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Abstract

OSE Institute is Asia’s first modern research centre devoted to interdisciplinary research and bears a
B century old tradition of research excellence. In the Experimental High Energy Physics (EHEP) detector
laboratory of Bose Institute, Kolkata, we are working on the R&D of Gas Electron Multiplier (GEM), straw
tube detector for future heavy ion physics experiments and also developing low resistive bakelite Resistive
Plate Chamber (RPC), keeping in mind high particle rate handling capacity. The main goal of our research
program is the stability study and ageing study of gaseous detectors mentioned above. In this review article,
the details of the R&D program of GEM detector, straw tube and RPC detectors carried out during the last
five years is reported.

1 Introduction

The advent of high-rate experiments, e.g. HERA-B at DESY and more recently experiments at the CERN LHC,
requires innovative detector concepts. Micro Pattern Gas Detectors (MPGD) have become a promising route
for handling high rates over the past two decades. The invention of MPGDs, in particular, the Gas Electron
Multiplier (GEM) [il] or the Micro-Mesh Gaseous Structure (Micromegas) [2], and more recently other micro
pattern detectors, offers the potential of gas detectors with very good spatial resolution, high rate handling
capability, large sensitive area, stability of operation and radiation hardness [8]. These detectors can also
achieve reasonably good energy and time resolution. Modern photo-lithographic technology has enabled a
series of inventions revolutionising the cell size limits for many gas detector applications.

Several High Energy Physics (HEP) Experiments are already making use of this technology. Triple GEMs
have been demonstrated to operate for over ten years in the COMPASS experiment [4] in a relatively high
rate environment as tracking detectors. Future experiments, e.g. the Compressed Baryonic Matter (CBM)
experiment at the future Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany, will use
triple GEM detectors to instrument the muon detector MUCH (MUon CHamber) [G, §, @, B, 9, 00, I0, 02, ©3].
1%t and 2"? stations of CBM-MUCH will use large-sized triple GEM detectors, where a high rate of particle flux
is expected. A Large Ion Collider Experiment (ALICE) at the Large Hadron Collider (LHC) facility at CERN is
upgrading the multi-wire proportional chamber based Time Projection Chamber (TPC) with quad GEM units,
to cope up with the foreseen increase of the LHC luminosity in Pb-Pb collisions after Long Shutdown 2 (LSs)
[, 15]). In order to achieve a low ion backflow (< 1%) and good energy resolution (better than 28% (FWHM)
for Fe®® X-rays), it is decided that the new read-out chambers will consist of stacks of 4-GEM foils combining
different hole pitches. However, the size of standard GEMs is, for technological reasons, limited to a size below
40 x 40 cm?. To minimize dead space in large area experiments, it is highly desirable to have larger-area gas
detectors (> 0.2 m?) at hand. A potential candidate is GEMs, fabricated in a newly developed single mask
technology [I6].

In line with the worldwide efforts, in the EHEP detector laboratory of Bose Institute, Kolkata, we have also
taken the initiative to carry on research and development with GEM detector prototypes. The main emphasis
of this research program is the long-term stability study of GEM detector. In this work both single mask and
double mask GEM detectors are used. For both the chambers, the GEM foils and other components of the
detectors are obtained from CERN [I7] and also assembled in the RD51 laboratory of CERN [iR]. The details
of the R&D activities on GEM detectors are described in Sec. B.



On the other hand, several kinds of wire chambers are still used for particle tracking, but ageing problems
result in a more pronounced non-linearity of the space-time correlation and a moderate loss in position accuracy.
However, the space-time correlation is affected by the counting rate due to the accumulation of positive ions
and the resulting space-charge field distortion. A limitation for using the drift tubes lies in the thickness of the
cathodes; acceptable for high-energy muon detection, it causes a deterioration of tracking accuracy for lower
momentum particles. The development of techniques capable of manufacturing single-wire counters with thin
plastic walls, the so-called straws, permits the realisation of large arrays of light detectors. Straw drift chambers
are used for the Large Area Tracking (LAT) of the Common Muon and Proton Apparatus for Structure and
Spectroscopy (COMPASS) at CERN [I4].

Straw tubes are currently being used in large HEP experiments such as ATLAS [20] and NA62 [21] exper-
iments at CERN and GlueX [22] in Hall D at JLab, as tracking detector with a low material budget [23, 24].
A straw tube detector is basically a gas filled single channel drift tube with a conductive inner layer as the
cathode and a wire stretched along the axis as the anode. When high voltage is applied between the wire and
the tube an electric field is generated in the gas filled region. The electric field separates electrons and positive
ions produced by an incident charged particle along its trajectory through the gas volume. The wire is kept at
a positive voltage and collects the electrons while the ions drift towards the cathode. By choosing thin wires,
with a diameter of a few tens of um, the electric field strength near the wire is made high enough to create an
avalanche of electrons. Depending on the high voltage and the gas composition, a gain of about 10* - 10° can
be achieved [25]. The specific energy loss (dE/dx) of a charged particle in the gas volume of the straw tube can
be used to identify the particle species and can be derived from the number of ionisation electrons per track
length (dx) for the generated straw signal. The main advantage of using straw tube in a tracking system is
the reduction of material budget. Straw tube detectors are one of the options for the 3"% and 4*" stations of
CBM-MUCH.

Another large area gaseous detector called the Resistive Plate Chambers (RPCs), first developed by Santon-
ico et al. [28, 27, PR, 29] using bakelite are used extensively in HEP experiments. The RPCs are being considered
for the following reasons a) relatively low cost of materials used in making RPCs, b) robust fabrication pro-
cedure and handling and c) excellent time and position resolution. Primarily used for generating fast trigger
for muon detection [30], time of flight (TOF) [&1, B2] measurement, and tracking capabilities in multi layer
configurations, they are successfully used in BELLE [33], BaBar [34], BESIII [35], and several LHC experiments
(ATLAS, CMS etc.) [88, B7]. RPCs are used in neutrino experiments like OPERA, where its excellent time
resolution and tracking capabilities are exploited [88]. The RPCs are also being explored for use in the Positron
Emission Tomography (PET) imaging with TOF-PET [9], detection of y-rays [d0] and neutrons [&1, &2] over
a large area.

The RPCs are made up of high resistive (bulk resistivity ~ 101°-10!!  c¢m) plates (e.g. glass, bakelite) as
electrodes, which help to contain the discharge created by the passage of a charged particle or by an ionising
radiation in a gas volume, and pick-up strips are used to collect the resulting signals. The typical time resolution
for a single gap RPC is ~ 1-2 ns. By reducing the gaps between the electrodes or by using multi-gap configuration,
time resolution in such a detector can be improved to < 100 ps [@3, &4]. The position resolution of RPCs is
1 cm to ~ 100 pm.

