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A new prototype of a Long-Strip Multi-Gap Resistive Plate Chamber (LMRPC) for the STAR Muon

Telescope Detector (MTD) at RHIC has been developed. This prototype has an active area of 52�90 cm2

and consists of six 250 mm wide gaps. Each detector has 12 strips, read-out at both ends, which are each

3.8 cm wide and 90 cm long with 0.6 cm intervals. In cosmic-ray tests, the efficiency was larger than

95% and the time resolution was �75 ps for the 94% Freon, 5% iso-butane, and 1% SF6 gas mixture.

There was good uniformity in the performance across the different strips. The module was also tested in

a proton beam at IHEP in Beijing. The efficiency was close to 100% and the best timing resolution

achieved was 55 ps for the 90% Freon, 5% iso-butane, and 5% SF6 gas mixture. Trigger scans along and

across the strip direction were also performed.

Crown Copyright & 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

Multi-Gap Resistive Plate Chambers (MRPC) were introduced
more than 10 years ago [1] as a new approach for accurate time-
of-flight measurements. The technology is insensitive to magnetic
fields, inexpensive and simple to build, and performs comparably
or better than scintillators. Thus, MRPCs are now widely used in
time-of-fight systems at medium and high energy physics
011 Published by Elsevier B.V. All

x: þ86 1062782658.
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experiments, such as the STAR experiment at the RHIC [2], the
ALICE experiment at the LHC [3], and other experiments [4–6].
Data taken over the last several years have demonstrated that
RHIC has created a dense and rapidly thermalized state of
strongly interacting partonic matter [7]. The next objective at
RHIC is to study the properties of this partonic matter in terms of
the color degrees of freedom and the equation of state. The
precise measurement of the transverse momentum distributions
of quarkonia, such as the J/C and U mesons, at different central-
ities in different collision systems and energies, serves as a
thermometer of this partonic matter. A large-area and cost-
effective Muon Telescope Detector (MTD) at mid-rapidity for
rights reserved.
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the STAR has thus been proposed to improve STAR’s capabilities
at directly identifying the decay muons from quarkonia. Due to
the low occupancy, the MTD will be constructed with the LMRPC
technology instead of the smaller pad MRPCs used in the STAR
time-of-flight system. With this design the number of electronic
channels can be reduced and the hit position along a strip can be
obtained by the time differences at the two ends of the strips.
Prototypes of such LMRPCs have been running for the last three
years in STAR [8,9] and many important results were obtained
[10,11]. A new prototype with wider strips and fewer gaps was
developed, which is more suitable for a large-area implementa-
tion of the MTD. In this paper, the design of these ‘‘final
prototype’’ LMRPCs for the STAR MTD is presented. The results
obtained from systematic cosmic-ray and beam tests are also
discussed.
2. Structure of the module

A schematic side view of the detector structure is shown in
Fig. 1. The module has six 250 mm wide gaps, which are defined
by a stack of float glass plates separated by interleaved nylon
monofilament fishing line. The inner and outer glass plates are
0.7 and 1.1 mm thick, respectively. The volume resistivity of the
glass plates is about 1012

�1013 O cm. The high voltage cathode
and anode (HV electrodes) are a coating of colloidal graphite paint
on the external surface of the outer glass plates. The graphite
paint is applied by an automated sprayer at a constant speed, and
the resulting surface resistance of the electrode is �5 MO/&.
High voltage is applied to the electrodes via 10 mm wide and
800 mm long pieces of copper tape applied to the long edges of
the painted electrodes. The active area of the module, which is
defined by the stack of inner glass plates, is 52 cm�90 cm.
Twelve pairs of strips above and below the inner glass stack pick
up the signals, which are each 3.8 cm wide and 90 cm long with
0.6 cm intervals between the strips. Mylar layers that are
0.18 mm thick are placed between the graphite paint and the
printed circuit boards with the read-out strips to electrically
insulate the HV electrodes and the read-out strips. Fiberglass-
reinforced honeycomb plates mechanically support the device
and keep it rigid.

