivity coef-

ficient of reflective materials, the response of reflection and

refraction of the photon at the boundary media, the

roughness of the scintillator surface, the shape of the light

guide, and the area of the scintillator. Therefore, these

parameters need to be considered comprehensively in the

detector simulation and design. In the past decades, various

simulation studies on parameters influencing the light

collection of scintillation detectors have been conducted

[18, 19]. In terms of the studies on the surface reflectance

properties, Janecek and Moses [20] proposed the use of

measured reflectance data based on the experimental

characterization of the angular reflection distribution of

scintillators. Roncali and Cherry [21] proposed a different

approach based on the three-dimensional measurements of

crystal surfaces. Surface samples were scanned using three-

dimensional atomic force microscopy and used to compute

the reflectance properties of the crystal surfaces. These

studies provided the reference methods and models for the

design of the scintillation detector.

Optical Monte Carlo (MC) simulations are frequently

used to predict the light distribution in scintillation crystals,

together with light collection by photodetectors. Current

MC simulation software such as DETECT [22], Litrani

[23], GEANT4 [24, 25], and GATE [26] has been devel-

oped to perform such tasks. GEANT4 is a toolkit for

simulating the passage of particles through matter. It can

Table 1 Physical performance indexes of the scintillation detector

used in GRANDProto35

Dynamic range (MIPs) 1–2000

Energy resolution (at MIP) \30%

Time resolution (ns) \2

Detection efficiency [ 95%

Threshold (at MIP) 0.3

Detector normal orientation (zenith angle) 40�–60�

MIPs Minimum ionizing particles
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simulate the processes of particle ionizing in the scintillator

and the transmission of scintillation light [27, 28]. All

physical processes are simulated in detail based on the time

when charged particles enter the detector at the time of

detecting scintillation photons in photosensitive areas. This

section introduces the setting of parameters in the

GEANT4 simulation and the entire simulation process.

2.1 Geometric structural design of the detector

In this design, the scintillator is placed at the top of an

inverted trapezoidal-shaped, light-tight container with

reflective internal surfaces. The reflective surface guides

the scintillation photons to the PMT after multiple diffuse

reflections. Therefore, the detector mainly consists of a

plastic scintillator, reflective coating, light guide device,

light guide box (air light guide), and light collecting device

(PMT). A stainless-steel housing was adopted for the

detector. The dimensions of the optimized plastic scintil-

lator were 707� 707� 20 mm3 (for a total area of 0.5 m2),

and the upper and lower dimensions of the light guide box

housing were 730� 730 mm2 and 150� 150 mm2,

respectively, with a vertical height of 500 mm. In view of

the requirements for a large dynamic range of

GRANDProto35, a dynode readout design was adopted for

the PMT, for which the Hamamatsu R7725 model was

selected. Because this experiment mainly focuses on cos-

mic rays with large zenith angles, an angle-ad-

justable baseplate was designed below the detector.

Figure 2 shows a schematic of the scintillation detector.

2.2 Optical interface design for the scintillator

When the scintillation light produced in the scintillator

encounters the edges of the scintillator, photons may be

reflected or transmitted, and some of them may escape

from the crystal. To strengthen the collection of light,

Tyvek, a reflective material, was affixed to the upper and

side surfaces of the scintillator, and the scintillator and the

reflective material were tightly fitted by air. According to

the refractive indexes of the scintillator and air, light at an

emission angle within the range of the critical angle (hc)
can escape from the scintillator and enter the light guide to

reach the PMT. The remaining light escapes from the

scintillator after some total internal reflections at the ends

of the scintillator or is lost during the total internal

reflections between the upper and lower interfaces of the

scintillator, as shown in Fig. 3a. hc, the critical angle

(39.2�) is calculated as follows:

hc ¼ sin�1 nair
nscint

� �
; ð1Þ

where nair and nscint refer to the refractive indexes of the air

and scintillator, respectively.