The RPCs are operated in two modes, viz., the avalanche mode and the streamer mode. Over the years, one
of the main concerns with the use of RPCs is their long-term stability. In the avalanche mode, a small amount
of charge (~ 1 pC) is produced in the gas, which allows the RPC to recover in a relatively shorter time to handle
high counting rates (~ 1 kHz/cm?). Ageing effects caused by the accumulated charge is also relatively less in
this mode. In the streamer mode of operation, the amount of charge produced after ionisation is considerably
larger, creating induced signals of larger magnitude. But, the recovery time is also larger and the irreversible
damage caused by the accumulated charge reduces the life of the RPC. However, several remedial measures can
be taken to prolong its life under the streamer mode of operation. Careful choice of materials, smoothness of the
surfaces to avoid localisation of excess charges, surface treatment to reduce the surface resistivity or providing
alternate leakage path for post-streamer recovery are adopted in the major high energy physics experiments.
Prolonged stable operation in streamer mode of the BELLE RPCs, though made of glass, is a testimony to
many serious efforts taken for the above cause [33, #5].

RPCs are generally used for moderate rate handling (~ 1-5 kHz/cm?). In our research project, we propose
a systematic investigation of RPC for intermediate rate operations (~ 10-15 kHz/cm?). We plan to investigate
RPCs employing an X-ray generator and cosmic rays in the laboratory as well as charged particle beams and in
particular hadronic beams and hadronic showers, delivered by the CERN SPS. There is foreseen to test RPCs
in a harsh hadronic environment similar to the CBM experiment, particularly after the hadron absorber. In



this regard RPCs are another option for the 3¢ and 4*" stations of CBM-MUCH.

In the last two decades, India is progressing well in the field of research on gaseous detectors. The gaseous
Photon Multiplicity Detector (PMD) developed in India is being successfully used in the STAR experiment at
Relativistic Heavy Ion Collider (RHIC) in BNL and A Large Ion Collider Experiment (ALICE) at CERN in
LHC [z8, @47].

Apart from this, lots of R&D on RPC are being carried out both using glass and bakelite for the future
India-based Neutrino Observatory (INO) [ER, @49, b0, 651, 52, 63, 54]. Starting from a 30 cm x 30 cm bakelite
RPC obtained from China, a number of RPCs are developed, making use of the bakelite plates available locally
in India. The entire effort can be divided into the following steps: (a) Characterization of different grades
of bakelite in terms of resistivity (bulk and surface) and other electrical properties and thereby choosing the
electrically suitable bakelite for RPC-building (b) Building of RPCs (10 cm x 10 ¢m and 30 cm x 30 cm),
detailed procedure involved building of the components like button and edge spacers, gas nozzles, pick-up strips,
graphite coating arrangement by adjusting the resistivity, connection of high voltage leads (c) Testing of the
RPCs in a cosmic ray stand by measuring the efficiency, count rate, time resolution and long-term stability in
the streamer mode of operation (d) To improve the performance of the detector, a thin layer of silicone coating
is applied to the inner surfaces of the electrodes towards maintaining the surface smoothness. One such silicone
coated RPC is tested for a long duration showing ~ 96% efficiency for a period of operation of more than 130
days. The time resolution measured for the RPCs reaches ~ 2 ns and the measured charge content is ~ 100 pC
at a high voltage of 8 kV. Consistency of results is established by making several such RPC modules. Operating
the detectors in the avalanche mode and studying the properties like efficiency, time resolution, charge content
in the various composition of gases are also used for further study and finally, building of the 1m x 1m RPC
is completed for use in a prototype calorimeter. The work started from scratch and at the end, silicone-coated
bakelite-based RPCs even working in streamer mode are established as an alternative to glass-based RPC
working in avalanche mode. Apart from being less expensive, larger pulses and fewer electronic components
in the streamer mode of operation make bakelite-based RPCs even more attractive. All the activities are part
of the R&D effort towards building ICAL detector in INO. In this context, the development and satisfactory
performance of bakelite-based RPCs open up a new avenue for the sensitive detectors in ICAL. ICAL requires
about 27000 large size RPC modules and there is always a possibility of using more than one type of electrode
materials. Bakelite-based RPCs are attractive from the point of view that the materials are locally made. This
work is likely to open up the horizon for the active detectors for ICAL.

Indian researchers are working on the use of gas filled detector such as Multigap Resistive Plate Chamber
(MRPC) for medical imaging in place of the expensive scintillator detector [ba].

Presently, dedicated R&D is in progress on the GEM based detectors for the CBM Muon Chamber detector
at FAIR and for the upgrade of ALICE Time Projection Chamber.

This particular review article is based on the R&D activities done in the EHEP detector laboratory of Bose
Institute, Kolkata on GEM detector, Straw tube detector and bakelite RPC [66, 57, b8, b4, 60, 61, 62].

2 GEM detectors

2.1 Description of the GEM detector prototypes and electronics setup

In this work, both single mask and double mask triple GEM detector prototypes are used. In this article, the
single mask and double mask triple GEM detector prototypes will be named as SM and DM respectively. Both
the GEM detector prototypes, consisting of 10 cm x 10 cm standard stretched foils, obtained from CERN are
assembled in the clean room of the RD51 laboratory [IR]. The drift gap, transfer gap 1, transfer gap 2 and the
induction gap of both the chambers are kept as 3, 2, 2, 2 mm respectively. In case of SM, although a triple GEM
detector is built, there is a provision of adding one more GEM foil to make it a quadrupole chamber prototype
[I5]. To keep this provision, two G10 edge frames of thickness 10 mm are used to make the gas enclosure. In
such a system, the Kapton window is eventually placed 11 mm above the drift plane. A voltage divider chain
is also built by resistors and a single negative high voltage (HV) channel is used to power the chamber. The
chamber has an XY printed board (256 X-tracks, 256 Y-tracks) on the base plate and that works as the readout
plane. Each of 256 X-tracks and 256 Y-tracks is connected to two 128 pin connectors. In each 128 pin connector,
a sum-up board (provided by CERN) is used. Total 4 sum-up boards are used in this prototype. The Lemo
output of the 4 sum-up boards are again summed and is directly connected by a short length Lemo cable to a
6485 Keithley Pico-ammeter to measure the total anode current [56].

In case of DM prototype also the HV to the drift plane and individual GEM planes are applied through a
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Figure 1: Schematic of the HV distribution of the double mask triple GEM chamber. The drift gap, transfer
gap and induction gaps are kept at 3 mm, 2 mm, and 2 mm respectively.

voltage dividing resistor network. 10 M2 protection resistors are used to the drift plane and top of each GEM
foil. A schematic of the resistor chain and different gaps of the chamber is shown in Figure 0. In this case also,
although there are segmented readout pads each of dimension 9 mm x 9 mm, the signals are collected from all
the pads added by a sum-up board and a single input is fed to a charge sensitive preamplifier (VV50-2) [64].
The gain of the charge sensitive preamplifier is 2 mV/fC and the shaping time is 300 ns. A NIM based data
acquisition system is used after the preamplifier. The same signal from the preamplifier is used to measure the
rate and to obtain the energy spectrum. For this purpose, the output signal from the preamplifier is fed to a
linear Fan-in-Fan-out (linear FIFO) module for this purpose. The analog signal from the linear FIFO is put to
a Single Channel Analyser (SCA) to measure the rate of the incident particle. The SCA is operated in integral
mode and the lower level in the SCA is used as the threshold to the signal. The threshold in SCA is set at 0.1 V
to reject the noise. 0.1 V corresponds to 30 of the typical noise level. At a typical HV of - 4150 V with 0.1 V
threshold, the noise rate is found to be 45 Hz. The discriminated signal from the SCA, which is TTL in nature,
is fed to a TTL-NIM adapter module and the output NIM signal is counted using a NIM scaler. The count rate
of the chamber in Hz is then calculated. Another output of the linear FIFO module is put to a Multi Channel
Analyser (MCA) to obtain the energy spectrum. A schematic representation of the set-up is shown in Figure &
[57, bR, ba].
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Figure 2: Schematic representation of the electronics setup.

