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Abstract
Introduction The Large High Altitude Air Shower Observatory plans to build a hybrid extensive air shower array with an
area of about 1 km2 at an altitude of 4,410 m a.s.l. in Sichuan province, China, to explore the origin of high-energy cosmic
rays.
KM2A LHAASO-KM2A will detect gamma ray sources with a sensitivity of about 1% Crab Unit at 100 TeV. It covers an
area of 1 km2 with a total of 5195 scintillation detectors. Its angular resolution reaches about 0.3 degrees, and the energy
resolution is better than 25%. With the help of 1171 muon detectors, cosmic nuclei background will be rejected to a level of
10-4 at 50 TeV. The design and performances of the scintillation detectors and muon detectors are described in detail.
WCDA LHAASO-WCDA focuses on surveying the northern sky for steady and transient sources from 100 GeV to 20 TeV,
with a very high background rejection power and a good angular resolution. The WCDA consists of three water ponds with a
total area of 78,000 m2, and the effective water depth is 4 m. Each water pond is divided into 5m × 5m cells partitioned by
black plastic curtains to prevent penetration of the light from neighboring cells. An 8-inch PMT sits at the bottom center of
each cell, looking upward to collect Cherenkov light generated by shower secondary particles in water.
WFCTA LHAASO-WFCTA is composed of 12 wide-field-of-view Cherenkov/fluorescence telescopes. Each telescope con-
sists of a spherical light collector of about 4.7 m2 and focal plane camera of 32 × 32 pixels with a pixel size of 0.5 degree.
LHAASO prototype arrays A prototype array about 1% of LHAASO has been constructed at Yangbajing Cosmic Ray
Observatory and has been in operation for more than 2 years. Its performance fully meets the design requirements.
Conclusion The LHAASO detectors are designed to fulfill the physical goals in gamma ray astronomy and cosmic ray
physics. One-fourth of LHAASO will be constructed and put into operation to produce physical data by the end of 2018. The
whole array will be finished in the beginning of 2021.

Keywords Origin of cosmic rays · Gamma ray astronomy · Extensive air shower

Introduction

The Large High Altitude Air Shower Observatory
(LHAASO) [1] plans to build a hybrid extensive air shower
(EAS) array with an area of about 1 km2 at an altitude of
4410m a.s.l. in Sichuan Province, China. It consists of an
EAS array covering an area of 1.3km2 (KM2A), 78,000m2

water Cherenkov detector array (WCDA) and 12 wide-field
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air Cherenkov/fluorescence telescopes (WFCTA), as shown
in Fig. 1.

LHAASO will measure accurately primary cosmic rays
through hybrid detection of EASs with the above-mentioned
detectors as illustrated in Fig. 2. With a sensitivity of
about 1% Crab unit to gamma ray sources (Fig. 3), the
LHAASO will survey the northern hemisphere for gamma
ray sources with full duty cycle. The spectra of all sources in
its field of viewwill be measured simultaneously over a wide
energy range from 1011 to 1015 eV. This measurement will
offer a great opportunity for identifying cosmic ray sources
among the gamma ray sources [2]. Through hybrid detec-
tion of showers with the other detectors of LHAASO, the
Cherenkov/fluorescence telescopes of LHAASO will effec-
tively measure energy spectra of different mass groups of
cosmic rays above 1014 eV with an aperture of > 4000m2sr,

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1007/s41605-018-0037-3&domain=pdf
http://orcid.org/0000-0002-5963-4281


 7 Page 2 of 8 H. He

Fig. 1 Layout of the LHAASO
experiment. The insets show the
details of one pond of the
WCDA and of the KM2A array
constituted by two over-imposed
arrays of electromagnetic
particle detectors (EDs) and of
muon detectors (MDs). WFCTA
telescopes, located at the edge
of a pond, are also shown

aiming for study of cosmic rays with energies in 1013–
1017 eV, where the cosmic ray spectrum knees around
1015.5 eV and 1017.5 eV are located.

