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Abstract: In order to observe gamma rays in the 100 TeV energy region, the 4500 m? underground muon detector
array using water Cherenkov technique is constructed, forming the TIBET [I[4+MD hybrid array. Because the showers
induced by primary gamma rays contain much fewer muons than those induced by primary hadrons, significant
improvement of the gamma ray sensitivity for TIBET III+MD array is expected. In this paper, the design and

performance of the MD-A detector with large Tyvek bag is reported.
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1 Introduction

In 1989, Crab nebula was first detected as a TeV
gamma ray source [1]. At present, the number of TeV
gamma ray sources has increased rapidly and more than
100 sources have been identified. On the other hand,
1873 sources are detected in GeV energy region by the
Fermi Gamma-ray Space Telescope with two years’ op-
eration [2]. The multi-wavelength observations have of-
fered us great opportunities to study the origin and ac-
celeration of cosmic rays.

High energy gamma rays are the best probe of the un-
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dergoing cosmic accelerators. The characteristic feature
of an electron process is that the spectrum exhibits a two-
component structure. The low energy one is due to the
synchrotron radiation of an electron in the surrounding
magnetic field while the high energy one is from inverse
Compton and bremsstrahlung. The very high energy
component might not be easily produced by electrons
due to the fast cooling of high energy electrons and the
Klein-Nishina effect of the inverse Compton scattering.
Cosmic ray nuclei may generate high energy gamma rays
through the decay of n°s generated in its hadronic inter-
action with ambient gas. The gamma ray spectrum
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from the hadronic process inherits that of the cosmic ray
and may extend to PeV energy or higher. Up to now,
almost all available spectra observed can be described by
electron processes and no source is conclusively identified
as a hadronic source, neither Galactic nor extragalactic
origin. Though it is a difficult task, the observation of
gamma rays in 100 TeV energy region becomes very im-
portant in the search for a hadronic source.

Having advantages in both high altitude and large
area, the TIBET III array would be an ideal experiment
in observing 100 TeV gamma rays if it had the discrimi-
nation power in distinguishing the gamma rays from the
overwhelming cosmic ray background. To improve the
sensitivity to observe celestial gamma ray sources around
100 TeV, the muon detector (MD) array using water
Cherenkov technique is being built under the Tibet Air
Shower (AS) array. A water Cherenkov detector has been
used in many experiments, such as Super-Kamiokande,
at the Pierre Auger observatory and the HAWC obser-
vatory. For different physics goals, the detectors could
be designed rather differently. In this paper, the perfor-
mance of muon detector A using large Tyvek bag tech-
nique is described.

2 TIBET Il array and MD array

Since 1990, the Tibet AS array has been in opera-
tion at Yangbajing (90°31" E, 30°06’ N; 4300 m above
sea level) in Tibet, China. Each counter has a plastic
scintillator plate of 0.5 m? in area and 3 cm in thick-
ness. It is equipped with a fast-timing (FT) 2-inch-
diameter photomultiplier tube (FT-PMT, Hamamatsu
H1161) and/or a wide dynamic range 1.5-inch-diameter
PMT (D-PMT, Hamamatsu H3178). A 0.5 cm thick
lead plate is put on the top of each counter in order
to increase the counter sensitivity by converting gamma
rays into electron-positron pairs in an electromagnetic
shower. In the late fall of 2003, the area of the Tibet AS
array was further enlarged up to 36900 m? as TIBET
[T array which consists of 728 FT-counters (249 of them
also have 1 D-PMT) and 28 D-counters [3].

The TIBET III array has been working in a wide en-
ergy range from TeV to 100 PeV. For 100 TeV gamma
ray, the angular resolution is about 0.2 degrees and the
energy resolution is about 40%. During its successful op-
eration of more than twenty years, the Tibet AS array
has obtained many important physics results. In 1999,
the multi-TeV gamma ray emission from Crab was de-
tected with the Tibet AS array[4]. The flaring emissions
from Mrk501 in 1997 and from Mrk421 between 2000
and 2001 were also observed by the Tibet experiment
[5, 6]. The Tibet AS experiment is the one which has suc-
ceeded in measuring the two-dimensional high-precision
large-scale cosmic-ray anisotropy in the northern sky and

pointing out a new component of anisotropy in the direc-
tion of Cygnus region at multi-TeV energies [7], where
the discovery of a TeV diffuse gamma-ray signal was soon
claimed by Milagro [8].