To reduce the number of total internal reflections in the

scintillator and increase the output of the light, the lower

surface of the scintillator was ground, so that the photons to

be collected may hit the ground surface at a large incident

angle, thus escaping from the scintillator more easily. The

process is illustrated in Fig. 3b. In practical applications,

the upper surface is polished, the lower surface is ground,

and the side surface is cut for the design of the scintillator.

2.3 Scintillator emission spectrum, PMT quantum

efficiency, and Tyvek reflectivity

An EJ-200 scintillator (Eljen Technology, USA) was

used as the plastic scintillator. It is characterized by a long

optical attenuation length and fast time response, with a

light yield of 10,000 photons/MeV. The light emission

spectrum of the plastic scintillator and the quantum effi-

ciency of the PMT photocathode are shown in Fig. 4. In the

Scintillation crystal

707 mm

20 mm

500 mm

Reflective coating
(on the inside wall）

Light guide box

40-60o

adjustable
PMT

LGH

Dynode
cable

Base 
support

Anode
cable

H.V.
cable

Photon

Particle

30 mm

Fig. 2 (Color online) Schematic of the scintillation detector

(a)

(b)

Scintillator

Air

Air

θc

Light guide

Light guide

escape

critical angle 
c
= 39.2

reflection

reflection

escape

The upper surface

The lower surface
Polished

Ground

reflection escape

Fig. 3 (Color online) Schematic of the refraction and total internal

reflection of scintillation light inside the scintillator and on the surface

of the scintillator when a both the upper and lower surfaces are

polished and b the upper surface is polished and the lower surface is

ground
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figure, the black line indicates the EJ-200 emission spec-

trum, which is proportional to the probability of light

emission at a given wavelength when the particles deposit

energy, while the red line shows the quantum efficiency of

the PMT at the corresponding wavelength. Within the

scope of the emission spectrum of the scintillator, on

average, the quantum efficiency of the PMT photocathode

was � 0.21. The performance parameters of the scintillator

and PMT used in the simulation are listed in Table 2.

Tyvek, as the reflective material, was also affixed to the

inner wall of the light guide box increase the detector’s

light collection efficiency. Figure 5 shows the reflectivity

of different Tyvek models in air measured by the National

Institute of Metrology, China. Because Tyvek 1082D

clearly has the highest reflectivity among the three models,

it was chosen. Its performance parameters are listed in

Table 3. When the wavelength exceeded 380 nm, the

reflectivity was � 95%, and the reflectivity was high

within the sensitive wavelength range of the scintillator and

PMT. All of these performance parameters were digitized

and added to the GEANT4 code to perform the simulation

properly.

2.4 Determination of optical simulation parameters

In GEANT4, there are two optical reflection models to

be selected by the user: GLISUR and UNIFIED. These are

used to describe the optical properties of medium surfaces.

The GLISUR model, originating from GEANT3, defines

the interface between two media as polished or ground,

with only an adjustable parameter describing the roughness

of the interface. The UNIFIED model is available for an

accurate description of the optical process of the ground

surface of various surface shapes over a long wavelength

range.
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Fig. 4 (Color online) Emission spectrum of the EJ-200 plastic

scintillator [29] and quantum efficiency of the PMT [30]

Table 2 Characteristic parameters of the scintillator and PMT used

in the simulation

EJ-200 material properties

Light output (% anthracene) 64

Scintillation efficiency (photons/MeV) 10,000

Wavelength of maximum emission (nm) 425

Light attenuation length (cm) 380

Density (g/cm3) 1.023

Refractive index 1.58

PMT (R7725)

Effective photocathode diameter (mm) 51

Transit time spread (ns) 1.85

Quantum efficiency � 0.21

Electron collection factor 0.6

Rise time (ns) 2.5

Fall time (ns) 3.4
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Fig. 5 (Color online) Reflectivity of different Tyvek models