KM2A

An exposure of approximately 2000 km2h/year is required
to observe in 1year more than 10 gamma rays with energies
above 100TeV from a source with a flux of 1% Crab unit
(the second green dotted line from bottom in Fig. 3(left)).
Furthermore, with an expected number of gamma rays as
low as the order of 10, a background-free observation to
these rays is mandatory. Cosmic nuclei dominate the back-
ground with a flux of 3–4 orders of magnitude higher than
that of gamma rays, so a detector working in this energy
region should reach a background rejection power of 104

or even higher, while its acceptance to gamma rays should
be high enough (e.g., > 90%) after background rejection.
An imaging air Cherenkov telescope array, even with 100
telescopes to cover an area of 10 km2, can only reach a sen-
sitivity of about 10% Crab unit at 100TeV because of its
low duty cycle (10–15%) and background rejection power
(the order of 102). LHAASO-KM2A has a full duty cycle
(about 2000h of exposure to Crab Nebula per year) and cov-
ers an area of 1 km2 with a total of 5195 scintillation detectors
(EDs, 1m2 each) in a triangular grid. Within 575m from the
center of the array, 4901 EDs are distributed with a spac-
ing of 15m. The area of 575–635m from the center of the
array forms the outskirt by 294 EDs with a spacing of 30m,
which helps in determining showerswith core located outside

the array and thus improves the angular and energy resolu-
tion. The EDs provide the major useful information on the
injected primary cosmic rays or gamma rays, such as energy
and direction. At 100TeV, as shown in Fig. 4, the angular
resolution reaches about 0.3 degrees and the energy resolu-
tion is better than 25%. Shower muons are detected by 1171
muon detectors (MDs, 36 m2 each) in a triangular grid with
a spacing of 30m in the central part of the array. Considering
that gamma showers are muon-poor, measuring the numbers
of electromagnetic components and muons in an EAS can
highly discriminate original gamma rays from cosmic nuclei
(Fig. 5). With the large-area MD array (> 40,000m2 in total
area) in the LHAASO, cosmic nuclei background will be
rejected to a level of 10−4 at 50TeV and even 10−5 at higher
energies. See [8] for detailed simulation results.

KM2A-ED

The ED array is divided into two parts, a central part with
4901 EDs and an outskirt ring with 294 EDs to discriminate
showers with core located inside the central area from those
with core outside the central part. The array is required to
have an angular resolution better than 0.3◦ above 50TeV and
a pointing accuracy of < 0.1◦.

The detection efficiency of an ED toMIPs is required to be
> 95%, with a time resolution of better than 2ns and a signal
charge resolution of < 25% (defined as the sigma/mean of
the signal charge distribution). The dynamic range for each
ED is designed to be 1−104 particles, with the upper limit
corresponding to the large number of shower secondaries
near the shower core of the highest energy (up to 100PeV)
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Fig. 2 Hybrid detection of
EASs by LHAASO detectors

Fig. 3 LHAASO integral (right) and differential (right) sensitivity to gamma ray sources compared to other experiments/projects [3–7]. The Crab
spectrum energy distribution used here is obtained by fittingmeasurements of Fermi, ARGO-YBJ, Tibet AS γ , MAGIC, VERITAS, HESS, HEGRA
and Whipple

hadrons to be detected. The signal attenuation due to detector
aging is required to be less than 20% in 10years.

An ED (Fig. 6) consists of 4 plastic scintillation tiles
(100 cm × 25 cm × 1 cm each) covered by 5-mm-thick lead
plates to absorb low-energy charged particles in showers and
to convert shower gammas into electron–positron pairs. Six-
teen wavelength-shifting fibers (2.7m in length and 1.5mm
in diameter) are embedded in 32 grooves (each 1.8mm in
depth and 1.6mm inwidth) of each tile to collect scintillation
light generated by charged particles and guide the scintilla-
tion light to a 1.5-inch photomultiplier tube (PMT) with a
temperature coefficient < 0.2%/◦C. Each PMT is supplied
by a high-voltage module with a temperature coefficient of
< 0.01%/◦C, while the high voltage of each PMT can be
adjusted independently [9,10].

To achieve a dynamic range of 4 orders of magnitude, the
linearity of PMT output becomes the critical limit. Under
a working gain of 4 × 105, the amplitude of a MIP signal
is approximately 5 mV, resulting in a corresponding peak
current of about 1 A for signals with 104 particles. A dual-
readout design is implemented by measuring the outputs of
the anode and a dynode. The anode output is responsible
for the measurement of signals with < 200 particles, above
which the dynode output is evaluated [11].

