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Abstract: LHAASO-WCDA is a large ground-based water Cherenkov detector array planned to be built at Shangri-

La, Yunnan Province, China. As a major component of the LHAASO project, the main purpose of LHAASO-WCDA

is to survey the northern sky for very-high-energy (above 100 GeV) gamma ray sources and measure the spectrum. To

gain full knowledge of the water Cherenkov technique and to investigate the engineering issues, a 9-cell detector array

has been built at the Yang-Ba-Jing site, neighboring the ARGO-YBJ experiment. With the array, charge calibration

methods for both low and high ranges of the PMT readout are studied, whose result shows that a precision at several

percentages can be reached, which can satisfy the requirement of the detector array. During the long term operation,

the charge calibration stability and environmental affection are studied; in this paper, the results are discussed. These

calibration methods are proposed to be applied in the future LHAASO-WCDA project.
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1 Introduction

In gamma ray astronomy, the water Cherenkov tech-
nique has proved to be a very sensitive detection tech-
nique due to its background rejection power [1, 2].
The Milagro experiment [3] pioneered this technique.
Next generation facilities, like HAWC [4] and LHAASO-
WCDA [5], that adopt this technique will be able to
achieve a sensitivity of more than 15 times better.

Spectral measurement of gamma ray emissions is one
of the essential objectives of an observation. It is dom-
inated by air shower fluctuations in the uncertainty of
energy measurement; ground-based particle detector ar-
rays usually show modest performance in this aspect.
However, when the statistics reaches a considerable level,
the main uncertainty remaining comes from the detector
itself, as the average behavior of the shower cascade can
be modelled quite well by some code, such as CORSIKA
[6]. In this case, once a power law or similar spectrum
were presumed, with the help of the comparison to sim-
ulations, spectral and flux parameters would be able to
be determined in a good precision, provided the error

of the detector response simulation is well controlled.
This therefore requires a good charge calibration of the
detector; for the ground-based detector array, such as
LHAASO-WCDA, 5% is enough.

Calibrating the charge is usually not an easy task
for air shower detectors, which are huge in size and fre-
quently suffer from the variation of the environmental
conditions. Artificial sources, such as accelerator beam,
radioactive source or light-emitting diode (LED) light
are hard to control and distributing them to all detector
units time by time is difficult. A natural source, like the
cosmic ray, is the best for this purpose, but the appli-
cation of it to a certain detector should be specifically
studied on the basis of the precision requirement of the
experiment and frequency request from the environmen-
tal variations.

Cosmic muons are commonly used for the charge cal-
ibration, as they are bombarding detectors all the time
with a rather high rate and the interaction mechanism of
it passing through the detector is well known and rather
simple. In order to achieve such a goal, thin plastic scin-
tillator detector of experiments such as ASγ measures
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the signals of minimum ionizing particles [7] and the wa-
ter tank detector of experiments like Auger measures the
vertical equivalent muon (VEM) signals [8]. As to wa-
ter Cherenkov detector arrays such as LHAASO-WCDA,
the “charge calibration” concept should be modified, be-
cause the detector measures the Cherenkov photons gen-
erated by cosmic secondary particles but not the particle
number.

For the water Cherenkov detector array, as the sig-
nal of the single photoelectron dominates in the charge
distribution, which can be used to monitor the gain of
the photomultiplier tube (PMT), but it is not enough
for high range calibration that includes the quantum
efficiency and collection efficiency of the PMT. In the
prototype experiment, cosmic muons can form a special
peak, which can reach hundreds of photoelectrons (PEs)
in the charge distribution when they hit the surface of
the PMT [9]; the peak position mostly depends on the
physical parameters (such as the shape, photo-cathode
sensitivity, collection efficiency, etc.) of the PMT and it
provides a possible way for high range “charge calibra-
tion”. One needs to investigate how to sort out the peak
with a simpler setup or even without any additional aux-
iliary instrumentations. This is one of the goals of the
study.

In this paper, first the LHAASO-WCDA engineer-
ing array is introduced, including key functional sub-
systems; then the charge calibration methods are studied
and presented in detail, demonstrated with the measure-
ment results.

2 WCDA engineering array

LHAASO-WCDA, a water Cherenkov detector array
with an area of 90000 m2, is planned to be built at
Shangri-La, Yunnan Province, 4300 m a.s.l., in the next
few years. To gain full knowledge of the water Cherenkov
technique and to properly investigate the engineering is-
sues, acting as a sequel of the prototype detector [9],
an engineering array of LHAASO-WCDA was built at
YangBa-Jing in 2010 and has been operated since then
for more than two years.