For both the detectors, a pre-mixed Ar/COs gas in 70/30 volume ratio is used for the stability study. A
constant gas flow rate of 3 1/h is maintained using a Vogtlin gas flow meter, obtained from CERN. For the DM



2.2 Experiment details and Results

chamber, Ar/CO; in 80/20 and 90/10 are also used. All the other details of the experiment and the results are
described in Section 2.

2.2 Experiment details and Results

One of the important parameters for the GEM detectors to be used in recent HEP experiments is the long-term
stability of the gain of the detector. In that spirit, the following studies are performed for both the SM and DM
GEM detector prototypes. For the SM chamber, the stability test is performed measuring the anode current
whereas that for the DM prototype is done from the spectra. In both the measurements, a strong Fe%® X-ray
source (activity 3.7 GBq) is used.

2.2.1 Long-term test of the single mask GEM detector

During the long-term test of the SM chamber, a constant HV of -4300 V is applied to the drift plane. The
current through the voltage divider chain is measured from the HV power supply module. From the measured
current and the known resistance value, the voltages across the GEM foils and that across the different gaps
are calculated. At an applied voltage of -4300 V, the typical electric fields in the drift, transfer and induction
gaps are found to be ~ 2.4 kV/cm, 3.6 kV/cm and 3.6 kV/cm respectively and the voltage differences across
the three GEM foils from top to bottom i.e. AVy, AVy and AVg are ~ 395V, 360 V and 320 V respectively. A
mechanical jig is built to keep the Fe®® X-ray source on top of the detector. A place on the detector is marked to
keep the source and to ensure that the source always irradiates a particular area of the detector. The collimator
on the jig is made exactly the same as the area of the source window. The source window diameter is 7.3 mm.
The details of the jig and mechanical structure of the detector are shown in Figure B [66].
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Figure 3: Schematic of the GEM chamber. The dimension of the GEM base plate is 25 cm x 25 cm. The area
of the gas sealed chamber is 20 cm x 20 cm. The central active area of the GEM is 10 cm x 10 cm. The jig
(marked as a dotted square) is of area 10.5 cm x 10.5 ¢cm and its position just on top of the active GEM area
is marked. A hole is made on the jig. The diameter of the hole is exactly the same as the diameter of the Fe®
source. The source is circular in shape. The diameter of the source window is 7.3 mm (also shown in the figure).

The HV to the GEM chamber is increased and the signals from the readout plane are counted for a fixed
time interval. For all voltage settings, the signals are counted from a scaler counter with a Fe®® X-ray source
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and also for the background. The background count is subtracted from the count with Fe® source to get the
count rate due to the source only for each voltage setting. The count rate is found to increase with the increase
of HV and reaches a plateau. At plateau, the count rate is found to be ~ 350 kHz [568].

The stability of the gain for the chamber is studied using a Fe®® X-ray source and measuring the anode
current with and without the source continuously [65, 66]. Similar type of measurements were also carried
out previously using an 8 keV Cu X-ray generator and Sr% beta radioactive source as referred in [65] and
[B6] respectively. At an interval of 15 minutes, the anode current with and without the source is measured.
Actually, the source is kept on the particular position of the GEM detector for continuous irradiation and at an
interval of 15 minutes the anode current is recorded, then the source is removed and the background current
without the source is also recorded. Immediately after that, the source is placed in the same position again
for the irradiation. Simultaneously the ambient temperature (t in °C'), atmospheric pressure (p in mbar) and
relative humidity (RH in %) are also recorded using a data logger, built in-house, with a time stamp [B7, 63].
The variation of the anode current with and without the radioactive source as a function of time is shown in
Figure @.
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Figure 4: The anode current with Fe®® source and without the source as a function of time. The star (*) mark
indicates an exchange of the gas cylinder. With Ar/COs in the 70/30 volume ratio.

The output anode current due to the source only is given by,

lsource = twith source — lwithout source (1)

where 740y is the anode current due to the radioactive source, iith source iS the measured anode current when
the detector is irradiated by the Fe® source and iwithout source is the anode current without any source i.e. the
background.

The gain of the detector is then calculated using the relation

. ZSO’U/I"C@

g < e @
where, r is the rate of the incident X-rays, n is the number of primary electrons produced after full absorption
of 5.9 keV Fe®® X-ray and e is the electronic charge. For each 5.9 keV Fe?® X-ray photon fully absorbed in
Ar/CO; gas in 70/30 volume ratio n is 212. Since in this measurement, a Fe3® X-ray source is used and this
source has a finite half life of ~ 2.7 years, the rate of the X-ray in the above equation is modified according to
the relation:

—0.693 t’) 3)

r:roexp< Y
1/2
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Figure 5: Measured gain as a function of time. The star (*) mark indicates an exchange of the gas cylinder.
With Ar/CO; in the 70/30 volume ratio.
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Figure 6: T/p as a function of the time. The star (*) mark indicates an exchange of the gas cylinder.

ro being 350 kHz, t’ is the period of operation and t;/, is the half life of the Fe®® source. Measured gain
as a function of the total period of operation is shown in Figure B. It is well known that the gain of any
gaseous detector depends significantly on T/p. The ratio T/p during that time as a function of the total
period of operation is shown in Figure B, where T (= t4273) is the absolute temperature in Kelvin and p (p
in mbar/1013) is in atmospheric pressure. The dependence of the gain (G) of a GEM detector on absolute
temperature and pressure is given by [70]

G(T/p) = Ae'PT) (4)

where A and B are the parameters to be determined from the correlation plot.
The correlation plot, i.e. the gain is drawn as a function of T/p and fitted with a function

gain(T/p) = AeB) (5)

is shown in Figure [@.
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Figure 7: Correlation plot: Variation of the gain as a function of T/p.With Ar/COs in the 70/30 volume ratio.

The values of the fit parameters A and B are found to be 75.37 + 2.451 and 0.0181 + 0.0001 atm pr/K.
Using the fit parameters, the measured gain is normalized by using the formula:

gainmeasured (6)
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Figure 8: Normalized gain as a function of charge per unit area i.e. dQ/dA. The star (*) mark indicates an
exchange of the gas cylinder. With Ar/COs in the 70/30 volume ratio.