Signal discrimination is performed on the anode output
with a preset threshold of 1mV. The signal arrival time is
measured by a time-to-digital converter (TDC) with a time
resolution of 1ns and a jitter of < 0.5ns. The clock of each
TDC node is synchronized via the so-called White Rabbit
(WR) timing system with a timing accuracy of ± 150 ps

123



 7 Page 4 of 8 H. He

Fig. 4 Angular resolution (left) and energy resolution (right) of the KM2A

Fig. 5 Scatter plot of Nµ vs Ne. Black dots and blue crosses corre-
spond to gamma ray-induced and proton-induced air shower events,
respectively. The solid black line shows the optimized cut condition to
suppress cosmic nuclei-induced events

[12,13]. The anode and dynode signal charges are measured
with a resolution of < 10% at 1.28 pC and 1% above 5 pC
by independent circuits. The time and charge information of
each event is assembled in a field programmable gate array
(FPGA) and transferred to the main data acquisition system
(DAQ) via the WR network.

A typical ED has a detection efficiency of about 98%
(Fig. 7(left)). The time resolution for different positions of
an ED shows very good uniformity (Fig. 7(right)).

KM2A-MD

In addition to the key role the MDs play in discriminating
gamma rays from cosmic nuclei, to measure cosmic nuclei
with energies in the 1013–1017 eV range, the shower muon
content provides important information in multi-parameter
analysis for primary composition separation. This separation
is crucial in measuring accurately the energy spectrum and
knee positions [14–17], which will contribute to clarifying
the discrepancies in composition and energy measurement in
this energy region by inconsistent measurements from dif-
ferent ground-based experiments. This will contribute to the
study of the features of cosmic ray spectrum associated with
transition from Galactic to extragalactic origin, acceleration
mechanisms and energy limit, contribution of nearby celes-
tial objects, etc.

Furthermore, shower muon content could put a relatively
strong constraint on the existing hadronic interactionmodels,
such as SYBILL, EPOS and QGSJET. Muons are produced
in decay of baryons and mesons generated in hadronic col-
lisions during the early processes of an EAS. They are very
penetrating particles and suffer less attenuation in the atmo-
sphere than electromagnetic and hadronic components of
showers. Thus, shower muons keep the original information
of hadronic interaction at very high energies. Shower muon
measurement could be used to validate hadronic interaction
models by comparing EAS predictions with experiment data.

To achieve the main physical purposes, the area of a
LHAASO MD unit is optimized to 36m2 by balancing the
total area and spacing of MDs in simulation [8]. To measure
accurately the number of muons detected, an MD should
have sufficiently good detection efficiency (> 95%) and sig-
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Fig. 6 A schematic of an ED
(left) and an ED prototype
(right)

Fig. 7 Detection efficiency for each 5 cm × 5 cm pixel of an ED (left) and time resolution for each pixel of half an ED (right): x-axis and y-axis
represent different positions on ED, and y-axis is parallel to the fibers in an ED

nal charge resolution (< 25%, defined as the sigma/mean of
the signal charge distribution) of single muons. The purity of
the number of muons detected in hadronic showers should
be > 95%. With a total area of > 40,000m2, the total back-
ground muon rate of LHAASO MDs could reach as high
as 107 Hz, which corresponds to 1 muon in 100ns. These
background muons can be effectively rejected if a coinci-
dence time window of ± 30ns around a shower front is used
in the data analysis [8]. Thus, a time resolution of < 10ns
is fairly good, while MDs do not participate in the trigger-
ing and reconstruction of shower direction. The lower limit
of MD’s dynamic range is decided by single muon signals,
while the upper limit corresponds to the large number of
muons near the shower core of the highest energy (up to
100PeV) hadrons to be detected. Finally, the long-term sta-
bility is also very important since LHAASO will operate for
more than 10years, in which the signal attenuation should be
less than 20%.