2.1 Water pool

The engineering array of the water Cherenkov detec-
tor is located around 15 m northwest of the ARGO-YBJ
experiment at an altitude of 4300 m a.s.l. The main part
of the engineering array is a pool of water. The effective
dimension of the pool is 15 m×15 m at the bottom, with
the pool walls concreted upward along a slope of 45◦ un-
til 5 m in height, leading to 25 m×25 m at the top. The
roof of the pool is made of thin steel color-bond and in-
sulated polyfoam, shielding the pool from external light
and nature. The whole pool is partitioned by black cur-
tains into 3×3 cells, each of which is 5 m×5 m in size.
A PMT is deployed at the bottom-center of each cell,
facing upwards to collect the Cherenkov lights generated
by air shower particles in water. Two manually movable
shielding pads in size 1 m×1 m are instrumented 15 cm
above the photocathodes of two of these PMTs, for the
purpose of better discriminating the muon signals. To
keep the water clean, a facility for purifying the water
is built beside the pool, recirculating the pool water via
pipe nets stretched into the pool.

2.2 PMT

Two kinds of 8-inch PMTs are deployed in the array:
eight of type R5912 from Hamamatsu and one of type
9354KB from ET Enterprises. A tapered voltage divider
supplied with positive high voltage (HV) is adopted in
the base circuit, which is potted to be water-proof with a
special craft. With this base design and the readout from
the anode, a dynamic range from 1/4 PE to more than
700 PEs within a linearity level of 5%, at the operating
gain around 2×106, is achieved.

2.3 Electronics & DAQ

The PMT signal is transmitted to a preamplifier
above the water surface via an 11 m cable, split into
two signals, amplified to 25× and 1× individually. See
Fig. 1 for details. The signals of these two amplifica-
tions, namely high gain and low gain, corresponding to
low range and high range of the PMT signal, are finally
delivered to the electronics in the control room on the
bank via two 100 m cables, respectively.

Fig. 1. Diagram of the preamplifier. The signal from a PMT is split into two signals which are then amplified
separately. The amplification factors are around 25× and 1× for the high and low gains, respectively.
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A 9-U VME board with nine pairs of channels is de-
signed as the front-end electronics (FEE) to read out
and digitalize the PMT signals. Each pair of channels
process a pair of signals from a same PMT. The pair of
signals are shaped, digitalized with two Analog-to-Digit
converters (ADCs), and passed to a field programmable
gate array (FPGA). Before shaping, the low range sig-
nal is forked and handed over to a discriminator. If the
amplitude exceeds a configurable threshold, the arriv-
ing time of the signal is digitalized with a Time-to-Digit
converter (TDC), and at the same time the FPGA is sig-
naled to start the peak finding algorithm to calculate the
charge of the two signals. A time measurement and two
charge measurements form a hit datum of the PMT.

The FEE also integrates the functions like global po-
sitioning system (GPS) timing, clocking, triggering, data
buffering, etc. Versatile configurable trigger logics, such
as the case of 1 PMT fired, the case of several PMTs fired
within a time window of 100 ns, are firmed in the FPGA
ROM, to perform the event triggering. Controlled by a
data acquisition (DAQ) system on a PowerPC module
plugged in the same VME crate, the event stream con-
sisting of hit data is sent to a desktop computer with the
TCP/IP protocol via a network cable. Data are stored
in a disk buffer of the computer, waiting for transferring
and further offline processing.

To achieve multiple goals of the engineering array, a
particular data-taking process with rotational discrimi-
nation thresholds and trigger logics is carried out during
nearly the whole operation period. The rotation, being
realized through re-configuring the FPGAs when start-
ing every run, includes at least the following three cate-
gories: 1) single channel mode, where all PMTs but one
are masked off with very high thresholds and a threshold
around 1/3 PE (in amplitude) is applied to the remain-
ing PMT (in this case, the trigger logic is set to any
one PMT being fired); 2) high threshold mode, where all
the PMTs are set to a high threshold around 10 PEs,
with trigger logic of any one PMT being fired; 3) physics
mode, where all PMTs are set to a same threshold around
1/3 PE, with the major trigger logic of any 3 PMTs being
fired within a time window of 100 ns. Besides the above
three modes, there are still some other rotation cases,
which are rarely used and not relative to this study.

