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Measurement of cosmic ray flux in the China JinPing
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Abstract: The China JinPing underground Laboratory (CJPL) is the deepest underground laboratory running in

the world at present. In such a deep underground laboratory, the cosmic ray flux is a very important and necessary

parameter for rare-event experiments. A plastic scintillator telescope system has been set up to measure the cosmic

ray flux. The performance of the telescope system has been studied using the cosmic rays on the ground laboratory

near the CJPL. Based on the underground experimental data taken from November 2010 to December 2011 in

the CJPL, which has an effective live time of 171 days, the cosmic ray muon flux in the CJPL is measured to be

(2.0±0.4)×10−10/(cm2
·s). The ultra-low cosmic ray background guarantees an ideal environment for dark matter

experiments at the CJPL.
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1 Introduction

China JinPing underground Laboratory (CJPL) [1]
is situated at the center of a traffic tunnel under Jinping
mountain in Sichuan province, southwest China. The
length of the tunnel is about 17.5 km, and the rock
overburden at CJPL is about 2400 m vertically, which
makes CJPL the deepest underground laboratory for-
mally running in the world (see Fig. 1) [2]. To carry

out rare-event experiments at the CJPL, such as dark
matter search, double beta decay, neutrino oscillation,
et al., it is essential for us to understand the radioactive
background including cosmic ray flux as well as environ-
mental neutron and gamma ray flux. Measurements of
these backgrounds will provide several important param-
eters for design of these possible low background experi-
ments. This work mainly focuses on the measurement of
the cosmic ray muon flux at the CJPL.

Fig. 1. Cross section of Jinping mountain and location of the CJPL.
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2 Detector system

In order to measure the cosmic ray muon flux in the
CJPL, we have built a telescope system consisting of 6
plastic scintillation detectors. Each detector has the size
of 1 m×0.5 m×0.05 m, and is read out by a photon mul-
tiplier (PMT§Hamamatsu CR136-01) coupled on one
end.The telescope system is divided into two groups:
A and B. Each group is composed of three detectors,
which align vertically on a wooden shelf (see the left of
Fig. 2). The distance between neighboring detectors is
about 20 cm.

The electronics system setup is illustrated in the right

of Fig. 2. Signal from each PMT is firstly fanned out
into two channels. One is directly fed into an (CAEN
V1724) for digitization, while the other one is discrimi-
nated, stretched and then sent to logic OR modules to
generate the system trigger gate. Meanwhile, a signal
generator, which serves as random trigger for dead time
study, also contributes to the trigger gate system. When
any detector or signal generator has signal, a system trig-
ger gate is produced. When the trigger gate arrives, the
FADC module converts the whole analog pulses from all
of the six channels to digital signals. The digital pulses
are then written onto a hard disk for offline analysis by
the DAQ program on a normal PC.

Fig. 2. Schematic layout of cosmic ray muon detector system. The left figure depicts the plastic scintillation detectors
on a wooden shelf; the right figure illustrates the schematic diagram of electronics system.

3 Performance of detector system

Due to the expected ultra-low cosmic ray muon flux
inside the CJPL, the telescope system was firstly tested
using cosmic rays in a ground laboratory nearby. The
Pulse Shape Discrimination (PSD) method was devel-
oped to select muon incident events, and the detection
efficiencies of all detectors has also been derived. The
cosmic ray muon flux of the ground laboratory has been
reported as well.

In the PSD method, several characteristic parame-
ters of a pulse shape have been devised to identify the
muon signal from the noises or gamma background, such
as pulse amplitude, total charge (area of the pulse within
2.5 µs), rise time (time rising from 10% to 90% of pulse
amplitude), fall time (time falling from 90% to 10% of
pulse amplitude), and so on. The first two parameters
correspond to the deposited energy and their distribu-
tions represent the energy deposition spectra.

Muon particle loses its energy by ionization and ra-
dioactive processes. It will definitely deposit a large
amount of energy whenever passing through a plastic
scintillation detector. Moreover, the angular distribution
of muons at the ground is proportional to cos2θ [3], where

θ is the zenith angle of an incident muon. The muon
events can be selected by two restrictions: pulse shape
(pulse amplitude, rise time and fall time) constraint, and
triple-coincidence constraint.