Gas mixtures of primarily Freon R134A with admixtures of iso-
butane and SF6 are used as the working gas. The primary
ionization created in the gas gaps following the traversal of a
charged particle through the detector undergoes Townsend
Inner g
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PCboa

Interval: 6mm

Spacer: fishing line
Gasgap: 0.25mm

Inner glass: 0.7mm
Outer glass: 1.1mm

P

Fig. 1. Structure of th
avalanche multiplication due to the high electric fields inside
the gaps. The glass plates terminate the growth of the avalanches
due to their high resistance. The movement of the avalanche
electrons produces image charge signals in the pick-up pads. The
total signals that are input to the front-end electronics (FEE)
are the sum of all the avalanche signals in all the gas gaps. The
outputs of FEE ( the same FEE used for the STAR TOF prototype
‘‘TOFr’’ [12] ) are digitized by VME based CAEN V792 (for charge )
and CAEN 775E (for time).
3. Cosmic-ray test setup and results

Three 20 cm�5 cm�5 cm scintillators and two 4 cm�
2 cm�1 cm scintillators were used to trigger on cosmic rays.
The arrangement of the scintillators with respect to the LMRPC
detector is shown in Fig. 2. Two of the larger scintillators and one
of the smaller scintillators are above the module, and the rest are
below the module. PMT0 through PMT4 was used for basic
coincidence triggering and to provide the reference time. This
same setup was used for the cosmic ray testing of the STAR TOF
MRPC detectors [13]. Two small scintillators are used to measure
the efficiency of the module—the width of the area subtended
by the small scintillators is smaller than the width of an LMRPC
strip.

The performance of the LMRPC module when using two
different gas mixtures was investigated. One gas mixture con-
sisted of 95% Freon and 5% iso-butane, while the other consisted
of 94% Freon, 5% iso-butane, and 1% SF6. For each gas mixture, the
detector efficiency, time resolution, and noise rates were
measured.

The plots of efficiency and time resolution versus the electric
field, E, in the gas gaps are shown in Fig. 3. The electric field, E, is
equal to the applied HV (total voltage drop between HV anode
and cathode) divided by the total thickness of the gas gaps
(6�0.025 cm). An efficiency higher than 95% was achieved at
electric field values of 96.3 kV/cm (applied HV of 77.22 kV) for
the 95% Freon plus 5% iso-butane mixture, and at 98.3 kV/cm
(applied HV of 77.37 kV) for the 94% Freon, 5% iso-butane, plus
1% SF6 mixture. The time resolution values are shown on the right
axis of Fig. 3. These were 95–100 ps for the 95% Freon plus 5%
iso-butane mixture and 75–80 ps for the 94% Freon, 5% iso-
butane, plus 1% SF6 mixture.

The plots of noise rates versus the electric field values are
shown in Fig. 4 for the 94% Freon, 5% iso-butane, plus 1% SF6 mixture.
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Fig. 2. Layout of the cosmic-ray test system.
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Fig. 5. Noise levels versus the strip number for the electric field of 104 kV/cm and

the 94% Freon, 5% iso-butane, and 1% SF6 gas mixture.
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Fig. 6. Efficiency (solid squares) and time resolution (open squares) versus the

strip number for a 96 kV/cm electric field and the 94% Freon, 5% iso-butane, and

1% SF6 gas mixture.
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The values are less than 0.4 Hz/cm2 when the electric field is smaller
than 96 kV/cm (applied HV of 77.2 kV). The noise level versus the
strip number for an electric field of 104 kV/cm (applied HV of
77.8 kV) is shown in Fig. 5. The noise rate is relatively stable and
ranges from 0.6 to 1.0 Hz/cm2, implying a good uniformity of the
device across the different strips.
The uniformity across the different strips was also tested for
the electric field of 100 kV/cm (applied HV of 77.5 kV) for the
94% Freon, 5% iso-butane, and 1% SF6 gas mixture. The trigger
scintillators were placed over each of the different LMRPC strips
in turn. The efficiency and the time resolution of each strip are
shown in Fig. 6. The uniformity of the different strips is good. The
efficiency is approximately 95% and the time resolution ranges
from 60 to 80 ps. A non-uniformity of the electric field near the
two outermost strips results in a somewhat degraded, but still
acceptable, time resolution for those two strips.
4. Beam test at IHEP

4.1. Detectors layout

The module was also tested in beam at the Institute of High
Energy Physics (IHEP), CAS in Beijing. The experimental area was
located at the end of the E3 line in experiment Hall number 10.
A schematic depiction of the detector configuration is shown in
Fig. 7. Two scintillators (SC1 and SC2) and a Cherenkov detector
(C0) were used for basic triggering. A coincidence of the two
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PMT4
Entries2592
Mean2895
RMS1010

ADC channel
0

C
ou

nt

0

20

40

60

80

100

120

140 PMT4
Entries    2592
Mean      2895
RMS       1010

PMT4

500 1000 1500 2000 2500 3000 3500 4000 4500

proton

pion

Fig. 8. Typical charge spectrum of PMT4. Peaks resulting from pion and proton

beam particles are well separated.