2.4 Environmental sensors

Environmental conditions of the control room and the
water are measured once every several seconds by sensors
connected to a slow control system. These measured pa-
rameters include temperatures of the control room, the
outdoor, the water top and the water bottom, the pres-
sures of the air and the water bottom. The water quality
in the pool is automatically checked too, a few times per
day by a dedicated tube device for measuring the atten-

uation length of LED light in the water sampled from
the pool. With the help of these sensors and tools, the
experimental conditions are digitally recorded and well
controlled.

3 Charge calibration of the low range

channel

In the single channel mode of the data-taking, the
PMT hits mostly comprise of single photoelectron (SPE)
signals. These signals are mainly contributed from the
low energy (<100 GeV) cosmic ray showers, whose major
secondary components are photons, electrons (including
positrons) and muons. Photons interact with the water
via Compton effect or pair production, yielding charged
electron tracks and finally generating Cherenkov lights
to be observed by PMTs. Besides, when there is fresh
water filling into the pool, the alpha decay of radioac-
tive Radon (222Rn) brought in with the water produces
fluorescence lights in the H2O molecular, radiating uni-
formly in direction and being collected by PMTs. Even
when the pool is empty, radioactive Radon leaked from
the bottom and bank of the pool diffuses inside the shut
pool room, producing fluorescence lights in the air and
generating PMT signals too. All above sources, working
alone or together, lead to a high single counting rate of
PMTs and, due to the low detection efficiency to these
sources, SPE hits dominate in the PMT signals.

The charge distribution of the low range output of a
PMT is shown in Fig. 2 (top), where the bins around the
peak position are fitted with a Gaussian function. Com-
paring it to the signal of very weak LED light dedicated
for measuring the SPE curve, shown in the bottom of
Fig. 2, it is found that the peak position is almost the
same, indicating the peak of the single channel signals
rides precisely at the SPE position.

The SPE peak values of all PMTs are shown in Ta-
ble 1, in which 30 seconds of data are taken for each
PMT, all values are obtained from the charge distribu-
tions fitting by Gaussian function.

The SPE peak position represents an overall effect of
the low range channel of the PMT, including the gain
of the PMT, the amplification factor of the preampli-
fier, the attenuation of signals in the cable, the gain and
the metric of the electronics and especially the gain of
the PMT, which can be monitored with the SPE peak.
One should be aware that the quantum efficiency and
the collection efficiency of the PMT are not included in
this kind of calibration.

The fact that the peak of single channel signals is the
SPE peak can be demonstrated from another aspect. A
global fitting to the distribution in a wide range is made
for the case when a shading pad is over the PMT top, as
shown in Fig. 3, using a convolution function of a power
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Table 1. SPE peak values for all the PMTs.

channel No. peak value [ADC bin]

1 (ET tube) 19.28±0.49

2 19.32±0.28

3 20.57±0.19

4 19.72±0.22

5 19.10±0.31

6 20.29±0.48

7 20.84±0.25

8 20.58±0.24

9 20.59±0.32

Fig. 2. Top: charge distribution of low range out-
put of a PMT, fitted with a Gaussian function;
bottom: SPE curve obtained with an LED light
source for the same PMT.
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where the first term is for cosmic rays and the second
term is for noises like the dark noise and the radioactiv-
ity. The integral range, z1 and z2, is in the unit of ADC
bin, starting from 0.01 PE up to at least 20% more than

the upper fitting range; the upper range of the summa-
tion N is set to a value much bigger than the fitting range
in the unit of PE. The other variables, such as A, µ , σ ,
γ and B, are parameters to be fit. For the case without
the shading pad, it is very difficult to give a similar fit,
as no regular function is found to well describe the muon
components in the distribution.

Fig. 3. Charge distribution of low range output
of one PMT when a shading pad is on, fitted
with a convolution function as equation 1. The
names of the parameter are as the following:
constant=A, mean=µ, sigma is equivalent to σ,
slope=γ, noise=B.