Table 3 Tyvek 1082D specifications

Unit mass (g/m2) 105

Thickness (lm) 275

Opacity 98.4%

Longitudinal elongation (N/(25.4 mm)) 290

Transverse elongation (N/(25.4 mm)) 330

Bursting strength (kPa) 1700

123

Simulation study on performance optimization of a prototype scintillation detector for the... Page 5 of 13 51



In the UNIFIED model, four types of surface reflections

are possible: specular spike, specular lobe, backscatter, and

Lambertian, as shown in Fig. 6. For specular reflection on

an average surface, the reflected photons are reflected at the

average surface normal. For backscatter reflection, the

photons are reflected back in the direction from which they

came. In Lambertian reflection, the photons are reflected

with a Lambertian probability distribution, that is, into a

cosine distribution around the average surface normal

[20, 31].

It is assumed in the optical UNIFIED model that the

surface of a medium is composed of an infinite number of

‘‘micro-facets.’’ The entire surface is defined as an average

surface, the micro-facets have their own normal directions,

and the directions of all the micro-facets are averaged to

obtain a direction. The included angle of the normal

direction for the micro-facet and the normal direction for

the average plane (a) follows a Gaussian distribution. The

standard deviation of the distribution (ra) is used to

describe the roughness of the surface. Each time a specular

lobe interaction occurs, a micro-facet is randomly selected

from this distribution, and a specular reflection is then

calculated through the summation of all of the micro-facet

orientations, as shown in Fig. 7. When a beam of photons

with a certain momentum is incident on the surface of the

medium, UNIFIED uses four parameters, namely, Csl, the

specular reflection probability of the micro-facet; Css, the

specular reflection probability of the average surface; Cbs,

the backscattering probability; and Cdl, the Lambertian

reflection probability, to describe the radiant intensity of

the surface. According to the model, Csl ¼ 1, and ra ¼ 0

corresponds to the case when the surface is completely

polished.

Figure 8 shows 240� magnified images of the polished

surface, the ground surface, and the cut surface of EJ-200

scintillator measured by using a VMS-1510F Video

Measuring Instrument. Obviously, the three surfaces are

different in roughness, and the polished surface of the

scintillator is not completely polished; in that case,

roughness was added in the simulation to a certain extent.

The probabilities of specular spike reflection and

backscatter reflection for these surfaces were very small;

therefore, they were set to 0.

Tyvek reflective material is made of high-density

polyethylene fiber, which is opaque and not smooth.

Therefore, both specular and diffuse reflection can take

place on the Tyvek surface, and diffuse reflection is the

main component [32, 33]. In addition, the probability of

backward scattering is very small (Cbs ¼ 0). Tyvek

exhibited a micro-faceted structure; therefore, the proba-

bility of specular spike reflection off it is also very small

(Css ¼ 0). The optical parameters of the scintillator sur-

faces and Tyvek surface used in the simulation are listed in

Table 4.

2.5 Simulation of the PMT output signal

The number of photons emitted from the scintillator is

proportional to the energy loss of the charged particles at a

Specular Lobe Specular Spike

BackscatterLambertian

Fig. 6 Reflection types in the UNIFIED model, where the lengths of

the different pointing arrows in the circles indicate radiant flux at

different reflection angles [18]

Micro-facet

Average surfacen1

n2

α

Average 
surface 
normal

Micro-facet 
normal

Fig. 7 Ground surface as defined in the UNIFIED model. The

parameter ra defines the standard deviation of a Gaussian distribution

consisting of a, the included angle between the micro-facet normal

and the average surface normal

Fig. 8 (Color online) 240� magnified images of the polished surface

(upper surface), ground surface (lower surface), and cut surface (side

surface) of the scintillator used in the experiment
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rate assumed to be one photon per 100 eV [34]. The

angular distribution of the emitted light is isotropic. The

time profile of scintillation emission is described by the

following emission time (temit) probability function [35]:

nðtemitÞ ¼
nf
sf
e
�temit

sf þ ns
ss
e�

temit
ss ; ð2Þ

where sf refers to the fast decay time constants, ss repre-
sents the decay time of the slow component, and nf and ns
denote the numbers of fast and slow components, respec-

tively. Because the signal timing is determined at the

leading edge in the discriminator, sf is the most important

parameter for the simulation. In this simulation, sf is 2.1 ns

and ss is 14.2 ns, where the emission time probability

function can produce the same rise time as the scintillator

light output.

