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A B S T R A C T

Multigap Resistive Plate Chambers (MRPCs) are often used as time-of-flight (TOF) detectors for high-energy
physics and nuclear experiments thanks to their excellent time accuracy. For the Compressed Baryonic Matter
(CBM) TOF system, MRPCs are required to work at particle fluxes on the order of 1–10 kHz/𝑐𝑚2 for the
outer region and 10–25 kHz/𝑐𝑚2 for the central region. Better time resolution will allow particle identification
with TOF techniques to be performed at higher momenta. From our previous studies, a time resolution of
25 ps has been obtained with a 20-gap MRPC of 140 μm gap size with enhanced rate capability. By using a
new type of commercially available thin low-resistivity glass, further improvement MRPC rate capability is
possible. In order to study the rate capability of the 10-gap MRPC built with this new low-resistivity glass,
we have performed tests using the continuous electron beam at ELBE. This 10-gap MRPC, with 160 μm gaps,
reaches 97% efficiency at 19.2 kV and a time resolution of 36 ps at particle fluxes near 2 kHz/𝑐𝑚2. At a flux of
100 kHz/𝑐𝑚2, the efficiency is still above 95% and a time resolution of 50 ps is obtained, which would fulfil
the requirement of CBM TOF system.

1. Introduction

The excellent timing performance of Multigap Resistive Plate Cham-
bers (MRPCs) makes them widely used in high energy and nuclear
physics experiments [1–3]. The detectors for future experiments require
higher rate capabilities as well as timing precision. As an example, the
Compressed Baryonic Matter (CBM) experiment is planned to operate
at the Facility for Antiproton and Ion Research (FAIR) to study nucleus–
nucleus collisions [4]. For the Time of flight (TOF) system of CBM
experiment, MRPCs will be required to work at particle fluxes on the
order of 1–10 kHz/cm2 for the outer region and 10–25 kHz/cm2 for the
central region [5]. Thus the rate capability is a key factor for the MRPCs
used at the CBM experiment. Better time resolution under high flux will
also allow particle identification with TOF techniques to be performed
at higher momenta. Thus there is an urgent need for MRPCs which can
work at a higher incident flux of particles and operate reliably with a
time resolution approaching 20 ps for through-going particles.

∗ Corresponding author at: European Centre for Nuclear Research (CERN), Geneva, Switzerland.
E-mail address: zheng.liu@cern.ch (Z. Liu).

1 The samples were received from Picotech SAS.

Building an MRPC with a time resolution better than 20 ps while
maintaining high efficiency is possible, as reported in [6]. Our R&D
goal is to design and build an MRPC with similar performance, while
operated with a high flux of particles. Additionally we want to maintain
the feasibility of building a large area detector, together with low cost,
ease of construction, with a minimum material budget. Starting from
the design presented in [7], a time resolution of 25 ps has been obtained
with 20-gap MRPC with a 140 μm gap size [8].

A fundamental parameter for MRPCs is the rate capability. Lower
resistivity materials have been shown to improve the rate capability of
MRPCs [9,10]. However, low-resistivity material is often thicker (more
than 0.7 mm) than commercial soda-lime float glass (with values down
to 0.28 mm). Using thicker plates increases the material budget and
thus imposes a practical limit to the number of gas gaps; reducing the
number of gas gaps (with increased gap size) makes precise timing more
of a challenge. We have obtained new low-resistivity glass samples1

with 0.4 mm thickness, which are commercially available. It should be
noted that this glass is manufactured by industry using standard high
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Fig. 1. Cross section view of the 10-gap pad MRPC.

Fig. 2. The experimental setup for MRPC test in the ELBE test beam facility.

volume production techniques. A 6 gap-MRPC with all plates made
from this low-resistivity glass was tested in the PS T10 beam facility
at CERN [11]. It reached 90% efficiency at an instantaneous flux of
90 kHz/cm2. However, this test was made with a pulsed beam (spill
of 360 ms every 15 s) with the beam just covering a small portion of
the active area of the MRPC. As a result, there is the possibility of an
overestimation of the rate capability compared with a continuous full
area irradiation.