4 Charge calibration of the high range

channel

The previous prototype experiment [9] shows that
near-vertical cosmic muons can produce a special peak
at a position around 350–600 PEs, relying on the shape
and type of the PMT. The peak is mainly formed by
Cherenkov lights of muon tracks hitting the photocath-
ode, so that very little dependence upon the water qual-
ity and depth is expected. With help of this feature, the
PMT and high range channel of its electronics is fore-
seen to be calibrated, including overall effects such as the
gain, the quantum efficiency and the collection efficiency
of the PMT, the amplification factor of the preamplifier,
the attenuation of signals in the cable, the gain and the
metric of the electronics.

With the pool instead of tank configuration in the en-
gineering array as well as the future full array, coincident
measurements with scintillators like the prototype exper-
iment seem impractical. Monte Carlo simulations show
that muons from all directions without the coincidence
selection can form a peak too, but it is not very obvious,
due to the disturbance from muons with large incident
angles or far intersection points and from high energy
shower signals. Fortunately, proved by the simulation, a
shading pad with a certain distance, like 10–20 cm over
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the photocathode, can well alleviate this disturbance and
it does not affect the muon peak much. That is why the
devices of shading pads are put into two cells. Residing
on rails, shading pads stay aside the PMTs on most oc-
casions. To measure the muon peak, one can manually
drag these pads along the rails, to ride over the top of
the PMTs.

Nevertheless, the shading pad device, being a me-
chanical setup, is difficult to build and operate. Instru-
menting all PMTs of future big array with this kind of de-
vice is not a good solution. With a multiplication of the
power law of the charge (x-axis) to the entries (y-axis)
can make the muon peak much clearer, as in Fig. 4, where
the power law index of 2.5 is used. Fitting the curve in
the nearby range with a Gaussian function, the peak po-
sition is then obtained. Same analysis to the simulation
data shows that the transform with a power law multi-
plication shifts the peak position a little bit higher, but
less than 2%. Anyway this shifting effect is uniform for
all PMTs with the similar charge distribution, bringing
nothing biased.

Fig. 4. Muon peaks of these two cells after a power
law multiplication (power law index: 2.5), where
Q is the number of ADC bins divided by 150. Fit-
ted with a Gaussian function, the peak position is
obtained. Muon peak positions turn 4% smaller
in case of shading pads being on, due to the factor
of the δ-ray signals generated in the muon tracks
that are screened by pads.

With this kind of treatment, muon peaks of all PMTs
are obtained. The peak positions are not the same, after
eliminating the PMT gain and the front electronics’ am-
plification between the high and low range of each chan-
nel respectively, using one PMT as the reference, the
related differences between each channel are given, see
Table 2, the result demonstrates almost pure difference
between PMTs themselves. The nonuniformity between
Hamamatsu tubes is less than 10%, but the difference
between ET tube and other tubes is more than 20%,
such difference is mainly caused by two aspects: 1) the
PMT shape differences; 2) the quantum efficiency and
the collection efficiency differences [9].

Table 2. Muon peak value ratio between reference
PMT and others.

channel No. ratio

1 (ET tube) 0.734

2 0.967

3 1.003

4 1.058

5 (Ref. tube) 1.0

6 1.093

7 1.085

8 1.002

9 0.951

5 Calibration stability

To investigate the calibration stability and the de-
pendence on environmental conditions, both low range
and high range calibration are done intermittently (see
section 2.3). The SPE peak and muon peak are fitted for
every 30 seconds’ and 30 minutes’ of data respectively.
Figs. 5 and 6 show the peak values distribution of one
channel as the function of time in one particular month.
During this month, the water depth and water quality
change quite a lot and the temperature in the control
room and in the water varies day by day. The SPE peak
and muon peak position is quite stable, the variation
evaluated by the average RMS of all channels is in the
level around 2%. That means for both low range charge
and high range measurement, after including the envi-
ronment effect factors to the PMT, cable and electronics

Fig. 5. SPE peak variation in one month. Fitted
with a horizontal line. The “HG Charge” is short
for “High Gain Charge”.
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Fig. 6. Muon peak variation in one month. Fitted
with a horizontal line. The “LG Charge” is short
for “Low Gain Charge”.

of all channels, the precision of the charge calibration is
not larger than 2%, which satisfies the requirement of
the experiment.

