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Abstract: The study of the elemental composition and spectra of cosmic rays will provide very crucial clues on
the origin of these particles. One of LHAASO aims is to study cosmic rays in a large energy range from 50 TeV
to a few of 1 EeV with a consistent calibrated energy scale. At low energy region, it can connect with the direct
measurement and get the energy scale of the detectors. At high energy region, it should have enough effective
area to reach the UHECRs measurement and transfer the energy scale to the detectors. While it’s hard to cover
so large energy range by one type detectors , so experiments are divided into three phases which are in charge
of 50 TeV - 10 PeV, 10 PeV - 100 PeV, 100 PeV - a few of EeV in Cherenkov mode and fluorescence mode,
respectively. In this paper, the performance and arrangement of different type detectors in the second phase are
studied.
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1 Introduction
It has been more than one century ever since the discovery
of cosmic rays. However, the origin, the acceleration and
the propagation of cosmic rays are still very opening ques-
tions at present. The measurement of the elemental compo-
sition and spectra of cosmic rays is one of ways to solve
these questions. The flux of cosmic rays covers more than
30 magnitudes, so it is hard to measure cosmic rays with
a uniform energy scale. Cosmic rays with energies lower
than 100 TeV can be detected by space experiment directly,
such as ATIC, CREAM,PAMELA, AMS. Due to the lim-
itation of the effective area of the space experiment, The
measurements of cosmic rays with energies higher than
100 TeV only have to depend on ground-based experiment
which have huge effective area. Even so, from 100 TeV to
EeV, there are still nearly five magnitudes. It is still diffi-
cult for one type detector or experiment to cover.

The measurements on the ground are realized indirectly
by detecting the Extensive Air Shower caused by the inter-
action between cosmic rays and atmosphere. The results of
ground-based experiments are affected by the uncertainties
of the models of hadronic interactions and the calibrations
of the detectors. So it is very important to get an absolute
energy scale and unify different detectors by the energy s-
cale. One of LHAASO ( Large High Altitude Air Shower
Observatory) aims is to obtain the absolute energy scale by
overlap measurements with space experiment, transfer the
energy scale to higher energy and measure the elemental
compositions and spectra of cosmic rays from 50 TeV to
EeV with a calibrated uniform energy scale.

One of candidate sites of LHAASO is in Shangri-La,
Yunnan, China with a height of 4300 m.a.s.l. The LHAA-
SO project is mainly composed of 1km2 array ( KM2A ),
Water Cherenkov Detector Array ( WCDA ), Shower Core
Detector Array ( SCDA ), Wide Field of view Cherenkov
telescope Array ( WFCTA ) detectors. The details of the de-
tectors of KM2A, WCDA, SCDA can be obtained from the
references [1][2][3][4][5][6][7]. The WCDA WFCTA SD-
CA detectors are located in the KM2A. So the hybrid ob-
servation can be achieved. So in the discrimination of the
elemental compositions of cosmic rays, LHAASO can pro-

vide multi-parameter measurements such as the electron,
muon contents provided by KM2A, the Xmax and Hillas pa-
rameters provided by WFCTA and the shower core infor-
mation from SCDA.

In order to cover the energy range from 50 TeV and
1 EeV, the experiment is divided into three phases, each
of which is in charge of 50 TeV - 10 PeV, 10 PeV - 100
PeV, 100 PeV - a few of EeV, respectively. For the first two
phases, the telescopes are worked in the Cherenkov mod-
e, while in the final phase, the telescopes are worked in
the fluorescence mode. In the fist phase, the arrangement
of telescopes of WFCTA, the relative positions of the four
type detectors and the performance of the detectors can
be obtained in the proceeding [8]. There are some overlap
measurements in the energy spectra of cosmic rays with
the space experiment in the first phase. So the energy cal-
ibration of the detectors can be realized in the first phase.
In the second phase, in order to maximize the aperture of
WFCTA, the telescopes of WFCTA should be arranged a-
gain. The main aims of this proceeding is to optimize the
new arrangement and the performance of the telescopes of
WFCTA KM2A. In the third phase, the telescopes of WFC-
TA are worked in the fluorescence mode, the details of the
third phase can be obtained in the proceeding[9].

2 Simulation of WFCTA
The Monte Carlo simulation of telescopes of WFCTA
is divided into three stages. The first step is to simu-
late air showers initiated by cosmic rays using CORSI-
KA program[10]. In the CORSIKA program, EGS4 mod-
el is chosen for electromagnetic process and QJSJET-II
and FLUKA models are chosen for high and low energy
hadronic process, respectively. In this stage, the absorption
and scattering of Cherenkov photons in the atmosphere are
considered. In order to save the CPU consumption and the
disk memory, on one hand the quantum efficiency of PMT-
s and the transparency of the filter are also considered, on
the other hand the thinning option is selected during the
shower generation by CORSIKA. The second step is the re-
flector simulation, the surviving Cherenkov photons from
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the first stage are performed the reflection on the mirrors
to obtain their location and arrival time on the focus plane.
In this stage, the roughness of the mirrors’ surface are sim-
ulated by changeing the directions of the normal randomly
in a 0.2◦ cone. The final stage is the camera simulation in-
cluding response of PMTs, the NSB and the trigger logic.

