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Abstract: New hybrid detectors have been constructed by the Tibet ASγ collaboration at Tibet, China, since
2011. They consist of a low threshold burst-detector-grid (YAC-II, Yangbajing Air shower Core array, 124 units,
∼500 m2), the Tibet air-shower array (Tibet-III, 789 units, ∼37000 m2) and a large underground water Cherenkov
muon detector array (MD, 80 units, ∼5000 m2), and data taking will be started this year. We have carried out
the air shower MC simulation by using CORSIKA (ver. 6.204), which includes QGSJETII hadronic interaction
model. The simulated air-shower events are reconstructed with the real detector configuration as the (YAC-
II+Tibet-III+MD) hybrid experiment and all detector responses are calculated using Geant4 (ver 9.5). In this
paper, the capability of the separation of the primary heavy components with use of the MC data is investigated
by means of an artificial neural network (ANN) method. Our result shows that the new hybrid experiment is
powerful enough to study the chemical compositions, in particular, to obtain the heavy-component spectra of the
primary cosmic rays around and beyond the knee.
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1 Introduction
The all-particle energy spectrum of primary cosmic rays

is well described by a power law dN/dE ∝ E−γ over many
orders of magnitude, with power-index γ changes sharply
from 2.7 to 3.1 at about 4 PeV [1]. The break structure of
the all-particle energy spectrum is called the ”knee”, and
the corresponding energy range is so called ”knee region”.
Although the existence of the knee is well confirmed by
experiments, its origin has not been well understood [2, 3]
due to the lack of detailed information about the chem-
ical compositions around the knee. The results of Tibet
emulsion chambers (Tibet-ECs) suggest that the main com-
ponent responsible for making the knee structure is com-
posed of nuclei heavier than helium [4], however, the KAS-
CADE experiment claims that the knee is due to the steep-
ening of the spectra of light elements with an exponential-
type cutoff [5], the differences between them are shown
in Fig.1. It can be seen from Fig.1 that the proton spectra
agree well each other for direct measurements, but much
disagreement remains for the helium nuclei spectra. It is
also noted that the data points are still poor in the energy
range between the direct measurements and the indirect
measurement waiting us to study.

In order to clarify the mechanism of the knee, mea-
surements of the chemical composition around the knee,
especially measurements of the primary spectra of individ-
ual component till their knee will be essentially important.
Therefore, we wanted to design a new experiment: firstly,
to lower down the energy threshold of Tibet-ECs from
*100 TeV to *10 TeV, to make the individual-component
spectra connected with direct measurements; secondly, to
measure the muon components of the cosmic rays at the
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Figure 1: Energy spectra of primary cosmic-ray protons
and helium nuclei obtained by Tibet-ECs [4] , and they are
compared with other experiments: ATIC1 [6], ATIC2 [7],
JACEE [8], RUNJOB [9], CREAM3 [10], KASCADE [5].

high attitude whose dependence on hadronic interaction
models is expected to be much less than the cases of the
sea-level observations. The new hybrid experiment con-
sists of the Yangbajing air-shower Core detector (YAC-
II), the Tibet air-shower array (Tibet-III) and underground
water Cherenkov muon detector array (MD), as shown in
Fig.2 . In this paper, the capability of the measurement of
the chemical components with the new hybrid experiment
(YAC-II+Tibet-III+MD) is investigated.
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Figure 2: Schematic view of (YAC-II+Tibet-III+MD) ar-
ray. The Tibet-III consists of 789 detector units, the YAC-
II consists of 124 detector units and the five MDs in the
gray frame are set up and acquiring data this year.

2 A new hybrid experiment
The new Tibet hybrid experiment (YAC-II+Tibet-

III+MD) has been operated in Tibet, China, since Au-
gust, 1st, 2011. The merit of this experiment is that the at-
mospheric depth of the experimental site (4300 m above
sea level; 606 g/cm2) is close to the maximum of the air
shower development with energies around the knee and
the shower maximum values are almost independent of the
masses of primary cosmic rays. The Tibet-III(∼37000 m2)
consists of 789 detectors, while the YAC-II consists of 124
detectors, and the MD array now consists of 5 pools set
up 2.5 m underground, each with 16 cells, covering a total
area of ∼5000 m2, as shown in Fig.2 . The inner 100 YAC-
II plastic scintillator units are arranged as an array (10×10
grid) each with an area of 50 cm × 80 cm, with 1.875 m
interval; the outer 24 units are arranged around the inner
array each with an area of 50 cm × 100 cm, and they are
used to reject non core events whose shower cores are far
from the YAC-II array. Each detector of YAC-II consists
of lead plates with a thickness of 3.5 cm above the scin-
tillator to convert high energy electrons and γ into electro-
magnetic showers, and is attached with two photomultipli-
ers(PMT) of high-gain (HAMAMATSU: R4125) and low-
gain (HAMAMATSU: R5325) to cover the wide dynamic
range from 1 MIP (Minimum Ionization Particle) to 106

MIPs, the details of the hardware of YAC-II is described
in [11]. Each cell of the MD array is composed of a con-
crete water tank 7.2 m wide × 7.2 m long × 1.5 m deep,
equipped with two downward-facing 20-inch-in-diameter
PMTs (HAMAMATSU: R3600) on the ceiling, and its in-
side is painted with white epoxy resin for waterproof and
efficient reflection of the water Cherenkov light.