78
50

55

60

65

70

75

80

85

90

95

100

 Efficiency
 Time resolution

E (kV/cm)

E
ffi

ci
en

cy
 (%

)

50

60

70

80

90

100

110

120

Ti
m

e 
re

so
lu

tio
n 

(p
s)

95%

80 82 84 86 88 90 92 94 96 98 100102104

Fig. 9. Efficiency (solid squares) and time resolution (open squares) versus the

electric field.

Y. Wang et al. / Nuclear Instruments and Methods in Physics Research A 640 (2011) 85–9088
scintillators and an (anti)coincidence with the Cherenkov detector
allowed the selection of protons and pions [14]. Three multi-wire
chambers (MWPC) were installed for the measurement of the
beam trajectory and the hit positions on the LMRPC but these
detectors were inoperable during the beam time. The four small
scintillators (PMT1-4) provided the coincidence trigger and the
event reference time (T0), and these were the same four detectors
that were used in the cosmic ray testing described above. The
LMRPC was placed in a movable platform with a range of 720 cm
horizontally and 75 cm vertically. The gas mixture used was 90%
Freon, 5% iso-butane, and 5% SF6.

4.2. Particle selection

It was not possible to directly identify the incident beam as
protons and pions at the 600 MeV/c beam momentum using the
SC1, SC2, and C0 detectors. However, the very different ionization
energy loss of these two particles in plastic allowed a direct
identification of the beam particle by the T0 detectors
PMT1–PMT4. A typical charge spectrum of PMT4 is shown in
Fig. 8. The two peaks formed by pion and proton beam particles
are well separated. Protons were selected in the offline analysis
due to their higher beam rate. There are differences on the
efficiency, time resolution, and other performance because low-
energy protons ionize approximately two times more than pions
(the energy depositions in the gas mixture in the LMRPC module
of 600 MeV/c proton and pion are 8.6�10�4 and 3.8�10�4 MeV,
respectively, simulated by GEANT4).
4.3. HV scan

A wide-range HV scan was done, and the result is shown in
Fig. 9. The efficiency reached 95% when the electric field was
�87 kV/cm (applied HV of 76.525 kV) and was nearly 100% for a
wide range of working electric fields (90–100 kV/cm). Within this
range of applied high voltage values, the time resolution was
around 70 ps. Compared with the result of cosmic-ray test, the
curves of efficiency reach the plateau region at lower values of the
electric field. That is because the protons used in the beam test
were more strongly ionizing compared to cosmic-ray particles.
The charge spectrum from the LMRPC module for an electric field
of 96 kV/cm is shown in Fig. 10. A distinct high-charge peak from
‘‘streamers’’ was not observed.

4.4. Trigger scan

The LMRPC module can be moved horizontally and vertically
using the movable platform. A vertical trigger scan was done at an
electric field of 96 kV/cm. The trigger moved in steps of 0.5 cm.
The efficiency of the nearest two strips to the beam, and the
‘‘AND’’ and ‘‘OR’’ efficiencies as a function of the central position
of trigger, is shown in Fig. 11. Like a typical trigger scan efficiency
profile (see e.g. Refs. [15,16]), the efficiency of a strip decreases
when the triggered spot is moved away from the strip. The ‘‘AND’’
efficiency (the charge sharing and strip-to-strip cross-talk) is
maximal when the trigger spot is near a strip-to-strip gap, while
the ‘‘OR’’ efficiency remains high with only a small decrease near
the gap. The time resolution at each of these same positions is
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shown in Fig. 12. The time resolution degrades from �75 to
�95 ps for hits near the gap.

A trigger scan along the long axis of the strips was also done.
The trigger spot was moved in steps of 5 cm each, and three
different positions were tested. The plot of efficiency and time
resolution versus the position along the strip is shown in Fig. 13.
A good uniformity along the strip is observed. The efficiency was
close to 100% and the time resolution �55 ps. The propagation
velocity of the signal along the strip was calculated via the time
difference at the two ends of the strip. The resulting propa-
gation speed of the signals inside the pads was observed to be
�56 ps/cm, as shown in Fig. 14.
5. Conclusions

A new prototype of a LMRPC detector for the STAR MTD has
been built and tested. The active area is 52�90 cm2 and is read
out by twelve 3.8�90 cm2 double-ended strips. The performance
for timing resolution and efficiency in cosmic ray and beam tests
was good, and the performance was uniform across the different
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read-out channels. In the cosmic ray tests, the efficiency was
higher than 95% and the time resolution was around 75 ps. In the
beam tests (with a different gas mixture) the efficiency was
nearly 100% and the time resolution was as good as 55 ps. The
test results also show a good uniform performance across the
different strips and along the strip.

This new prototype meets the basic requirements for the STAR
MTD. Three of these detectors will be installed in STAR and will be
operated throughout the upcoming 2011 run.
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