The designwithwater Cherenkov detector underneath soil
is chosen for LHAASO MDs (Fig. 8). A water bag with a
diameter of 6.8m is used to enclose pure water. An 8-inch
PMT sits at top center of the water bag and looks down-
ward through a highly transparent window into the water.
The water bag is contained in a cylindrical steel tank with
an inner diameter of 6.8m. The thickness of the overburden
soil and the water depth are tuned by simulation to be 2.5
and 1.2m, respectively. The liner reflectivity is required to

Fig. 8 Schematic of LHAASO muon detector

be higher than 95%, and the water absorption length should
be longer than 50m.

The liner consists of four layers of co-extruded materials.
The inner layer ismade ofTyvek 1082D (DuPont)which is an
opaque material with excellent strength, good flexibility and
high diffuse reflectivity for near-UV lights. Tyvek is a non-
woven material made of high-density polyethylene, which
can minimize the possibility of chemicals leaching into the
water volume. The middle two layers are made of LDPE film
with good strength and outstanding chemical resistance. PP
film is chosen as the outer layer because of its hard-wearing.

The PMTwindow ismade of EVA plastic which is formed
according to shape of PMT photocathode. The EVA plastic
has a relatively high UV transmittance and can be easily
molded. Furthermore, silicon oil is added between PMT and
the window for optical coupling.

A dedicated high-voltage divider is designed for the PMT
to achieve a linear dynamic range of 4 orders of magni-

123



 7 Page 6 of 8 H. He

Fig. 9 An example anode waveform of single muon signals

Fig. 10 Signal charge distribution of vertical muons, a Gaussian fit is
performed to the single muon peak

tude by implementing both the anode and seventh-dynode
signals. The signals pass through a shaping circuit with a
time constant of 10ns and are continuously digitized by
500MHz 12-bit flash analog-to-digital converters (FADCs)
with a number of effective bits measured to be 9.3. A FPGA
collects the FADCdata. A single-channel trigger is generated
if the anode signal amplitude exceeds a preset threshold, and
then the FPGA calculates, for both anode and dynode sig-
nals, the pedestal of the waveform and the sum of 304 bins
around the trigger which corresponds to an integration in

608ns. They are used to calculate offline the total charge
of a signal. A time stamp of the trigger is also generated
by a FPGA-based TDC with an accuracy of better than 2ns
synchronized by the WR system as in the case of the EDs.
The FPGA packs the pedestal, sum and time stamp as a hit
package and sends it to the DAQ. The FPGA also sends to
the DAQ every second a digitized waveform of a hit for both
anode and dynode signals, which contains 5µs of continuous
data and allows detailed study of signal waveforms; Fig. 9
shows an example.

Figure 10 shows the signal charge distribution of vertical
muons, in which the first peak corresponds to single muon
signals, while the long tail of the distribution is due to multi-
ple muons. A Gaussian fit to the first peak results in a mean
charge of about 70 photoelectrons (PEs), which corresponds
to the average response of a MD to a vertical muon hitting
uniformly on top of it and is used as vertical equivalent muon
(VEM). The single muon signal shows a charge resolution
of about 20% which fully meets the requirement.

WCDA

TheWCDA focuses on surveying the northern sky for steady
and transient sources from 100GeV to 20TeV, with a very
high background rejection power and a good angular resolu-
tion. The WCDA consists of 3 water ponds with a total area
of 78,000m2, and the effective water depth is 4m (Fig. 11).

Each water pond is divided into 5m×5m cells partitioned
by black plastic curtains to prevent penetration of the light
from neighboring cells. Two of themwith an effective area of
150 × 150m2 contain 900 detector units each, and the third
pond with an area of 300 × 110m2 contains 1200 detec-
tor units. An 8-inch PMT sits at the bottom center of each
cell, looking upward to collect Cherenkov light generated by
shower secondary particles in water. To enlarge the dynamic
range, a 1.5-inch PMT is placed aside each large PMT in one
of the two smaller ponds.

Water transparency and stability is critical for WCDA. A
water purification and circulation system serves each pond
(Fig. 12). Water is purified by a standard water purification
system before filling a pond, which is made up of 3 levels of

Fig. 11 WCDA schematic
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Fig. 12 Schematic of the water purification and circulation system

fine filters (5, 1 and 0.22µm) and two levels of UV radiation
lights (254 nm and 185 nm) to remove or destroy particles,
microbes and organics. With these measures, the absorption
length of water at blue wavelength can be maintained at a
level of greater than 15m, meeting the requirement of the
experiment.