Fig. 3. (color online) Distributions of the pulse am-
plitude(corresponding to energy deposition spec-
tra) of the top scintillator (blue solid line), middle
scintillator (red star marker) and bottom scin-
tillator (green circle marker) from group B. All
distributions are normalized to 1 in the range of
5500–15000 FADC unit.
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According to Ref. [3], muon stopping power for a Min-
imum Ionizing Particle (MIP) in a plastic scintillator is
1.956 MeV/g/cm2. So given the thickness of 5 cm, the
minimum energy deposition of muon penetrating from
the upper surface to the lower surface of one detector is
about 10 MeV, which is much higher than the ambient
gamma energy (<3 MeV). In Fig. 3, distributions of pulse
amplitude of muon events follow Landau distribution as
predicted theoretically. The cut threshold is then set to
5000 FADC unit, right below the leading edge of Landau
distribution. Events with pulse amplitude higher than
5000 FADC unit are selected for downstream analysis.

The rise time and fall time distributions of the triple-
coincident events are plotted in Fig. 4. The acceptance
regions for rise time and fall time are 20–60 ns and 420–
600 ns respectively. Noise events that fall out of these
regions are thus discarded.

The restriction of triple-coincidence is defined as a
restriction that pulses from all the 3 detectors in the
same group should pass through the pulse shape con-
straint and the amplitude threshold. This restriction is
so powerful that most of the background events can be
rejected.

With all the aforementioned selections, cosmic ray

muon flux in the ground laboratory can be derived. Four
kinds of corrections, however, are need beforehand.

The first one is dead time correction. In the right
of Fig. 2, the signal generator, serving as random trig-
ger, produces periodic pulses which are independent of
physics events. Dead time correction factor is then de-
fined as the ratio of recorded number to generated num-
ber of random trigger events, which is measured to be
higher than 99.9%.

The second correction is edge effect correction. In
some instances, muon particles of large zenith angle
would pass the edge of the top or bottom scintillators
but penetrate the whole thickness of the middle one. In
such cases, side detectors have less deposited energy be-
cause of the short trace of muon left in the detectors.
So the muon spectra of side detectors have more events
than the middle one below the leading edge of Landau
distribution (see Fig. 3). Such effect is called the “edge
effect”, and its correction factor has been calculated by
Monte Carlo simulation, which is 93.4%.

The third correction is detection efficiency correction.
The detection efficiency of detector i is defined as:

εi=
N3

N2

, (1)

Fig. 4. Distributions of rise time (left figure) and fall time (right figure).
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where N3 is the number of triple-coincident events and
N2 is the number of double-coincident events of detec-
tors other than detector i. Since the top and bottom
detectors both have an edge effect (see Fig. 3), Eq. (1) is
only valid for the detectors in the middle position. Each
detector was placed in the middle position to measure
their detection efficiency. The results of the 6 detectors
are listed in Table 1, which are all larger than 99%.

Table 1. Restraint and correction factors of the de-
tector system.

rise time restrain 20–60 ns

fall time restrain 420–600 ns

amplitude threshold restrain 5000FADC unit

dead time correction factor >99.99%

edge effect correction factor 93.4%

99.2%(A top), 99.3%(A middle)
detector efficiency correction

99.3%(A bottom), 99.4%(B top)
factor

99.7%(B middle), 99.0%(B bottom)

solid angle correction factor 33.9%

The last correction is solid angle correction, which
considers muons that have too large zenith angle to cre-
ate triple-coincidence. This correction has also been
studied by Monte Carlo simulation with cos2θ distri-
bution assumption of incident muons. The solid angle
correction factor (of group A or group B) is defined as
the proportion of the triple-coincident cosmic ray muon
events to the cosmic ray muon events which pass through
the top scintillator. Fig. 5 shows solid angle correction
factor as a function of θ. Because the plastic scintillation
detectors cannot distinguish the direction of the incident
muon, so the correction factor takes a weight average
value of 33.9%, which is obtained by dividing the to-
tal survived triple-coincident events number by the total
events number passing through the top detector.

Fig. 5. Solid angle correction for the telescope sys-
tem. The weighted average value of 33.9% is used.