The Electron Linac for beams with high Brilliance and low Emit-
tance (ELBE) [12], at the Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) in Germany, produces a continuous tuneable flux electron
beam with a beam spot around 3.5 cm diameter; therefore it is an ideal
location to test our new MRPC prototype (a 10-gap pad readout MRPC
with low-resistivity glass) to measure its rate capability.

2. MRPC construction

A 10-gap MRPC with pad readout (from now on referred to as the
pad MRPC) was built for the study. The active area of the pad MRPC
is 5 × 6 cm2. It has a 4 × 4 array of 1 × 1 cm2 readout pads.

This pad MRPC has a single-stack geometry. The stack is formed as
10 gas gaps with 2 outer glass plates and 9 inner glass plates. This low

Fig. 3. The efficiency of the MRPC as a function of different voltages at 2 kHz/cm2.
The line through the data points is to guide the eye.

resistivity glass sheet has a bulk resistivity in the order of 109 Ω cm
and a thickness of 0.4 mm. The outer glass plates of the MRPC has an
area of 7 × 9 cm2 with a 5 × 6 cm2 voltage electrode; the inner glass
plates have an area of 6 × 7 cm2. The outer surface of the outer glass
sheets were painted with resistive material to form a resistive electrode
with a surface resistivity of 5 MΩ/□. Fig. 1 shows the cross-section of
the MRPC with 10 gas gaps. Fishing line, with a diameter of 160 μm,
was used to form a 160 μm gap between the glass plates. A mylar sheet
was placed between the resistive electrode and the printed circuit board
(PCB) to isolate the high voltage. The MRPC is read out by 10 × 10 mm2

pads on the top and bottom PCBs. As we have reported previously
in [7], reducing the gap size (and increasing the number of gaps) also
improves the rate capability of the MRPC with the added advantage of
enhancing the timing performance. The MRPC is supported by aramid
fibre honeycomb panels and closed inside a gas tight aluminium box.

3. Experimental setup

The MRPC was tested in the electron beam facility at ELBE. A
drawing of the experimental setup is shown in Fig. 2. The 30 MeV
electron beam had a direction perpendicular to the chamber. The
chamber was flushed with a gas mixture of 95% C2H2F4 and 5% SF6.
The reference time is given by the RF reference signal and has a time
jitter of 35 ps. The two scintillators sets, set 1 (S1, S2) and set 2 (S3, S4)
each define an area of 2.0 × 2.0 cm2. The scintillators of the two sets
are read out by photomultiplier tubes (PMTs). All sets are aligned with
respect to the beam line and defined a small (2.0 × 2.0 cm2) area of the
beam. By measuring the number of coincidences of the scintillator sets
during the spill we can monitor the flux of particles that pass through
the MRPC. The MRPC was aligned with the beam line so that the beam
was centred in the centre of the active area of the MRPC. The signals
from the MRPC are discriminated by the NINO ASIC [13]. The output
pulse from the NINO ASIC is sent to an LVDS-to-NIM converter and
read out by a WaveCatcher [14] system. The WaveCatcher opens an
acquisition window when the trigger from the PMTs’ logic signal is
valid. The logic signals after the discriminator from the MRPC and time
reference PMTs are then sampled and the times of the rising and falling
edges are recorded.

In our analysis, if all PMTs register a valid time, this event is
regarded as a valid event. If any channel of the MRPC within a certain
timing window is recorded with a time-over-threshold (ToT) larger than
8 ns, this is recognised as an MRPC hit. The efficiency of the MRPC is
calculated as:

Efficiency = Total MRPC hits
Total valid events (1)

2
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Fig. 4. Time difference between time reference and low-resistivity pad MRPC after
slewing corrections. The voltage of the MRPC is 19.2 kV.

Fig. 5. The time resolution of the MRPC as a function of different voltages at a flux
of 2 kHz/cm2. The line through the data points is to guide the eye.

For the performance study, the MRPC is first tested under different
voltages. After the voltage scan, the MRPC is tested at different flux at
a set voltage to measure the rate capability.