To check the stability of the detector with continuous radiation, the variation of the normalized gain is
drawn as a function of the total charge accumulated per unit irradiated area of the detector, i.e. dQ/dA (that is
directly proportional to time). To calculate the total charge accumulated, the average anode current (i; +1i2)/2
of two time, say t; and ¢ is taken and multiplied by the time interval (t2 — ¢1). The total charge accumulated
will be the sum of the accumulated charge over all the intervals during every two adjacent readings. To get
the total accumulated charge per unit area, the total accumulated charge is divided by the irradiated area. So
mathematically the total charge per unit area is given by E[W(@H —t;)]/A. Where A is the irradiated
area. The normalized gain as a function of dQ/dA is shown in Figure B. The distribution of the normalized
gain fitted with a Gaussian function is shown in Figure 8. The mean of the distribution is found to be around
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Figure 9: The distribution of the normalized gain fitted with a Gaussian function. With Ar/COs in the 70/30
volume ratio.

1.003 with a sigma of 0.086 as shown in Figure B. The T/p corrections do not reduce the spread in gain very
much. The left-over spread, shown in Figure B, is significantly large with respect to the variation due to the
varying T/p. Although there is a fluctuation about the mean value of 1.003 in the normalized gain in Figure B,
there is no steady reduction in the normalized gain. Ageing is not observed even after operation of the GEM
chamber for about 450 hours or after an accumulation of charge per unit area ~ 7.25 mC/mm?. After that,
the old gas cylinder is replaced with a new one of the same mixture. This discontinuity is marked with a star
(*) in Figures @, B, B and 8. With the new cylinder also there is no decrease in the normalized gain other than
a fluctuation. It is to be mentioned here that because of intrinsic gain inhomogeneities for GEM geometry
variations and also for the inhomogeneity in the gap between the individual GEM foils a gain variation up to
25% is possible which is extremely well described in References |71, 72]. (However, in the experimental method
described here, the source irradiates a particular region of the detector and the total summed anode current is
measured to calculate the gain as stated in Section EI. So the intrinsic gain variation will not affect the result.)
In this study, we have arrived at a conclusion that no ageing is observed till the accumulation of charge per unit
area > 12.0 mC/mm? [56]. However, in this experiment, we have only monitored the gain of the detector and
investigated its stability under continuous radiation. From the perspective of high energy physics experiment
where GEMs will be used as tracking devices, the detector’s energy resolution is also a parameter of concern. In
that direction the next experiment is performed where we have monitored both the gain and energy resolution
of a double mask GEM.

2.2.2 Long-term test of the double mask GEM detector

The stability test of the DM detector with Ar/CO5 in 70/30 ratio is carried out at an applied HV of - 4100 V
corresponding to a AV ~ 383.7 V across each GEM foil, using the same Fe®> X-ray source. The current through
the divider chain is found to be ~ 694 pA. The drift, transfer and induction fields are kept constant at 2.3 kV /cm,
3.4 kV/cm and 3.4 kV/cm respectively. In this case, a particular circular patch of the detector is exposed to
X-rays from a Fe® source. A G-10 collimator of diameter 8 mm is used to confine the X-rays to a circular patch
of ~ 50 mm? of the GEM detector.

In this study also, at first the bias voltage to the detector is increased and the count rate is measured to
get the exposure rate. It is observed that as the efficiency of the detector increases with the increase of voltage
so does the count rate and a plateau is observed from AV of 378.7 V onwards. AV across the top and bottom
of the GEM foil is kept the same for all three GEM planes. The count rate as a function of the AV is shown
in Figure M. The saturated value of the count rate has been found to be ~ 350 kHz, which is also the rate at
which the stability test is performed. This value of the X-ray rate is used to calculate the accumulated charge
later in this section.

The gain and the energy resolution of the chamber are measured from the energy spectra for the Fe®® X-ray
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Figure 10: Count rate as a function of AV across each GEM foil. With Ar/COy in the 70/30 volume ratio.
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Figure 11: Energy spectra of the GEM detector at different AV. With Ar/CO5 in the 70/30 volume ratio.

source. Typical energy spectra recorded with Fe®® source at different AV are shown in Figure [I. For all the
voltage settings the main peak (5.9 keV full energy peak) and the Argon escape peak are clearly visible along
with the noise peak at the extreme left.

The expression for the gain is given by:

output charge
gain Output caarge (7)

input charge

_ (mean pulse height/2mV) fC x 10%° (8)

No. of primary electrons x e C

where the mean pulse height for 5.9 keV peak of Fe?® X-ray spectrum in ADC channel number is obtained by
Gaussian fitting and that in mV is obtained from the ADC calibration curve (ADC channel no. vs pulse height).
The preamplifier used in the set-up offers a gain of 2 mV/fC which is used in the expression for gain. The
input charge is the primary number of electrons produced in the gas volume of the detector as a result of the
total absorption of an 5.9 keV X-ray photon, multiplied by the electronic charge (e). For gain calculation, the
average number of primary electrons for each Fe?® X-ray photon of energy 5.9 keV, fully absorbed in the 3 mm
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Figure 13: Variation of the measured gain, energy resolution and T/p as a function of time. The error bars are
smaller than the symbols for gain. With Ar/COs in the 70/30 volume ratio.

drift gap in Ar/COq gas with 70/30 volume ratio is taken as 212 whereas that in 80/20 and 90/10 mixture are
217 and 222 respectively.
The energy resolution of the detector is defined as:

sigma X 2.355

% energy resolution = x 100% (9)

mean
where the sigma and the mean are obtained from the Gaussian fitting of the energy spectra. It is well known
that the energy resolution improves with a decreasing value. The gain and energy resolution are measured
by increasing the AV i.e. increasing the biasing voltage of the GEM detector. Both the gain and the energy
resolution as a function of AV across a GEM foil are shown in Figure [2. It is observed that the gain of the
detector increases exponentially from a value of ~ 3500 to 14000, whereas the energy resolution value decreases
from 34% to 256% (FWHM) for a AV of 370 V to 400 V respectively.

For the stability study of the DM chamber, the same Fe®> X-ray source is used to irradiate the detector as
well as to obtain the spectrum. The circular area of ~ 50 mm? of the GEM detector is exposed from the top
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Figure 15: Variation of the normalised gain and normalised energy resolution as a function of the charge per
unit area i.e. dg/dA. With Ar/CO; in the 70/30 volume ratio.

with X-ray of rate ~ 350 kHz from the X-ray source. The spectra are stored automatically using the ORTEC
MCA at an interval of 5 minutes. Since the gain of the gas filled detector depends significantly on the ratio of
the temperature and pressure (T/p), according to the relation @ [[70], the temperature (t in °C) and pressure
(p in mbar) are also recorded simultaneously using a data logger built in-house [67, BR]. CuteCom software
package is used for automatic and continuous monitoring of the temperature and pressure [Z3]. After setting
up all things and applying AV = 383.7 V, the detector is kept for 5 hours for conditioning. The measurement
of gain and energy resolution is continued uninterruptedly for a period of > 1200 hours after the conditioning,
at a continuous X-ray radiation of 7 kHz/mm?. [67].

The variation of the measured gain, energy resolution and T/p are shown as a function of time in Figure I3,
where T (= t+273) is the absolute temperature in Kelvin and p (p in mbar/1013) is the atmospheric pressure.
There is a small gap at around 600 hours as during this period the spectra are not saved but the radiation, as
well as the HV to the detector were on. In a continuous operation of over 1200 hours, the gain varies between
9000 to 5000 whereas the variation of energy resolution is between 25% to 45% FWHM.