The PMT produces a pulse signal if a single photo-

electron is generated. The pulse waveform of a single

photoelectron was simulated using the following time

response function [36]:

viðtÞ ¼ GCe

t2e�t2=s2R
t2e�t2=s2 dt

; ð3Þ

where G is the gain of the PMT, Ce represents the charge-

to-voltage conversion factor, and s denotes the time con-

stant of 2.5 ns, that is, the rise time of the PMT R7725 used

for the detector. When a charged particle deposits its

energy in the scintillator, optical photons are emitted, and

multiple photoelectrons can be produced from the PMT.

Because each photoelectron pulse arrives at the PMT at a

different time, the output signal of the PMT can be

obtained through the summation of the pulse waveforms of

individual photoelectrons, which can be calculated using

the following formula:

VPMTðtÞ ¼
Xnpe
i¼1

viðtÞ; ð4Þ

where npe represents the number of photoelectrons. Fig-

ure 9a, b shows a typical single photoelectron pulse

waveform and the total PMT output signal waveform,

respectively, in the simulation. The red dots in Fig. 9b

represent the waveform of the simulated output pulse

signal. To make a comparison with the simulated output

pulse, the experimental output pulse waveform of the

optimized prototype detector was added. It can be clearly

seen that the simulation data were consistent with the

output signal obtained in the experiment, which proved the

validity of the simulation for signal amplitude and time

information. In the actual operation of the detector, the

PMT output analog signal was amplified and converted

into a digital signal by the front-end electronics, after

which the charge and time information of the signal were

obtained. Given the influence of noise, such as electronic

noise, threshold discrimination was applied to the pulse in

the GRANDProto35 electronics. In the simulation, the

threshold voltage was set to �50 mV, corresponding to �
0.3 MIPs. In fact, there was a time-walk effect when

measuring time in this way. The effect was corrected in

both the experiment and the simulation.

Table 4 Optical parameters of the scintillator and Tyvek surfaces in

the UNIFIED model used in the simulation

Csl (%) Css Cdl (%) Cbs ra

Polished surface 98.9 0 1.1 0 0.04

Ground surface 89 0 11 0 0.1

Cut surface 96.7 0 3.3 0 0.12

Tyvek surface 20 0 80 0 0.2
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Fig. 9 (Color online) Photoelectron pulse waveforms: a PMT

response for a single photoelectron and b PMT output pulse
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3 Comparison between simulation and experiment

The photoelectron energy spectrum and arrival time

distribution of the detector can be obtained based on the

GEANT4 simulation of the material composition, param-

eter setting, and the pulse signal output of the detector. To

verify the final simulation results, a prototype detector was

constructed using the geometric structure described in Sect.

2.1. (The height and area optimization of the detector are

described in Sect. 4.) The details were then tested and

analyzed. To eliminate the interference of noise and

accurately measure the charge and time information of

different positions on the detector surface, a 5� 5� 5 cm3

scintillator was placed above the prototype detector for the

cosmic-ray coincidence event test. The testing principle is

shown in Fig. 10. When passing through the 1/2 divider,

the output signals of the coincidence scintillator and pro-

totype scintillator are divided into two channels, one of

which enters the analog-to-digital converters (CAEN

V965) for charge measurement and the other is discrimi-

nated by a constant fraction discriminator (CAEN N843)

and used as the start and stop signals of the time-to-digital

converter (CAEN V775N) for time measurement.