To extend the dynamic range, a dynode of the PMT is also
used for signal output together with the anode. Therefore,
two PMT signals are transmitted through 30-m-long cables
to a front-end electronics (FEE) board, which can handle sig-
nals from 9 PMTs. The anode signal is split into two parts
for time and charge measurements, respectively, while the
dynode signal is used only for charge measurement of large
signals. The overall charge measurement range is from 1 PE
to 4000 PE, using a RC integral amplifier and shaping circuit.
For time measurement, the anode signal is firstly discrimi-
nated by a leading-edge discriminator and then the signal
arrival time ismeasuredwith an accuracy of better than 0.5ns
by a TDC based on the multi-phase clock interpolation tech-
nique in the FPGA. Meanwhile, the WR system is applied to
obtain good timing accuracy.

WFCTA

The WFCTA is composed of 12 wide-field-of-view
Cherenkov/fluorescence telescopes. Each telescope

Fig. 14 Re-configuration ofWFCTA for hybrid measurement of show-
ers with fluorescence lights and muon contents of showers

(see Fig. 13(left) for a prototype telescope) consists of a hous-
ing and mechanical system, spherical light collector of about
4.7m2 and focal plane camera of 32 × 32 pixels made of a
PMT array. Each pixel has a field of view (FOV) of ∼ 0.5◦,
and its signal is read out by FEE and digitized by a 50MHz
FADC on the back board of the camera. The camera is cal-
ibrated by a UV LED light source mounted at the center
of the mirror during operation. The slow-control and moni-
toring system are remotely accessible. The whole telescope
is installed in a shipping box whose doors can be remotely
opened and closed. The whole telescope can be manually
elevated up and down. The entrance is sealed by using glass
window which is cleaned every month before operation. An
end-to-end calibration will be performed during observa-
tion. With 12 telescopes, different fields of view as shown in
Fig. 13(middle and right) can be achieved towork in different
energy ranges.

Fig. 13 A prototype telescope of WFCTA (left) and different fields of view of 12 telescopes (middle and right)
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Fig. 15 Prototype arrays of
KM2A (left) and WCDA (right)

To extend the spectrum to higher energies and make a
connection with experiments, such as TA and Auger, the
wide-FOV telescopes will be re-arranged to measure shower
fluorescence light and monitor the space above the ground
array from a distance of 4 or 5km. The detector configura-
tion is shown in Fig. 14, in which the main detector array
is composed of 12 telescopes covering elevations from 3◦
to 59◦ and 2 telescopes (the existing prototypes) covering
elevations from 10◦ to 24◦, thus observing showers from
perpendicular directions. Showers above 100PeV will be
detected stereoscopically to maintain a resolution of Xmax
as high as 25 g/cm2. Muon content and Xmax are used for
composition measurement around the second knee of the
spectrum.

LHAASO prototype arrays

A prototype array about 1% of LHAASO has been con-
structed at Yangbajing Cosmic Ray Observatory, which
includes a KM2A prototype with 42 EDs and 2 MDs
(Fig. 15(left)), a WCDA prototype with 3 × 3 units
(Fig. 15(right)) and 2 WFCTA prototype telescopes
(Fig. 13(left)). All the prototypes have been in operation
for more than 2years, and their performance fully meets the
design requirements, see [18–23] for details.

Conclusion

The LHAASO detectors are designed to fulfill the physi-
cal goals in gamma ray astronomy and cosmic ray physics.
Prototype detector arrays of about 1% LHAASO were con-
structed at theYangbajing Cosmic RayObservatory and used
to simultaneously measure cosmic rays with the ARGO-YBJ
experiment. The LHAASO site preparation will finish by the
end of 2017, after which detector deployment will start. With
a total construction period of 4years, the LHAASO will fin-
ish in the beginning of 2021. According to the construction
schedule, 1/4 of LHAASO will be put into operation to pro-
duce physical data by the end of 2018.
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