The YAC-II array (∼500 m2) is constructed near the
center of the Tibet-III, and operating simultaneously with
Tibet-III and MD. For an air shower event, the Tibet-III
provides the arrival direction (θ ) and the air shower size
(Ne) which is interrelated to primary energy, the YAC-II
measures the high energy electromagnetic particles in the
core region so as to obtain the characteristic parameters
of air-shower cores, at the same time, the underground
MDs record the high-energy muon of the shower. When
a YAC event is triggered, its accompanying air shower is
simultaneously recorded. The matching between a YAC,
an AS and MD event is made by their arrival time stamps.
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Figure 3: The two-dimensional distribution of the shower
sizes: Ne and ∑Nµ under the different primary cosmic-ray
nuclei or mass groups.

The air-shower direction can be estimated with an error
smaller than 0.1◦ above 100 TeV, and the primary energy
resolution is estimated to be 15% at energies around 1015

eV by our simulation.

3 Simulation and Analysis
A full Monte Carlo (MC) simulation has been carried

out on the development of extensive air showers in the
atmosphere and the response in Tibet hybrid experiment
(YAC-II+Tibet-III+MD). The simulation code CORSIKA
(version 6.204) including QGSJET-II hadronic interaction
model [12] is used to generate AS events. Considering the
aim of this simulation is just to check the capability of
the separating primary mass by using this hybrid experi-
ment, only heavy dominated (HD) [1] primary composi-
tion model is used. About the details of interaction model
dependence, please see [13, 14, 15]. Primaries isotropi-
cally incident at the top of the atmosphere within the zenith
angles from 0 to 60 degrees are injected into the atmo-
sphere. The Monte Carlo air-shower events are randomly
dropped onto the detector array plane, 15 m wider in each
side of the YAC-II array. The dropping area has been
checked to be wide enough to contain 99.5% EAS events
under our event selection conditions (see below in the text).
The simulated data were analyzed in the same manner as
in the procedure for the experimental data analysis. All de-
tector responses are calculated using Geant4 (version 9.5)
[16]. The detector performance, the trigger efficiency of
detectors and the effective area are adequately taken into
account based on the experimental conditions.

In order to obtain the characteristic parameters of cos-
mic rays by using the hybrid experiment, firstly, we should
measure the single particle peak of the three kinds of detec-
tors, which is determined by probe calibration using cos-
mic rays in Experiment. For the MC simulation, we can get
the energy deposit for scintillator detector when a single
particle passes through it, and the single-peak values are
1.98 MeV and 6.28 MeV for YAC-II and Tibet-III detec-
tors by Geant4 simulation. For the MD pools, we can get
the number of water Cherenkov photons hit on the PMT,
and the MD’ single-peak value is 84.5 photons. Then the
number of burst size under the lead plate of a YAC detec-
tor unit (Nb), the air shower size (Ne) and the number of de-
tected muon (Nµ ) can be calculated by the total energy de-
posit(or photons yield) of each primary cosmic ray divided
by the corresponding value of single peak. Normally, the
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Figure 4: The distribution of the total muon number
(∑Nµ ) for different primary cosmic-ray nuclei or mass
groups, at the Ne range 1×105 < Ne < 2×105.

following parameters of (YAC-II+Tibet-III+MD) are used
to characterize an air-shower core event:

Nhit - the number of ”fired” detector units with Nb≥ a
given threshold value;

Nb
top - the maximum burst size among fired detectors;

∑Nb - the total burst size of all fired detector units;
⟨R⟩ - the mean lateral spread, ∑ri/(Nhit-1);
⟨NbR⟩ - the mean energy-flow spread, ∑(Nbi×ri)/Nhit ,

where Nbi and ri are the burst size in the ith fired detector
unit and the lateral distance from the air shower core to the
center of the ith fired detector, respectively.