WFCTA is made up of 24 Wide Field Cherenkov Tele-
scopes. Each telescope is mainly composed of a camera
and a reflector. The reflector is adopted a design of spher-
ical optics in order to achieve the consistent of the spot
shape, i.e. the shape of the image of a point-like object on
the camera. The total size of the spherical mirrors is 2.3 m
× 2.3 m with a radius of curvature of 5500 mm. A camera
is place at the focal plane which is 2720 mm away from the
reflector center to optimize the spot shape. The camera is
composed of 1024 circular photomultipliers tubes ( PMTs
) each of which has a diameter of 25.3 mm, corresponding
to a field of view ( FOV ) of about 0.5◦× 0.5◦. The PMT-
s are arranged in 32 columns and 32 rows forming a total
FOV of 14◦×16◦. In order to achieve a full photon collec-
tion surface of the camera, Weston cones are used to for-
m hexagon pixels. In order to move the 24 telescopes con-
veniently, the whole system of the telescope is placed in a
container with a door size of 2.3 m × 2.3 m.

At the energy range from 10 PeV to 100 PeV, the num-
ber of Cherenkov photons is very huge, so some method-
s can be adopted to improve the performance of the tele-
scopes. Firstly, a light filter is fixed to the door of the
container to select photons with the wavelength range be-
tween 300 nm and 400 nm which are the most sensitive
response wavelength range of the PMTs, so the night sky
background ( NSB ) can be reduced. Secondly, a diaphrag-
m with a diameter of 1.15 m at the door will be used to e-
liminate the coma of the spot.

A total of 2000 protons and 2000 irons with energies
between 10 PeV an 300 PeV are generated according to
a power law spectrum with a spectral index of -2.7. The
primary zenith angles of both protons and irons are sam-
pled from 25◦ and 45◦ because the pointing directions of
the telescopes in the zenith direction is set to be 35◦. The
pointing directions of the telescopes in the azimuth direc-
tion is changed by 30◦ step for different telescopes. 12 tele-
scopes can make a full circular FOV which can be seen in
the figure 1. So there will be two sites of the WFCTA in
the KM2A array. The range of shower core’s sampling is
1600 m × 1600 m. In order to make full use of the simu-
lated events, the Cherenkov photons in an array with 13 ×
13 sites each of them with a 4 m × 4 m area and 80 m dis-
tance of each other are recorded. The particle’s data gen-
erated by the CORSIKA program are also recorded to do
a hybrid observation with KM2A. The simulations of K-
M2A can be referred to the paper[3].

3 Effective Aperture and Event Rate
When Cherenkov photons arrive at the camera, the camera
program has to judge the camera of each telescope is trig-
gered or not. Firstly, single PMT has to be judged. If the
signal to noise ratio of the PMT is greater than 3, the PMT
is triggered. Secondly, the camera has to be judged. If there
are at least 4 PMT with closest impact neighbors triggered,
the camera can be considered to be triggered. The ratio
between triggered events and the total number of simulat-
ed events is defined as the trigger efficiency P(E,Rp,θ)
which is the function of shower’s primary energy E, the im-

Zenith*sin(Azimuth)
-50 -40 -30 -20 -10 0 10 20 30 40 50

Z
en

it
h

*c
o

s(
A

zi
m

u
th

)

-50

-40

-30

-20

-10

0

10

20

30

40

50

Fig. 1: The FOV of 12 telescopes of WFCTA.

Fig. 2: The effective aperture of the 24 telescopes.

pact parameter Rp which is defined as the impact distance
to the shower axis from the telescope and the telescopes
and the angle θ is the zenith angle of showers. The inte-
gration of P(E,Rp,θ) in their space coordinates gives the
telescope’s effective aperture A(E) which determines the
capability of the telescopes for detection of cosmic rays.

The effective aperture of the telescopes of WFCTA is es-
timated by the total simulated events with Rp less than 300
m. The total effective aperture A(E) of the 24 telescopes
is shown in the figure 2. The number of cosmic rays ob-
served per year i.e. event rate is estimated based on a pure
proton effective area and the primary cosmic ray fluxes of
all nuclei estimated by the Horandal model[11]. The duty
circle of the telescopes is considered to be 15% due to the
telescope can only be operated in the clear moonless night-
s. The event rate of the 24 telescopes is shown in the figure
3. According to the figure 2 and figure 3,at 100 PeV the
WFCTA has total effective aperture A(E) about 3500 m2Sr
and can obtain about 200 events, correspondingly.

4 Reconstructions and Data Analysis
Before the image analysis and event reconstructions, the
raw image on the camera has to be cleaned. The cleaning
procedure is based on the following criterions, on one hand
the signals of single PMT should be greater than a per-
defined value; on the other hand, the PMT should at least
have one neighbor which fulfill the same condition.

After image cleaning, data analysis can be done by
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Fig. 3: Event rate of the 24 telescopes.
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Fig. 4: The resolutions of the core positions reconstruction.
The right plot shows the resolution in the x directions,
while the left one shows the resolution in the y direction.