The gain vs. T/p and energy resolution vs. T/p correlation plots are drawn and fitted with functions given
by equations @ and 0 as shown in the Left and Right plots of Figure I respectively. Where in the following
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Figure 16: The distribution of the normalised gain (Left) and the normalised energy resolution (Right). With
Ar/COq in the 70/30 volume ratio.
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Figure 17: Gain, energy resolution and T/p as a function of time for Ar/CO; (80/20) gas mixture (Left) and
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Figure 20: The normalized gain (Left) and normalized energy resolution (Right) for Ar/CO2 (90/10) gas mixture

equation
T
energy resolution = AeB ) (10)

A’ and B’ are the fit parameters (in Figure [ (Right) the parameters A’ and B’ are marked as p0 and pl
respectively). For gain, the parameters A and B are also marked as p0 and pl respectively in Figure I (Left).
After fitting the correlation plot, the values of the fit parameters A and B obtained, are 0.005 & 4.11 x 107°
and 0.047 £ 2.31 x 107> atm/K respectively and the values of A’ and B’ obtained from the fitting are
1.33 x 10% £ 4.93 x 10° and -0.05 £ 1.29 x 10~° atm/K. The measured gain and energy resolution are
normalised with the gain calculated from equation B and [0 respectively.

To study the stability of the gain and energy resolution, the normalised gain (B) and the normalised energy
resolution are plotted as a function of the total charge accumulated per unit irradiated area of the GEM detector,
which is directly proportional to the time. The charge accumulated at a particular time is calculated by

dg rxnxexGxdt
dA dA (11)

where, 7 is the measured rate in Hz incident on a particular area of the detector, dt is the time in second, n is
the number of primary electrons for a single X-ray photon, e is the electronic charge, G is the gain and dA is
the irradiated area. For each data point, the charge is calculated in a time interval (10 minutes here) and it
is summed up to get the total accumulated charge. In this test a total accumulation of charge per unit area
~ 6.5 mC/mm? is achieved. The normalised gain as a function of the total accumulated charge per unit area
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is shown in Figure [3. The distribution of the normalised gain and normalised energy resolution are shown in
Figure M@ Left and M@ Right respectively. The mean of the distribution for normalised gain has been found to
be 1.054 with an rms of 0.15, whereas the distribution shows that after a period of > 1200 hours of continuous
radiation, the mean normalised energy resolution is 1.063 with an rms of 0.21. The conclusion of this test is
that, no deterioration in gain and energy resolution even after > 1200 hours of continuous operation.
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Figure 21: Gain (top), energy resolution (middle), count rate (bottom) at 20 different places on the detector
and their distribution. With Ar/COg in the 70/30 volume ratio.

The tests of the DM chamber with Ar/CO4 80/20 and 90/10 mixtures are performed at HV of - 3875 V and
- 3600 V corresponding to AV~ 359 V and 331 V across each GEM foil respectively. The currents through the
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2.2 Experiment details and Results

divider chain are found to be ~ 650 pA and 599 pA. The drift, transfer and induction fields in case of Ar/COx
80/20 are kept constant at 2.17 kV/cm, 3.25 kV/cm and 3.25 kV/cm respectively, whereas those fields in case
of 90/10 mixture are kept at 1.99 kV/cm, 2.99 kV/cm and 2.99 kV /cm respectively. These two tests are carried
out for a duration of ~30 hours and ~140 hours respectively. A perspex collimator having an area of ~13 mm?
is used to irradiate the chamber at a rate of ~ 250 kHz [68]. The gain and energy resolution are calculated from
the Fe%® 5.9 keV peak and then normalization is done using T/p correction as reported earlier [57)].

Figure I Left and Right show the variation of the gain and the energy resolution of the prototype as a
function of time along with the ratio of ambient temperature (T=t+273) and atmospheric pressure (p) for
(80/20) and (90/10) gas mixtures, respectively. Figure IR Left and Right show the variation of normalized
gain and normalized energy resolution as a function of the charge accumulated per unit area for (80/20) and
(90/10) gas mixtures, respectively. Figure I Left and Right show the distribution of the normalized gain and
the normalised energy resolution for the (80/20) gas mixture and Figure PO Left and Right show that for the
(90/10) gas mixture, respectively. From Figure I it is observed that the mean in the normalized gain and
normalised energy resolution for the (80/20) mixture is 1.069 and 1.013 with a standard deviation of 0.085 and
0.078 respectively. For (90/10) mixture the mean values in normalized gain and normalised energy resolution
are 1.012 and 0.968 with a standard deviation of 0.085 and 0.089 respectively as seen from Figure PI. This test
is performed to find out the difference in the coefficients for two different gas mixtures. It is found that the T/p
coefficients vary with the gas composition. The numerical values of A, B (from equation @) and A’, B’ (from
equation [M) as obtained from different gas mixtures are tabulated in Table M.

Table 1: T/p coeflicients A, B (from equation #) and A’, B’ (from equation M) for different gas mixture

Gas mixture AV A B A’ B’
Ar/CO, (Volt) atm/K atm/K
70/30 383.7 5.00 x 103 0.047 1.33 x 108 -0.05

+4.11 x 1075 | £2.31 x 1075 | +4.93 x 10> | +1.29 x 107°
80/20 359 4.01 x 107° 0.06 4.19 x 107 -0.05

+0.79 x 107® | £0.07 x 1072 | £5.82 x 105 | £ 0.05 x 1072
90/10 331 1.40 x 1079 0.09 5..42 x 101 -0.08

+391 x 1079 | +£0.1 x 1072 | +£1.32 x 10'! | 4 0.08 x 1072

It is to be mentioned here that during all the stability tests of GEM detectors the RH is found to be about
45-50% [i74).

2.2.3 Uniformity of performance of the double mask GEM detector

For the DM module, the uniformity of gain, energy resolution and count rate is also studied with Ar/COx
70/30 gas mixture. During uniformity study, a gas flow rate of 3.4 1/h is maintained and a circular collimator
of diameter 8 mm is used to expose the X-ray from the Fe®® source. Initially, the gain and energy resolution
are measured from the energy spectrum and the count rate is measured from the scaler counter using the Fe®®
X-ray source, varying the potential difference AV across the GEM foils. AV is kept the same for all three GEM
foils [69]. Since the experiment is performed with a radiation source that emits a constant number of particles,
a plateau in the count rate is reached at the highest efficiency of the chamber. The uniformity investigation of
the detector is carried out at an applied HV of - 4150 V corresponding to a AV ~ 385.9 V across each GEM
foil. During the uniformity investigation, the active area of the chamber is divided into 100 zones of 1 cm? and
the gain, energy resolution and count rate are measured in a grid of 5x4 positions in the centre of the detector
i.e. in 20 zones. For each position, spectra and counts are recorded for 1 minute.