Ne - the air shower size, it is estimated by fitting the
lateral density distribution using NKG function [1];

θ - the arrival direction of the air-shower;
∑Nµ - the sum of Nµ of all the ”fired” MD detector

units.
We did the study of mass composition of cosmic rays

based on the parameters obtained by (YAC-II+Tibet-
III+MD) mentioned above. Fig.3 shows the correlation
between Ne and ∑Nµ on each event observed with the
(YACII+Tibet-III+MD) array under the criteria: Nb ≥ 100,
Nhit ≥ 4, Ne ≥ 80000. From the Fig.3 we can see that the
distributions of ∑Nµ and Ne are quite diverse for different
primary nuclei. When we set 1×105 < Ne < 2×105, ∑Nµ
distribution strongly depends on primary mass as shown
in Fig.4.

To select the high-energy core events, we set ∑Nb ≥
3000 to reject events falling far from the array. The fi-
nal core event selection criteria is: Nb ≥ 100, Nhit ≥ 4,
Ne ≥ 80000 and ∑Nb ≥ 3000, the effective SΩ of YAC-
II array with the criteria for different primary cosmic-ray
nuclei as shown in Fig.5. The separation of the primary
mass is realized by use of a feed-forward artificial neural
network (ANN[17]) method, whose applicability to our ex-
periment was well confirmed by the MC simulation[4, 18].
The following 8 parameters are input to the ANN with 40
hidden nodes and 1 output unit:

(1) Nhit , (2) Nb
top, (3) ∑Nb, (4) ⟨R⟩, (5) ⟨NbR⟩,

(6) Ne, (7) θ , (8) ∑Nµ .
where the first five parameters are given by YAC-II,

the Ne and θ are obtained by Tibet-III, and the ∑Nµ is
recorded by the MD array. To train the ANN in separating

Energy (GeV)
410 510 610 710 810

sr
) 

2
 (

m
ef

f
Ω

S

1

10

210

310

410

510

Proton

Helium

Iron

Figure 5: The efficiency SΩ of YAC-II array with core
event selection criteria for different primary nuclei under
QGSJETII+HD model.

irons from other nuclei, the input patterns for irons and oth-
ers are set to 1 and 0, respectively, while 0 and 1 for pro-
ton (or proton+helium) and other nuclei. In this paper, the
ANN output value T is used to separate the primary nuclei,
and we define a critical value of Tc to calculate the purity
and the selection efficiency of the selected nucleus events
so as to reduce the statistical error. The events with T ≤
Tc (or T ≥ Tc ) are regarded as proton or proton+helium
group (or iron group). For the middle nuclei, take the he-
lium for example, it is get by subtracting the number of
proton events from the proton+helium events. We accom-
plish the ANN training of proton, proton+helium and iron,
the average purity and selection efficiency over whole en-
ergy range are:

89%, 55% for proton at Tc = 0.2;
97%, 83% for proton+helium at Tc = 0.1;
80%, 66% for iron at Tc = 0.7.
Fig.6 shows the ANN test results for proton and iron,

the events with T ≤ 0.2 are regarded as the Proton-like
events, while the events with T ≥ 0.7 are regarded as the
Iron-like events.

4 Results and Discussion
Finally, we obtained 4.3×104 air-shower core events

under the 6.34×106 primary events (E0 ≥ 50TeV ), equiva-
lently to ∼66 days’ data-taking in actual experiment, and
about half of the selected events are used as the test data-
set in the ANN training. The air-shower size in each event
is estimated by fitting the lateral density distribution us-
ing modified NKG function [1], with 5% resolution around
the primary energy of 1000 TeV. The primary energies of
cosmic rays are calculated by the function E0 = α ×Ne

β ,
where α and β are the parameters fitted through MC simu-
lation. The values of α and β are different for different pri-
mary cosmic-ray nuclei or mass groups, take the Iron-like
events for example, as shown in Fig.7: solid line shows the
fitting result of Iron-like events, the corresponding energy
resolutions are 20% and 14% at energy around 200 TeV
and 2000 TeV, respectively.

The Fig.8 shows the estimated primary energy spectra
of Proton, Helium and Iron compared with the assumed
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Figure 6: The ANN test results for proton(upper figure)
and iron(lower figure), the average purity and selection
rate over whole energy range of protons are 89%, 55% at
Tc = 0.2, while 80%, 66% for iron at Tc = 0.7.

ones under the HD primary composition model. Open cir-
cles represent the input fluxes, while the closed circles in-
dicate the estimated spectra by ANN for each class. From
Fig.8 we can see that the estimated spectra given by our
methods well reproduce the input ones within 10% er-
ror. In conclusion, our simulation result shows that the
new hybrid experiment (YAC-II+Tibet-III+MD) is power-
ful enough to study the primary chemical compositions, in
particular, to obtain the heavy-component spectra of the
primary cosmic rays around and beyond the knee.
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