However, except Crab Mrk421 and Mrk501, neither
the point source nor diffuse gamma-rays have been signif-
icantly detected by the Tibet AS array [9-11]. The main
reason is that the Tibet AS array is unable to distinguish
the primary gamma rays from the primary cosmic-ray
nuclei. To improve the sensitivity of gamma ray obser-
vation above 10 TeV, we have planned to construct a
10000 m? underground muon detector array using water
Cherenkov technique, to form the TIBET III+MD hy-
brid array [12, 13]. The Tibet MD array consists of 192
muon detectors with 2.5 m overburden, and each muon
detector is a waterproof concrete square pool with 7.2 m
in side length and 2.4 m in height. Each pool is equipped
with one or two 20 inch-diameter PMTs (HAMAMATSU
R3600), depending on the use or not of a large Tyvek
bag. The timing and charge information of each PMT is
recorded by a trigger signal generated from the surface
AS array. The secondary particles in the showers induced
by primary gamma rays contain far fewer muons than
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Fig. 1. Schematic view of the Tibet [[I4+MD array.
Open squares: fast timing counters with a FT-
PMT (FT counters); filled circles: FT counters
with a D-PMT (FT-w/D counters); open circles:
density counters with a D-PMT. The red box indi-
cates MD-I (5 modules, 4500 m? in total, 16 pools
(4x4) each module), constructed in 2010. Mod-
ule MD-A is located at the upper right corner of
MD-I.
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those in the primary hadron induced showers. There-
fore, the number of muons in the shower is one pow-
erful parameter in distinguishing the gamma rays from
the cosmic ray background. For a full-scale MD config-
uration [14], Monte Carlo (MC) simulation shows that
nearly 99.99% of the cosmic-ray background events can
be rejected, while 99% of the primary gamma ray events
at 100 TeV can be retained, according to which, a
background-free experiment would be realized at an en-
ergy above 100 TeV.

In the late fall of 2007, two prototype detectors of ap-
proximately 50 m? each were constructed under the ex-
isting Tibet Il array. Each pool was equipped with two
PMTs and filled with tap water without any purification
or circulation. The typical photoelectron number (N,.)
for vertically penetrating muon is 17 [15]. At present,
5 out of 12 modules (MD-I, approximately 4500 m? in
total, each module has 16 pools) have been constructed
and are under installation, as shown in the red box of
Fig. 1. Different from the other four modules, the top
right module (MD-A) uses a large Tyvek bag filled with
high purity water. Details of this technique are described
below.

3 The design features of the MD-A

For a water Cherenkov detector, long-term stability
of water transparency is very important. Usually, ei-
ther a water-recycling system or closed container tech-
nique is used. For example, the 50 ktons of water in the
Super-Kamiokande tank is continuously reprocessed by a
water-recycling system [16] and the Pierre Auger Surface
Detector is designed to have an operational life span of
at least twenty years by using the closed container tech-
nique [17]. In MD-A, the latter technique (i.e. enclosing
all water in a large bag) is used to stabilize the water
quality in the pool. The advantage of this technique not
only saves water but is also easy for operation and main-
tenance.

For this kind of detector, the reflectivity of the bag
and the transparency of the water are the most impor-
tant factors for signal amplitude. We use the Dupont
Tyvek 1082D film as the lining of the bag, because this
material is flexible, hard wearing, resistant to biologi-
cal activity and has minimal dissolvable content which
might deteriorate the water quality. In addition, this
material has outstanding diffuse reflectivity (when the
wave length is longer than 350 nm, its diffuse reflectivity
is better than 90%) [18]. As the Tyvek film has high
air permeability, a three-layer coextruded low-density
polyethylene (LDPE) film is laminated outside the Tyvek
film. The total thickness of the material is about 375 um.
By using the sealing machine, we successfully produced
the windtight large Tyvek bag (7.2 m in side length and

1.9 m in height). To avoid pollution to the Tyvek film,
the Tyvek bags are produced in a clean hall and the tools
are all cleaned prior to production. Besides, the Tyvek
lab coats, hair restraints, gloves and shoe covers are worn
during all handling of the film. One Tyvek bag filled with
air is shown in Fig. 2. By using such a method, we can
prevent water from contamination, and keep good reflec-
tion of Cherenkov photons in it. This technique greatly
increases the collection efficiency of Cherenkov photons
by PMT, although it leads to a longer duration of the
output pulse to 800 ns. In other words, to get better
muon resolution, we need a wide ADC gate.

Fig. 2. One of the Tyvek bags (7.2 m in side length
and 1.9 m in height) filled with air.

To achieve the longest attenuation length of
Cherenkov light and the highest stability of the water,
the Tyvek bag is filled with the high-purity water pro-
vided by a water purification system. The water purifi-
cation processes consist of five stages as follows:

1) Pre-processing. To eliminate suspended solids,
colloids, organisms, free chlorines and other particles
greater than 5 um, and to ensure that the water fed
into reverse osmosis is qualified.

2) Reverse osmosis. It is a filtration method that
removes most large molecules and ions from water by
applying high pressure to the source water side of a re-
verse osmosis membrane. The resistivity of the output
water is above 30 kQ2-cm.

3) Ultraviolet purification. With a 254 nm UV unit
to kill germs in water, and with a 185 nm unit to decom-
pound organic carbon down to 500 ppb.