Hillas parameterization. A set of Hillas parameters[12] in-
cluding the Size, Length, Width, can be calculated. The
Size is the total number of photonelectrons in shower im-
age. Length and width are the second moments of the light
distribution along the major and minor axes of the image.

Because each telescope is worked on a mono mode, the
geometry reconstructions including the arriving direction-
s and the core positions of showers are supplied by the K-
M2A due to the hybrid observation between the two type
detectors. The core positions are reconstructed by the grav-
ity method, while the arriving directions are reconstructed
by fitting the shower fronts of the secondary particles in
the showers. The accuracy of the core positions reconstruc-
tion for inner events with core positions in the detectors ar-
ray is shown in the figure 4. In the figure 4, the left plot
shows the reconstruction accuracy of the core positions on
the X directions, while the right one shows the accuracy in
the Y directions. Considering the two plot, the accuracy of
the core positions reconstruction is about 3 m, if only in-
ner core events considered. The resolution of the arriving
directions reconstruction is shown in the figure 5. Accord-
ing to the figure 5, the resolutions of the arriving direction-
s reconstruction are about 0.6◦ for inner core events.

The reconstructed energies of showers are the function
of the Size of the image, the impact parameter Rp and the
zenith angle of the showers. So a look-up table method is
used for energy reconstruction. Due to zenith angle range
covered by the telescope is about 14◦, the effect of the
zenith angle can be neglected. So the energy reconstruc-
tions of showers can be achieved by a table which is gener-
ated by Monte Carlo simulation with three variables Size,
Rp and energy. The table generated by pure proton can be
seen in the figure 6. According to the figure 6, the shoulder
of the lateral distributions of the Cherenkov photons for
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Fig. 5: The relationship between resolutions of the arriving
directions reconstruction and the core positions.

Fig. 6: The table generated by pure proton Monte Carlo
events. The color index in the plot indicates the log10(E).

Fig. 7: The relationship between resolutions and biases of
the energy reconstructions and the Rp. The error bars in
the plot shows the energy resolution.

high energy events are disappeared, so the core position-
s reconstructions are very important to the energy recon-
structions. As mentioned above, the KM2A can offer a
core reconstruction with 3 m resolution, which can fulfil-
l the require of the energy reconstruction. The energy res-
olutions and bias are shown in the figure 7. According to
the figure 7, the energy resolution is better than 20% with
small biases for events with Rp less than 300 m.

5 Composition Discrimination
As mentioned above, the telescopes of WFCTA are locat-
ed in the KM2A array, so the hybrid observations between
WFCTA and KM2A can be achieved. Therefore, the dis-
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Fig. 8: The distributions of the ratio of number of muon
and electrons. The red line indicates the contributions of
proton, while the blue one indicate iron’s contributions.

Fig. 9: The distributions of the ratio of DIST. The red line
indicates the contributions of iron, while the blue one indi-
cate proton’s contributions.

crimination of the elemental compositions by the multi-
parameters can achieved.

On one hand, the muon detectors in the KM2A can
provided the information of the muon content which is a
sensitive parameters in the discriminations according to
the model of the hadronic interactions. The ratio of number
of muon and electrons in the air shower with inner cores is
shown in the figure 8.

On the other hand, the Cherenkov images formed on
the camera of WFCTA can also provide the parameters to
discriminate the compositions. According to the model of
the hadronic shower development, the Xmax of iron should
be higher about 70 g/cm2 than proton for events with the
same energies. So the Xmax can be used to discriminate
compositions. The image center of gravity ( COG ) can be
considered as the projection of Xmax on the camera plane.
The angular distance ( DIST ) between shower’s arriving
direction and the COG is related with the value of Xmax, so
the parameter DIST is sensitive to the compositions of cos-
mic rays. The DIST is very Rp depended, so the correction
of Rp is necessary, the figure 9 shows the distributions of
DIST after Rp correction. The correlations of the two pa-
rameters are shown in the figure 10. According to the fig-
ure 10 the composition discrimination by multi-parameters
can be achieved.
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Fig. 10: The relationship between the ratio muon and elec-
trions and the DIST . The red dots indicates the contribu-
tions of iron, while the blue ones indicate proton’s contri-
butions.

6 Summary
Detailed simulations about the telescopes of WFCTA in
the second phase have been done. The geometry recon-
structions of showers can be obtained by the KM2A. For
inner core events, the resolution of the core position recon-
structions is about 3 m, and the arriving direction recon-
struction is about 0.5◦. The energy reconstruction obtained
by the WFCTA is about 20% with a small bias. Multi-
parameters can be used such as the ratio between muon
and electrons, the DIST in the elemental compositions dis-
criminations. The effective aperture and event rate are al-
so estimated based on the simulation data. There will be e-
nough statistics to measure the spectra of cosmic rays. The
observation of the second observation provide a method to
transfer the energy scale to the third phase.

In the simulation, only proton and iron are considered,
in the future other compositions will also be simulated.
In order to study the effect of the hadronic models, more
models will be used such as EPOS-LHC, Siblly.
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