Figure PO shows the measured values of the gain, energy resolution and count rate at different places of
the detector (left panel) as well as the distribution of these three parameters (right panel). For some zones
where there is no readout pad corresponding to the source position, the count rate was found to be as low as
100 kHz. So for the distribution of the count rate a lower cut of 150 kHz is used. Over the measured area,
the gain fluctuation is found to be ~ 10% while the fluctuation of energy resolution and count rate is ~ 20%.
The fluctuations in gain and energy resolution reported in Ref [63] are 8.8% and 6.7% respectively. However,
they have used a collimated source of low activity. It is again to be mentioned here that a gain variation up
to 256% is possible because of the intrinsic gain inhomogeneities for GEM geometry variations and also for the
inhomogeneity in the gap between the individual GEM foils. This effects are extremely well described in the
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3 Straw tube

Here I summarised the results from the characteristic study of a straw tube detector prototype using premixed
gas of Argon and COs in 70/30 and 90/10 volume ratio. In this study, the gain and the energy resolution are
measured using Fe®® X-ray source. The effect of temperature and pressure on these parameters are also studied.
The same X-ray source is used to irradiate the straw and to collect the spectra. The motivation of this work
is to study the rate handling capacity of straw tube detector and to measure the variation of gain and energy
resolution over time or charge accumulated, using the Fe® X-ray spectrum. The details of the test set-up, the
method of measurement and the test results are presented in this review.

3.1 Detector description and experimental set-up

Figure 22: The straw tube prototype : 6 straws, each of diameter 6 mm and length 25 cm.

The straw tube prototype used in this study consists of 6 straws of diameter 6 mm and length 25 cm as shown
in Figure P2. Pre-mixed Ar/CO2 in 70/30 and 90/10 volume ratios are used for the different measurements.
A constant gas flow rate of 3 1/h is maintained using a Vogtlin gas flow meter. The detector is tested using
conventional NIM electronics. The positive HV is applied to one end of the central wire of the straws using a
HV filter box and the signals are collected from the other end through a capacitor using LEMO connector. A
single HV channel is used for each straw tube. The output signal from the straw is fed to a charge sensitive
preamplifier (VV50-2) [64] as used in the R&D of the GEM detector. The output of the preamplifier is then
fed to a linear Fan-in-Fan-out (linear FIFO) module. To measure the incident particle rate the analog signal
from the linear FIFO is put to a timing SCA (Single Channel Analyser). The SCA is operated in integral mode
and the lower level in the SCA is used as the threshold to the signal. The threshold is set at 1.3 V to reject
all the noise. The discriminated TTL signal is fed to a TTL-NIM adapter and the output is counted using a
NIM scaler. The count rate (i.e. counts per second) of the detector is then calculated. To obtain the energy
spectrum, one output of the linear FIFO is fed to a Multi Channel Analyser (MCA). A schematic representation
of the set-up is shown in Figure 23.

3.2 Experimental results

The count rate from the straw is measured using Fe®® X-ray source with a gas mixture of Argon and CO, in
70/30 volume ratio. The source is kept on the straw tube and the count is measured for 10 minutes with and
without the source for different voltage settings from 1100 V to 1750 V. The count rate is then calculated for
the source only. The count rate for Fe®® X-ray source is measured as a function of the applied HV and is plotted
in Figure. 4. It is seen that a plateau is obtained from about 1600 V onwards.
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Figure 23: Schematic representation of the electronics setup for straw tube.
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Figure 24: The count rate as a function of applied voltage for Fe®® source. With Ar/COz in the 70/30 volume
ratio.

The energy spectrum for the Fe®> X-rays is obtained and the gain and energy resolution are measured in
the particular study. Figure 23 shows a typical energy spectrum recorded from a straw tube with Fe®® source
at a biasing voltage of 1650 V with Ar/CO5 in 70/30 gas mixture. In this spectrum, the main peak (5.9 keV
full energy peak) and the escape peak are clearly visible and well separated from the noise peak.

The gain and energy resolution are measured by increasing the bias voltage of the straw tube detector, and
obtaining the mean position of 5.9 keV peak of Fe?® X-ray spectrum with Gaussian fitting as done for the GEM
detector using the relations B and b respectively. It is observed that the gain increases exponentially whereas
the energy resolution value decreases with the increasing voltage as shown in Figure 28.

Being a gaseous detector, the gain of the straw tube depends significantly on the ratio of temperature and
pressure, (T/p). The dependence of the gain (G) of a gaseous detector on absolute temperature and pressure
is given by relation H, where the parameters A and B are to be determined from the correlation plot.

The variation of the gain as a function of temperature and pressure is also studied for the straw tube detector
from the energy spectrum obtained using the same Fe®® source with Ar/CO; gas in 70/30 volume ratio. The
detector is biased with 1650 V and is exposed to X-rays from the Fe?® source at a rate of 53 kHz and the energy
spectra are recorded. Simultaneously the temperature (t in °C'), pressure (p in mbar) and relative humidity
(RH in %) are also recorded using a data logger, built in-house [67]. The measurement is done for a time period
of ~ 450 hours.

The gain of the detector is calculated using the formula given in equation B. The variation of the measured
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Figure 25: Energy spectrum of the straw tube detector. The red line is the Gaussian fitting curve to the 5.9 keV
peak. With Ar/COx in the 70/30 volume ratio.
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Figure 26: The Gain and the energy resolution as a function of the voltage for both Ar/COs 70/30 and 90/10
mixtures. The error bars are smaller than the symbols.

gain is plotted as a function of the period of operation in Figure 2. The variation of the T/p as a function of
the total period of operation is also plotted in Figure 22, where T (= t4273) is the absolute temperature in
Kelvin and p (p in mbar/1013) is in the unit of atmospheric pressure.

The correlation plot, i.e. the gain is plotted as a function of T/p and fitted with the function given by
equation @ and is shown in Figure B8 (in Figure 28 the parameters A and B are marked as p0 and p1 respectively).

The values of the fit parameters A and B obtained, are 187.8 + 11.18 and 0.015 + 0.0002 atm pr/K
respectively. Using the fit parameters, the gain is normalised by using relation B.

To check the stability of the detector, the normalised gain is plotted as a function of the total charge
accumulated per unit irradiated length of the detector which is directly proportional to the time. The charge
accumulated at a particular time is calculated by

@_rxnxexGxdt
dL dL

(12)

where 7 is the measured rate in Hz incident on a particular length of the detector, dt is the time in second, n
is the number of primary electrons for a single X-ray photon, e is the electronic charge, G is the gain and dL is
the irradiated length of the straw. The normalised gain as a function of the charge accumulated per unit length
is shown in Figure E9. There is a fluctuation around 1 in the normalised gain value as shown in Figure 9. The
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Figure 28: Correlation plot: Variation of the gain as a function of T/p. With Ar/CO; in the 70/30 volume
ratio.

distribution of the normalised gain is shown in Figure BO. The mean normalised gain is found to be 0.998 with
a standard deviation of 0.021 for a continuous operation of 450 hours, as shown in Figure BO. In this study, an
accumulation of charge per unit length ~ 32 mC/mm is achieved. No deterioration in the gain of the detector
is observed. It may be mentioned here as an example that, at a chosen gain of 10* , for minimum ionising
particles (MIP) the charge accumulated along the length in the straws at the 37¢ station of CBM-MUCH for
three months of operation is estimated to be 0.86 mC/mm.