To quantify the contribution of the Tyvek reflective

materials to the increase in the light output, a comparative

experiment was performed. The Tyvek material on the

inner walls of the scintillator and light guide was changed

to black paper. Four different packaging methods were

tested for simulation: Scintyvek-LGtyvek, Scintyvek-LGblack,

Scinblack-LGtyvek, and Scinblack-LGblack. Figure 11 illustrates

the comparison of the photoelectron spectra between the

simulation and experimental data collected by the PMT

under Scintyvek-LGtyvek packaging. It is clear that, when the

largest number of photoelectrons, � 84 photoelectrons, are

collected by the PMT under this packaging, the spectra of

the simulation and experimental data are in good agree-

ment. The energy resolution of the detector is defined as

r ¼ s
2:355

; ð5Þ

where s refers to the ratio of the full width at half maxi-

mum (DE) to the most probable value (E) of the photo-

electron distribution, from which the energy resolution is

calculated to be � 25%. Table 5 shows the test results of

all four packaging types. The experiments and MC simu-

lations indicate that the design of Tyvek packaging around

the scintillator and on the inside wall of the light guide box

significantly improved the collection efficiency of the

detector. Consequently, Tyvek packaging was used for

subsequent simulations. To compare the difference of light

output between the ground and the polished surfaces of the

scintillator, a comparative test was also performed. The test

results showed that the number of photoelectrons increased

by � 20% when the lower surface was changed to ground.

Figure 12 shows the time difference distribution informa-

tion detected by the prototype detector and the MC simu-

lation data. It can be clearly seen that the experimental and

simulation results are also consistent, and the time reso-

lution is � 1 ns.
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Fig. 10 (Color online) Block diagram for coincidence test of the

prototype scintillation detector
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Fig. 11 (Color online) Comparison of photoelectron spectra from the

simulation and experimental data under Tyvek packaging

Table 5 Number of scintillation detector photoelectrons (Npe) mea-

sured under four different packaging types

Packaging type Npe (data) Npe (MC) MC-data
data

(%)

Scintillator Light guide

Tyvek Tyvek 84.0 86.1 2.5

Tyvek Black paper 8.5 8.3 �2:3

Black paper Tyvek 11.5 12.9 12.1

Black paper Black paper 3.4 4.1 20.6
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4 Simulation of detector performance
optimization

4.1 Influence of light guide heights on energy

and time resolutions of the detector

The energy and time resolutions of the detector are

closely related to the structure of the light guide box.

Therefore, we simulated the optimization for the light

guide heights under the condition of a fixed scintillator area

(0.5 m2). Muons are the dominant component of charged

particles at sea level. Muon samples with energies of[500

MeV were simulated and distributed over the entire surface

of the detector. Figure 13 shows the distributions of pho-

toelectrons collected by the PMT for different light guide

heights (LGH), that is, 10, 30, 50, 70, and 90 cm. It can be

seen from the figure that the number of photoelectrons

gradually decreased with the increase in the light guide

height, with the most probable value decreasing from 134.7

to 56.6, and the energy resolution gradually becoming

better to a certain extent. Table 6 lists the specific values of

the number of photoelectrons and the energy resolutions at

different light guide heights. Owing to the short propaga-

tion distance, more photons can be collected by the PMT

for a low light guide height; however, the photoelectron

distribution can be widened at the same time. This is lar-

gely due to the obvious position inhomogeneity at a low

light guide height. For a high light guide height, the

opposite is true.

Figure 14a shows the time resolution of the photons

generated by the scintillator arriving at the PMT at dif-

ferent light guide heights, and Fig. 14b shows the total time

distribution of all the photons generated by the scintillator

after transmission through the light guide box. As can be

seen from the two figures, the lower the light guide height,

the less the time it took for the photons to reach PMT, and

the better the time resolution. The reason for this is that,

when the PMT was placed close to the scintillator, the

photons had less distance to travel in the light guide box,

and more photons arrived at approximately the same time;

therefore, the time resolution was better, which was con-

sistent with our expectation. The specific values of the time

resolution are given in Table 6.