In these distributions, the daily variation of the peak
position is observed. If drawing the peak position as
the function of the temperature of the control room, a
correlation around 0.2%/℃ on average is found. This
correlation can be the overall temperature effect, includ-
ing the cables and the electronics, most of which are
outside the water, and the PMTs, which reside in wa-
ter, whose temperature is much more stable but still
correlates with the room temperature. This temper-
ature effect, which can be eventually corrected, is ac-
tually trivial in this analysis, as the data points used
here are more or less concentrated in a small tempera-
ture range. Figs. 7 and 8 show the correlation of the
SPE peak and the muon peak value with the room
temperature of all PMTs mentioned above. Table 3
demonstrates the SPE peaks and the µ-peaks relative
variation with the room temperature, considering the
natural environment of the Yang-Ba-Jing site, a varia-
tion of 35 ℃ is predictable in one year, but during one

Fig. 7. Correlation between SPE peak position and
room temperature over one month. The RMS is
the deviation of data points from the fitted line.

Fig. 8. Correlation between muon peak position
and room temperature in one month. The RMS
is the deviation of data points from the fitted line.

Table 3. SPE peaks and µ-peaks relative variation
with the room temperature.

channel No. SPE peaks µ-peaks

1 −0.0024 −0.0010

2 −0.0009 −0.0008

3 −0.0013 −0.0007

4 −0.0029 −0.0018

5 −0.0026 −0.0021

6 −0.0029 −0.0022

7 −0.0017 −0.0021

8 −0.0014 −0.0029

9 −0.0020 −0.0016

month, the whole temperature variation is around 15 ℃

and the correction of the SPE peak position and µ-peak
position is 5% at the most.

6 Considerations of online charge cali-

bration for LHAASO-WCDA

In the future LHAASO-WCDA experiment, signals
will be read out via two dynodes or a dynode and an an-
ode in order to gain a wider dynamic range, and a trig-
gerless mechanism for the data-taking will be adopted.
Single channel signals of PMTs are digitalized by FEEs
and transferred to a DAQ system composed of computer
clusters, for a soft triggering and event building. At the
same time of processing, it hits the data stream and the
histograms for the charge distribution of each PMT with
both the low and the high range channels, as well as
their correlations for the overlapped ranges, can be filled.
For each PMT, analyzing online these three kinds of his-
tograms, assuming very good linearity of the electronics,
the muon peak position, the SPE peak position and the
two channels’ correlation coefficient can be got via simple
fittings. Expressed in formulae, they are:

NC,µ,SQηGHβHµHmH=qH,µ, (2)

GLβLµLmL=qL,SPE, (3)

GHβHµHmH

GLβLµLmL

=α, (4)

where NC,µ,S is the known muon peak position in the
unit of the number of Cherenkov lights hitting the PMT
cathode, obtained from the simulation and careful PMT
tests, related with the shape and effective area of photo-
cathode; Q and η is the quantum efficiency and the col-
lection efficiency of the PMT respectively; GH and GL

is the gain of the PMT for the high and low range re-
spectively; βH and βL is the amplification factor of the
preamplifier for the high and low range channel respec-
tively; µH and µL is the attenuation coefficient of the
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cable for the high and low range channel respectively;
mH and mL is the metric coefficient of FEE for the high
and low range respectively; qH,µ is the measured muon
peak position in the unit of ADC bin of the high range;
qL,SPE is the measured SPE peak position in the unit of
ADC bin of the low range; and α is the measured ampli-
fication coefficient of the overlapped signals of the high
gain and the low gain channels, which includes the coef-
ficients’ contribution mentioned above, except the PMT
itself. With Eqs. (2) and (4), the overall calibration pa-
rameter of the low range channel is secured.

QηGLβLµLmL=
qH,µ

αNC,µ,S

. (5)

With Eqs. (2)–(4), the PMT performance, e.g., the
product of Q and η is easy to calculate, that is

Qη=
1

αNC,µ,S

qH,µ

qL,SPE

. (6)

This parameter can act as a physical input for the
simulation code, for the purpose of better understanding
the detectors dynamically.

7 Conclusion

With the study carried out on the LHAASO-WCDA
engineering array, a method for calibrating the charges
for both the low and high range channels is developed.
Natural sources of cosmic rays, such as muons and pho-
tons, can produce two kinds of nice peaks on PMTs,
which can be nicely fitted with simple Gaussian func-
tions. These peak positions are very stable, relying
only on the PMT and the electronics, guaranteeing that
a precise calibration at the level 2% can be achieved.
These peaks can be obtained by online analyzing the
single channel signals during a very short data-taking
time window, such as 30 seconds and 30 minutes, ensur-
ing a PMT monitoring and a real-time calibration can
continue for future LHAASO-WCDA experiment.
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