In this study also, the energy resolution is measured for each spectrum. The energy resolution as a function
of time is shown in Figure B0 (Left). The distribution of energy resolution as shown in Figure BT (Right) shows
that during this time of ~ 450 hours the mean energy resolution is 20.27% with a standard deviation of 0.21%.

The variation of the gain and the energy resolution of the straw tube detector is measured by varying the
rate of incident X-ray photons on the detector. A collimator made with perspex is used to change the rate
of emitted X-ray falling on the chamber from the Fe®® source. The collimator arrangement is such that the
active part of the source can be made misaligned with the opening of the collimator to vary the rate of particles
incident on the detector. In this way the total number of particle reaching the detector changes but the exposed
area remains the same.

The energy spectrum is obtained for each collimator settings. These measurements are performed with both
Ar/CO5 70/30 and 90/10 gas mixtures. For Ar/CO5 70/30 the measurements are performed keeping the HV to
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Figure 29: Variation of the normalised gain as a function of the charge per unit length i.e. dQ/dL. The error
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the straws at 1650 V and 1700 V whereas for Ar/CO3 90/10 it is done for HV 1400 V and 1450 V. For Ar/COq
70/30 the gain and energy resolution are measured from a rate of about 200 Hz/mm to about 3 x 10* Hz/mm
and that for Ar/CO3 90/10 are performed for about 100 Hz/mm to about 6 x 10* Hz/mm. Measured gain and
energy resolution as a function of X-ray rate per unit length are shown in Figure B2 and Figure B3 respectively.
It is observed that for Ar/COy 70/30 the gain and the energy resolution remain constant up to a rate of about
2 x 10* Hz/mm then the gain decreases and the energy resolution value increases with the rate because of the
space charge effect. A similar effect is observed for Ar/CO2 90/10 as well, where the gain and energy resolution
remain constant up to a rate of about 3.2 x 10* Hz/mm.
For higher rates, the gain (G) is fitted with a function [A9]

G=Pe @ R (13)

where P and @ are the fit parameters and R is the rate.
For higher rates, the energy resolution is also fitted with a function

energy resolution = P'e@ - B (14)

where P’ and Q' are the fit parameters and R is the rate.
The numerical values of P, ), P’ and Q' as obtained from different set of measurements are tabulated in
Table B.
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Figure 32: Gain as a function of rate for both Ar/COg 70/30 and 90/10 mixtures. The error bars are smaller
than the symbols.

It is observed that for Ar/CO2 70/30 gas mixture the detector is operated at a relatively higher voltages
and in this case decrease of gain with rate started at a relatively lower rate. However, it is to be mentioned
here that the observation of such space charge effects is well known and very common in case of wire chambers,
that is why these detectors cannot be operated at very high gains or very high rates. Therefore, new types of
gaseous detectors like the GEM is developed to overcome this drawback.

Table 2: Values of the fit parameters.

Gas mixture | Voltage P Q P Q'
Ar/CO, (Volt)
70/30 1650 | 1.58 x10% | 1.86 x107° | 4.72 | 7.07 x10~°
70/30 1700 | 2.75 x10* | 2.38 x107° | 4.25 | 6.98 x10~°
90/10 1400 | 1.08 x10* | 5.67 x1076 | 24.77 | 6.70 x10~©
90/10 1450 | 1.53 x10* | 2.26 x107° | 21.41 | 2.71 x10~¢
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Figure 33: Energy resolution as a function of rate for both Ar/COg 70/30 and 90/10 mixtures. The error bars
are smaller than the symbols.

4 Resistive Plate Chamber

Since the invention of the Resistive Plate Chambers (RPCs) [26] as a cost effective technology that can be used
to build large area granular, reasonably fast and moderate to high rate capable detectors, it has found use not
only in a large number of high energy physics experiments such as BABAR, ALICE, ATLAS, CMS, STAR,
HADES [34, BB, B, 76, 7, I78, B0] as trigger, Time of Flight (TOF) and tracking devices but also in several
cosmic ray experiments [81, B2] and Neutrino experiments such as OPERA, DAYABAY [83, 84, @9]. Future
experiments such as Compressed Baryonic Matter (CBM) at FAIR also propose to use RPCs as one of the key
detectors [8H].

Keeping in mind the possibility of using RPCs as future high rate capable (~ 15 kHz/cm?) tracking detectors
[86], we have taken up an initiative to study the characteristics of RPC prototypes built using carbon-loaded
Polytetrafluoroethylene (PTFE) material commonly known as Teflon and also with locally available bakelite
plates with moderate bulk resistivity. The prototypes are tested with 100% Tetrafluoroethane (CyHyFy) gas
for the first time in this work.

4.1 RPC with PTFE
4.1.1 Detector description and experimental set-up

Initially, a prototype RPC is fabricated with a carbon-loaded Polytetrafluoroethylene (PTFE) material com-
monly known as Teflon. This particular sample is 25% carbon-filled, having a bulk resistivity of 10° € - cm
(at 23°C temperature and 60% Relative humidity). The bulk resistivity is calculated by measuring the leakage
current through a sample after the application of voltage. The method of bulk resistivity measurement is the
same as described in Ref [75]. It is to be mentioned here that carbon-loaded PTFE or any other carbon-loaded
resistive plate can be tuned according to the requirement of resistivity by changing the carbon-content and
these resistive plates can be used for high rate RPC fabrication. The relationship between carbon-content and
the resistivity is non-linear and substantial R&D needs to be done on this front alone to find suitable materials.

Two 15 cm x 15 cm plates of thickness 1 mm are used to build this detector. 2 mm gas gap is maintained
using four edge spacers of dimension 1 cm x 15 cm and four button spacers of 1 cm diameter. Two gas nozzles
are used for the gas inlet and outlet. The flat part of the gas nozzle is also of thickness 2 mm and a hole of
1 mm diameter is drilled in it for gas flow. All the spacers and gas nozzles are made with polycarbonate. The
measured surface resistivity of the carbon-loaded PTFE is found to be 20 k/0J. Since the surface resistivity of
carbon-loaded PTFE is very low, the material is not coated with graphite for the distribution of high voltage.
As the surface of the material is found to be smooth by visual inspection, we have not used any oil coating in
this case.

100% Tetrafluoroethane (CoHyFy) is used as the chamber’s sensitive gas. The induced signal is collected
by orthogonal pick-up strips placed on two sides of the chamber. There are four copper strips of dimension
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4.1 RPC with PTFE

2.5 cm x 15 cm with a separation of 2 mm, at the central part of the module on each side. The copper pick-up
strips are pasted on a G-10 board of thickness 3 mm and dimension 15 cm x 15 cm. The ground plane of the
pick-up panel is made of aluminium foil. The complete RPC module along with the pick up strips are shown
in Figure B4 (Left).

‘i Agilent Technologies IVION MAR 12 14:35:59 2018

I \
Measure Current Mean Min LVWM{;MX Std Dev Count
Freq(' ): No edges (¢]
Freq(” ): No edges 80.000MHz B8OMHz 8OMHz 0.0Hz 1
Pk-Pk{’ ): 896mV 888.89mV  880mV 896mv 3.3333mV 9
Pk-Pk(?): 37.5mv 24.389mV  6.9mV 37.5mV 12.611mv 9

Figure 34: (Left) Complete RPC along with copper pick-up strips. (Right) Signal after the preamplifier.