Based on the above results, we concluded that the lower

the light guide height, the greater the number of collected

photoelectrons. However, the energy resolution was poor,

whereas the time performance was relatively good. Based

on this, we selected the middle height (50 cm) as the light

guide height. However, we still need to further consider the

position response of the scintillator to determine the light

guide height.

4.2 Influence of position inhomogeneity on energy

and time resolutions of the detector

In the case in which the cosmic-ray particles hit dif-

ferent positions on the scintillator, the number of photo-

electrons and time response will be different, which will

affect the energy and time resolutions of the detector.

Therefore, specific simulation and experimental studies
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Fig. 12 Comparison of time difference distribution information

between the simulation and experimental data under Tyvek packaging
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Fig. 13 (Color online) Number of photoelectrons measured at

different LGH values

Table 6 Most probable value of the number of photoelectron and

energy and time resolutions of the detector at different light guide

heights

LGH (cm) 10 30 50 70 90

Npe 134.7 112.8 84.3 70.7 56.6

Energy resolution (%) 30.7 27.2 26.5 26.3 25.1

Time resolution (ns) 0.86 0.91 0.94 1.12 1.28
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were conducted on the position homogeneity of the

detector.

4.2.1 Simulation of position inhomogeneity

In the simulation, plumbing of different positions on the

scintillator was used, different positions on the diagonal of

the scintillator were selected, and a total of 18 points were

tested. At each position, the photoelectron spectra at dif-

ferent light guide heights were simulated. Each photo-

electron spectrum was fitted, and Landau and exponential

convolution functions were adopted to obtain the most

probable number of photoelectrons. The number of pho-

toelectrons collected at the central point of the scintillator

was regarded as 1, and the ratio of photoelectrons at other

positions is defined as follows:

ratio ¼ nposition
ncenter

: ð6Þ

According to the simulation results shown in Fig. 15, it is

clear that, the closer to the edge of the scintillator one gets,

the fewer the collected photoelectrons. This is because the

photons generated at the edge of the scintillator were more

easily lost during the propagation in the light guide box,

and they cannot be received by the PMT. However, the

higher the light guide height, the better the position

homogeneity of the scintillator. When the height was 90

cm, the difference between the number of photoelectrons at

the edge and that at the center of the scintillator was �
15%. Furthermore, the position inhomogeneity changed

more significantly as the light guide height decreased.

These simulation results are consistent with expectations.

Based on the results of the number of photoelectrons and

energy and time resolutions of the scintillator under dif-

ferent light guide heights simulated in Sect. 4.1, a 50-cm

light guide height was selected as optimal.

4.2.2 Influence of position inhomogeneity on the energy

resolution of the detector

To verify the simulation, the coincidence test method

used in Sect. 3 was adopted to test the position inhomo-

geneity of the scintillation detector. Points A–G, that is, a

total of seven position points on the scintillator, were tes-

ted, as shown in Fig. 16a, and the light guide height was set

to the optimum value (50 cm). Figure 16b shows the results

of the comparison between the measured experimental data

and the simulation. When the distance was\ 35 cm (the

‘‘F’’ position) from the central position of the scintillator,

the number of photoelectrons decreases slowly; in contrast,

when the distance is[ 35 cm, the number of photoelec-

trons decreases more quickly and the edge effect is more

significant. The maximum inhomogeneity of the scintilla-

tion detector is � 15%. Table 7 lists the number of pho-

toelectrons, energy resolution, and position inhomogeneity

results for all test points measured in both the experiment

and simulation.
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Fig. 14 (Color online) Time information measured at different LGH

values. a Time resolution of the detector. b Arrival time distribution

of all photoelectrons
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Fig. 15 Ratio of the output charge when the particles were incident at

different positions of the scintillator to that at the central position
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4.2.3 Influence of position inhomogeneity on the time

resolution of the detector

Before a pulse signal enters the time-to-digital con-

verter, it is discriminated by the discriminator, and the

time-walk effect may appear [37]. When the leading edge

of the pulse signal drops rapidly, the relation between the

amplitude of the output signal and time can be expressed as

follows:

VðTÞ ¼ V0

T � T0
TR

� �2

; ð7Þ

where V0 refers to the maximum value of the pulse signal,

TR represents the rise time of the signal, and T0 denotes the

start time of the signal. The time at the discrimination

threshold, Tth, can be described as follows:

Tth ¼ TR

ffiffiffiffiffiffi
Vth

V0

r
þ T0: ð8Þ

Because the charge of the pulse signal is proportional to the

amplitude, that is, Q / V0, the relation between Tth and Q

can be expressed as follows:

Tth ¼
kffiffiffiffi
Q

p þ T0; ð9Þ

where k is the time-walk factor. To accurately obtain the

real-time resolution of the prototype scintillation detector,

the charge and time were corrected, and the results showed

that the time resolution of the detector can be improved by

� 20% through charge and time correction. Figure 17

shows the time resolution at different positions of the

detector measured in the experiment. With an increase in

the distance from the center of the detector, the time res-

olution at each point gradually deteriorated. However, the

time resolutions were relatively good overall. The overall

average time resolution is � 1 ns, and the time-walk factor

k obtained by fitting Eq. (9) is � 78 ns � pC1=2.

The experiment and simulation of position inhomo-

geneity showed that, with the increase in distance from the

center, the number of photoelectrons gradually decreased

and the time resolution also gradually deteriorated. Given

the number of photoelectrons, energy resolution, and time

resolution, the optimal area of the scintillation detector is

0.5 m2 (i.e., the length of the side is 70.7 cm). In addition,

the influence of scintillator thickness was also tested with

different values, and the investigation showed that a
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Fig. 16 Scintillator position inhomogeneity tests. a Schematic.

b Comparison between simulation and experimental results

Table 7 Number of

photoelectrons, energy

resolution, and position

inhomogeneity values of all test

points measured in the

experiment and calculated in the

simulation

Performance Position

A B C D E F G

Distance from center (cm) 0 7.07 14.14 21.21 28.28 35.35 42.42

Npe (data) 84.0 83.58 82.94 81.96 80.40 78.39 73.75

Npe (MC) 86.15 85.52 85.11 84.05 82.41 80.0 74.45

Homogeneity (data) (%) 100 99.50 98.75 97.58 95.73 93.33 87.80

Homogeneity (MC) (%) 100 99.28 98.80 97.56 95.67 92.87 86.43

Energy resolution (data) (%) 27.38 26.42 27.38 26.00 29.42 26.58 29.06

Energy resolution (MC) (%) 26.88 24.97 26.87 26.31 26.02 26.35 26.18

123

Simulation study on performance optimization of a prototype scintillation detector for the... Page 11 of 13 51



scintillator with 2 cm thickness could fulfill the require-

ments of the experiment.

5 Conclusion

As a coincidence array, the GRANDProto35 experi-

mental array consists of radio antennas and a scintillation

detector. The scintillation detector is mainly used for cross-

validation with radio observations to improve the effi-

ciency of radio detection for cosmic rays. The performance

of the scintillation detector has an impact on the ability to

detect UHECRs; therefore, it is necessary to conduct

simulations and experiments to optimize the performance

of the scintillation detector.

A specific GEANT4 simulation was conducted in which

the optical properties of the materials used for the detector,

height of the light guide, and position inhomogeneity of the

detector were simulated. Based on the simulation study, to

increase the number of photoelectrons collected in the

detector, a ground surface of the scintillator was designed,

and a Tyvek reflective material was added around the

scintillator and on the inside wall of the light guide box.

The light guide height and position inhomogeneity of the

detector were studied in terms of the energy and time

resolutions of the detector. According to the results, a light

guide height of 50 cm and an area of 0.5 m2 were optimal

for the structural design of the detector. A series of veri-

fication experiments were performed, and the simulation

results were found to be consistent with the experimental

results, which verified the validity of our simulation. These

results are very important for subsequent GRANDProto35

experiments, as well as for analyses of relevant physical

targets.
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