4. Results

4.1. High voltage scan of MRPC

The MRPC was first tested at a low flux of 2 kHz/cm2. The efficiency
of the MRPC at different voltages is shown in Fig. 3. The maximum
efficiency of the MRPC is around 97.0% when the voltage is higher
than 19.2 kV. The dark current of the total active area of the 10 gas
gap MRPC is below 40 nA when the high voltage is below 19.2 kV.

There will be time slewing dependencies on the input signal ampli-
tude since the NINO chip is set at a fixed threshold for MRPC signal
discrimination. A slewing correction needs to be applied based on the
time-over-threshold measurement (i.e. the pulse width). Details of the
slewing correction procedure can be found in [7]. An example of the
time difference between the 10-gap MRPC and the time reference after
time-slewing corrections is shown in Fig. 4.

The time resolution of the pad MRPC can be calculated as
√

50.42 − 352 = 36 ps. Following this time-slewing correction technique,
we obtained the time resolution of the MRPC at different voltages,
which are shown in Fig. 5. The time resolution of the MRPC varies with
applied voltages. As the voltage increased from 17.8 kV to 19.6 kV the

Fig. 6. Reference time minus the time of the MRPC signal for various applied voltages.
The error bars are contained within the size of the symbols. The line through the data
points is to guide the eye.

Fig. 7. The efficiency of the MRPC as a function of the flux. The flux is measured
with the scintillators S1S2. The high voltage of the 10-gap MRPC is fixed at 19.6 kV.
The line through the data points is to guide the eye.

time resolution of the pad MRPC improved. As can be seen in the figure,
the time resolution of the pad MRPC is below 40 ps from 18.5 kV to
19.6 kV. An important measurement is the variation of the absolute
time of the signal as a function of the applied voltage. This is shown in
Fig. 6.

4.2. Flux scan of the MRPC

To test the rate capability of the MRPC, the flux of particles is tuned
between 2 kHz∕cm2 and 200.0 kHz∕cm2. The high voltage of the 10-gap
MRPC is fixed at 19.6 kV. The efficiency of the MRPC at different fluxes
is shown in Fig. 7.

Fig. 8 illustrates the time resolution of the MRPC at different fluxes.
The time resolution of the MRPC deteriorates at higher flux. Its time res-
olution degrades from 37 ps to 60 ps from 2 kHz/cm2 to 200 kHz/cm2.
The absolute time of the MRPC signal with respect to the RF reference
signal obtained during the scan of the flux of the electron beam is
shown in Fig. 9. We can use these measurements to infer the voltage
drop on the glass plates by using Fig. 6.

5. Resistivity of the glass

In our previous report [11], we quoted a resistivity value of this
glass as 2.1 × 1010 Ω cm at 24 ◦C. This value is measured with a
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Fig. 8. The time resolution of the MRPC as a function of the flux. The flux is measured
with the scintillators S1S2. The high voltage of the 10-gap MRPC is fixed at 19.6 kV.
The line through the data points is to guide the eye.

Fig. 9. The absolute time of the MRPC signal with respect to the RF reference signal.
The flux is measured with the scintillators S1S2. The error bars are contained within
the size of the symbol. The line through the data points is to guide the eye.

resistance meter with one day stability. However, we found that the
resistivity of glass varies both with applied voltage (see Fig. 12) and the
accumulated charge passed through it. Fig. 11 shows the resistivity ver-
sus the accumulated charge after passing current through a sample of
glass. Three measurements corresponding to different applied voltages
are shown. The resistivity starts at ∼ 109 Ω cm and rises to 1011 Ω cm.
It is probable that the resistivity would continue to rise if we continued
to pass current through the glass sheet. There are some notable aspects
observable in this plot: (a) the resistivity has a lower value when the
applied voltage is higher (the variation of resistivity versus voltage
is shown in Fig. 10); (b) the increase in resistivity happens at lower
accumulated charge for lower applied voltage (although it actually
takes a longer time). If the electric field in the glass is reversed, the
resistivity starts to decrease as shown in Fig. 12. In this case the
resistivity decreases to a value of 7.5 × 109 Ω cm; a value higher than
the initial value. The resistivity change under reversed electric field in
a long time measurement is shown in Fig. 13. The electric field has
been reversed three times and the trend is an increase of resistivity.
So an optimised electric field polarity change point to get the best
performance will be important and is under study.