All the restraint and the correction results are listed
in Table 1. The cosmic ray muon flux of the ground

laboratory can be calculated by

N3

ε1×ε2×ε3×ε4×t
, (2)

where N3 is the number of triple-coincident events, ε1–ε4

are the correction factors and t is the live time.
Based on more than 19 million selected cosmic ray

muon events, the muon flux of the ground laboratory is
measured to be 144.7/(m2

·s), where the altitude is about
1600 m. The result is consistent with our previous mea-
surement [4] and other results [3] at the same altitude.

4 Measurement of cosmic ray muon flux

in the CJPL

After testing in the ground laboratory, the telescope
system was moved and set up in the CJPL. The detec-
tors’ position as well as the electronics setup was kept
the same as in the ground measurement.

Before data analysis, the data quality was verified.
Dataset runs of less than 2 days are firstly removed. The
stability of the pulse pedestal was also been investigated.
If there are one or more abnormal jumps in the averaged
pedestals, the total run is also eliminated. From Novem-
ber 2010 to December 2011, we have accumulated 231
days’ data. In the whole 54 runs, there remain 14 runs
after quality checking, corresponding to a live time of
171 days.

Muon events are selected by the same selection cri-
teria as ground measurements. After pulse shape and
triple-coincidence selection, we get 28 events from two
groups. To get better statistics, the pulses of selected
muon events from all 6 detectors of the two groups are
counted up to obtain a general amplitude distribution.
In Fig. 6 the general amplitude distributions of both
ground and underground measurements are drawn to-
gether. The small bump around 15500 FADC units is
caused by the saturation of the FADC module. It is due
to the outrange signal stack of high energy cosmic rays
or the superposition of coincident high energy radiation.
Although limited by statistical errors, the underground
spectrum is in line with the ground spectrum. One can
see that there is no obvious difference between them.

Corrections are still needed to calculate the cosmic
ray muon flux. Dead time correction has been measured
by using a random trigger as before. Detection efficien-
cies of all detectors are chosen from the ground measure-
ment. From Fig. 1 we can see that muons penetrating
into the CJPL have the shortest paths in the vertical di-
rection, and muons in other directions have longer paths
that are more likely to decay or to be stopped by rocks.
So the angular distribution of cosmic ray muons in the
CJPL tends to be much more vertical than that on the
ground. Because we do not know the angle distribution,
its correction factor is treated as 1 for this underground
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Fig. 6. (color online) Pulse amplitude distributions
of underground (black dot with error bar) and
ground (green dot) measurements. For better
statistics, selected muon pulses fromall 6 detec-
tors are taken into account.

measurement and the edge effect is ignored.
After all the corrections, the cosmic ray muon flux in

the CJPL is measured to be (2.0±0.4)×10−10/(cm2
·s),

or 61.7±11.7/(m2
·year). Considering the large statistic

uncertainty of 18.9%, we neglect the systematic error.
Figure 7 shows our result compared with the flat-

earth model [5] which describes the cosmic ray muon flux
of the main deep underground laboratories (i.e., WIPP
[6], Soudan [7], Kamioka [8], Gran Sasso [9], Frejus [10],
Boulby [11], Homestake [12], Sudbury [13], Modane [14])
at different depths. The water equivalent depth of CJPL
is calculated to be 6720 m as the product of the mea-
sured average rock density of 2.8 g/cm3 and the depth of
2400 m. The result for the CJPL is consistent with the
flat-earth model.

Fig. 7. The flat-earth model [5] describing muon
flux v.s. depth of the main underground laborato-
ries [6–13]. For CJPL, the water equivalent depth
is computed with the rock density 2.8 g/cm3 and
depth 2400 m.

5 Summary

A telescope system of 6 plastic scintillation detec-
tors and electronics setup has been set up to measure
the cosmic ray muon flux in the CJPL. The system
has been tested in the ground laboratory nearby, and
its performances have been studied. A data analy-
sis method has also been developed for event selection
and flux correction. With 171 days’ effective data, the
cosmic ray muon flux in the CJPL is measured to be
(2.0±0.4)×10−10/(cm2

·s), which is in line with the flat-
earth model. The ultra-low background provides the
necessary environmental conditions for rare-event exper-
iments such as operating dark matter direct detection.
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