4) Electro-deionization. It uses ion exchange resins
to absorb ions from the diluted water stream and then
transport the ions through a pair of ion exchange mem-
branes into a concentrated water stream under the influ-
ence of an applied electric field. This process can produce
ultra-pure water (resistivity above 10 MQ-cm).

5) Ultra filter. This step further eliminates particles
greater than 0.2 pum.

By using perfluoroalkoxy (PFA) tubing, pools were
filled with water with resistivity more than 3 MQ-cm.
Only one HAMAMATSU R3600 PMT is installed in each
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pool. Fig. 3 shows the schematic view of one pool. Seven
pools have been installed and used in a test run opera-
tion.

PMT R3600 E" Tyvek bag

72m

| I
Fig. 3. Schematic view of one pool in MD-A. One

20-inch PMT is mounted at the center of the ceil-
ing and dips into the water to overlook the pool.
The bag is filled with high-purity water to keep
long-term stability of the water quality.

4 Performance of the MD-A

To study the performance of the detector, we have
carried out the following measurements: the signal of
single muon events for each pool, the position unifor-
mity, as well as the long-term stability of the detectors.

4.1 The signal of single muon events

To measure the single photoelectron peak, an LED
was used as a light source. The driving voltage applied
to this LED is generated by a pulse generator, which also
feeds a trigger signal to the DAQ system. We change the
amplitude and width of the output pulse, to reduce the
amount of photons reaching the PMT until the signal-to-
noise ratio is approximately 1:9. In this case, the single
photoelectron peak is obtained for this PMT [19]. Thus
the absolute gain of the PMT at this high voltage can
be calculated. Furthermore, after measuring the gain as
a function of the applied high voltage, the absolute gain
at any high voltage for this PMT can be obtained.

To study the signal of single muon events entering
the muon pool, two square scintillation counters of 1 m?
area with 0.67 m vertical spacing (forming a simple muon
telescope) were placed on the ground above the center of
the pool. Then, the near vertical incident muon around
the center of the pool is selected by requesting a coin-
cident signal in the muon telescope. Fig. 4 shows the
measured single muon amplitude spectrum. There is a
clear peak around 291 photoelectrons, indicating the av-
erage number of measured photoelectrons when one near
vertical muon passes through the center of the pool.
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Fig. 4. A clear single muon peak has been ob-
served. The number of collected photoelectrons
is obtained for one near vertical single muon en-
tering the center of the pool. The fitted peak
position is 291 photoelectrons.

4.2 Position non-uniformity

The position non-uniformity is directly related to the
muon number resolution of the detector, since we do not
know the incident position in the pool for each muon.
To study the position non-uniformity, four positions
were selected as shown in Fig. 5(a): the center of the
pool (Position A), the side of the pool (Position B), the

scintillation
counters

side view of the Position A
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Fig. 5. (a) The schematic view of different posi-

tions A, B, C and D; (b) The single muon am-
plitude spectra for near vertical muon entering at
Position A, B, C or D.
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corner of the pool (Position C), the middle of A and C
(Position D). The above-mentioned muon telescope was
placed above the pool on Position A, B, C or D to select
the vertical incident muons (the vertical spacing between
two scintillation counters is 2.9 m). Fig. 5(b) shows the
measured result. The obtained non-uniformity of the
muon peak is better than 6%.

4.3 Long-term stability

To study the long-term stability, the single muon am-
plitude spectrum was continuously monitored with one
of the operated pools from 18th September, 2011 to 28th
February, 2012. In the operation time of 164 days, the
total decay of the peak value is about 13% and the most
recent data show that the detector is gradually turning
into a stable situation, as shown in Fig. 6. A similar
result has been observed by the Auger Surface Detec-
tor. The reasons for the decay of signal with time are a
convolution of water transparency, Tyvek reflection and
electronic response of the detectors [20]. Further study
of this behavior is ongoing. Between October and De-
cember, other detectors were installed and we stopped
the monitor system.

The TIBET III array has a trigger rate of about
1.7 kHz. Considering that the accidental muon rate is
about 300 Hz/m? at Yangbajing, the rate of accidental
coincidence of each trigger in the selected 100ns time
window is about 2.5 Hz. So, one hour’s data are enough

for us to get the single muon peak and to do real-time
self-calibration for the muon numbers in each shower.
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Fig. 6. Long-term stability of the tested Muon DetectorA.

5 Summary

In an attempt to optimize the Tibet MD array, the
large Tyvek bag technique is used in MD-A. Up to now, 7
out of 16 pools have been successfully operated and other
pools will be ready in the near future. The test run data
have shown that the single muon peak can be clearly sep-
arated from the detector noise and the detector has good
position uniformity. Moreover, the long-term stability of
the muon detector is being continuously monitored. Fur-
ther study of the Tibet III+MD hybrid array is under
way.
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