6. Discussion

Charged particles passing through an MRPC create gas avalanches.
The movement of the electrons generates the fast signal (which is the

Fig. 10. The bulk resistivity decreases as the voltage is increased across the piece of
0.4 mm glass under test. Each resistivity point is measured after applying the voltage
for two minutes.

usual observed signal); however there is the slow signal generated
by the movement of predominantly positive ions drifting towards the
cathode. When the gas gap is small, the avalanche process is strongly
modified by space charge [15,16]. For a 10 gap MRPC with a gap
size of 160 μm, we expect the total charge produced by each through-
going particle to be 1.2 pC. At ELBE the beam spot has a 3.5 cm
diameter, i.e. a beam spot of 10 cm2. The current drawn by the MRPC
at 100 kHz/cm2 is 1.2 μA and this matches the expected total charge
generated in the MRPC for each through-going charged particle. We
have introduced a way to estimate the voltage drop at high flux in [11].
The formation of the avalanche become earlier in time with stronger
electric field at higher voltage, so there will be a time shift as a function
of applied voltage. From the comparison of the time shift at different
voltage and the time information at different flux we can estimate
the voltage drop at different flux. From Figs. 6 and 9 we can deduce
that the voltage drop is ∼500 V. This voltage drop information and
current drawn allows us to calculate the resistivity of the glass to be
9.5 × 109 Ω cm. From Fig. 11, we see that this requires a charge of
10 mC to be passed through the glass. Running continuously at a rate
of 100 kHz/cm2 for 24 h would generate such an accumulated charge.
However, based on our calculation, the total charge passed through the
glass was 4.35 mC when the MRPC was tested at 100 kHz/cm2, thus
the expected resistivity would have been around 5 × 109 Ω cm. This is
two times lower than we observed from the time shift method. There
could be other effects such as a time shift due to gas pollution at high
rate. This will be investigated during a subsequent beam period that
we have requested.

One may also consider a rate of 10 kHz/cm2. Of course the current
will be reduced by a factor 10 and a resistivity of 9.5 × 109 Ω cm would
result in a voltage drop of 50 V rather than the 500 V observed for
100 kHz/cm2.

It should be noted that the low resistivity glass used in these tests
is not the only glass that shows this behaviour of increasing resistivity
with charge transported through the resistive plate. Both ‘soda-lime’
float glass and the low resistivity glass from Tsinghua University ex-
hibit increases in resistivity but may be able to withstand a higher
accumulated charge (perhaps ∼×10 higher) before this effect becomes
significant [17].

Another question relates to the degradation of the time resolution
with increasing rate. Part of this may be due to just the higher counting
rate introducing noise into the electronics; however we believe that the
cause is due to fluctuations with the rate of particles causing a variation
in the absolute time as shown in Fig. 9.

The MRPC is a symmetric device; the electric field can be reversed
just by reversing the applied voltage. The signals would also reverse in
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Fig. 11. An increase in resistivity is observed after applying a fixed voltage across a
piece of 0.4 mm thick glass.

Fig. 12. If the electric field is reversed, the resistivity decreases, but does not return
to the initial value.

Fig. 13. Long term performance of the glass by reversing the electric field.

polarity thus the front-end electronics need to allow for such a change
of polarity. In an environment of a continuous 10 kHz/cm2 flux, the

electric field should be reversed every month to keep the resistivity at
a low value.

It should be noted that soda-lime glass plates have a resistivity
of 2 to 5 × 1012 Ω cm; thus a flux of 1 kHz/cm2 would generate
a voltage drop on the resistive plates of 1000–2500 V assuming that
the avalanches produced by a through-going particle generates a total
charge of 1.5 pC. Even if such a ‘soda-lime’ glass MRPC could maintain
a high efficiency, the time shift shown in Fig. 6 (100 ps shift for a
change of 1000 V) would significantly degrade the time resolution.
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