A differential voltage is applied to the diagonally opposite corners of two sides of the chamber to produce
the electric field inside the gas gap. A charge sensitive preamplifier (VV50-2) [64] which is used for the GEM
detector and straw tube, is also used here for the signal collection. In Figure B2l (Right), the green line represents
the signal after the preamplifier, which is taken from the positive plane of the detector. There was always a
reflected negative part in each signal because of impedance mismatch and this negative part is used for further
processing of the signal using a leading edge discriminator (LED). For efficiency measurement, a cosmic ray
test set-up is used placing two plastic scintillator detectors of dimension 20 cm x 20 cm and 2 cm x 10 cm
above the chamber and one with dimension 10 cm x 10 cm below it. Effectively an overlapping window of area
2 cm x 10 cm is available for triggering purpose. The coincidence signals from these three scintillator detectors
are taken as the master trigger and shown in Figure B4 Right (yellow). The width of the trigger is set to 120 ns.
The discriminated RPC signal shown in magenta in Figure B4 (Right) is taken in coincidence with the master
trigger to get a four-fold signal. The three-fold master trigger and the four-fold signals are counted using a NIM
scaler. Only the discriminated RPC signals are also counted to measure the noise rate.

4.1.2 Results

In this study, the prototype chamber is tested for V-I characteristics, the variation of the noise rate and
efficiency as a function of the applied voltage. Equal voltages of opposite polarities are applied on two planes
of the module and the leakage current is measured for each settings. The V-I characteristic of the module is
shown in Figure B3 (Left). Although the current increases with increasing voltage but no sharp breakdown is
observed for this chamber.

The three-fold trigger signals, four-fold signals and the discriminated singles counts from the RPC are
counted for 30 minutes for each voltage setting. The singles count rate is divided by the area of a strip and
the count rate per unit area is calculated which is shown as a function of voltage in Figure B3 (Right). It is
seen that the noise rate increases with voltage. The ratio of the four-fold count rate to the three-fold count rate
is the efficiency and that as a function of the voltage is also shown in Figure B3 (Right). The efficiency also
increases with increasing applied voltage. At a voltage of 4 kV, typical values of efficiency and noise rate are
found to be ~ 60% and 0.02 Hz/cm? respectively. This value of efficiency is quite low considering an efficiency
of 90 % of a typical single gap RPC. However, for this detector, discharges happen beyond the high voltage of
4 kV. Because of this drawback, another prototype is built using locally available bakelite plates to continue
with the R&D of the RPCs. The bakelite plates of the new RPC detector has moderate bulk resistivity.
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Figure 35: (Left) V-I characteristics. (Right) Noise rate and Efficiency Vs. voltage. Gas: 100% CoHoFy.

4.2 RPC with bakelite

4.2.1 Detector description and experimental set-up

This prototype is built with two 2 mm thick bakelite plates, each having dimension 30 cm x 30 cm and bulk
resistivity 3 x 101 Q em (at 22°C temperature and 60% Relative humidity) and without any linseed oil coating
inside. The gas gap is maintained with four edge spacers having width 1 cm and thickness 2 mm and one button
spacer having 1 cm diameter, thickness 2 mm. Both kinds of spacers are made of polycarbonate (resistivity
~ 1015 Q em). The surface resistivity of the graphite layer is measured to be ~ 500 kQ/CJ. Two 1 cm x 1 cm
copper tapes are used at two diagonally opposite corners to apply the HV. HV of opposite polarities is applied
on two sides. To collect the signals, copper pick-up panels are used. They are made of 2.5 cm wide strips with
a separation of 2 mm between two consecutive ones.

This prototype is also tested with 100% Tetrafluoroethane (CoH2F4) but the current is also measured
with a mixture of Ar/COs (70/30). The signals from the pick-up strips are fed to a 10X fast amplifier and
subsequently to the leading edge discriminator (LED). The cosmic ray master trigger is made using three fast
plastic scintillators (as described in Sec. BI1). Among them, two scintillators (with dimensions 10 cm x 10 cm
(SC 1) and 2 em x 10 em (SC 2) respectively) are placed above and one (with dimension 20 cm x 20 em (SC 3))
is placed below the RPC module. The scintillators make the trigger window of area 2 cm x 10 cm. Thresholds
to the discriminators are set to -15 mV for all the scintillators as well as for the RPC. The width of the 3-Fold
scintillator master trigger is set to 150 ns. Finally, the discriminated RPC signal from one single strip is taken
in coincidence with the 3-Fold master trigger and a 4-Fold NIM signal is obtained. The ratio of the 4-Fold
signal and the 3-Fold scintillator signal is defined as the efficiency of the detector. The single RPC signals are
also counted for a particular duration and the rate is defined as the noise rate of the chamber.

To measure the timing properties of the RPC, the same set-up is used. The discriminated RPC signal is
stretched by a dual timer and fed as the START signal of the Time to Amplitude Converter (TAC). The 3-Fold
scintillator coincidence signal is taken as the STOP signal input of the TAC. The output of the TAC is fed to
the Multi Channel Analyser (MCA) and the spectra are stored in a Personal Computer (PC). Figure BB shows
the schematic of the set-up for testing the RPC module using cosmic rays.

During the whole measurement, the temperature and relative humidity inside the laboratory are maintained
at ~ 18-20°C and 37-40% respectively, whereas the atmospheric pressure is monitored to be 1009-1020 mbar.

4.2.2 Results

In this work, the efficiency, noise rate, time difference of RPC signal and the master trigger and time resolution
of an oil-less bakelite RPC as a function of voltage are measured with cosmic rays. The detector current as a
function of the applied voltage is shown in Figure B4. It is visible that initially the current increases slowly with
the voltage and above 8 kV the increase becomes rapid. At 8 kV voltage difference across the gap, the signal of
amplitude ~ 10-15 mV is observed in the DSO at 50 €2 termination. The result of the current is compared with
the one obtained using Ar/CO2 gas in 70/30 volume ratio. Sharp breakdown in the V-I characteristics resulted
with Ar/CO4 at a lower voltage (4.5 kV) compared to that with the Tetrafluoroethane.
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Figure 36: Schematic representation of the cosmic ray test setup for efficiency and time resolution measurement.
SC 1, SC 2 and SC 3 are the plastic scintillation detectors of dimensions 10 cm x 10 cm, 2 cm X 10 cm and
20 cm x 20 cm respectively. DISC, 10 X, TAC, MCA and PC are the discriminators, 10X fast amplifier, Time
to Amplitude Converter, Multi Channel Analyser and Personal Computer respectively.
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Figure 37: The V-I Characteristics of RPC with two gas mixtures.
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Figure 38: Efficiency and noise rate as a function of voltage with 100% CoHoF .

The noise rate as a function of voltage is measured for two consecutive days with 100% CoHoFy4, keeping
the discriminator threshold at -15 mV and the results are shown in Figure BR. It is seen that for both days,
the noise rate increases with applied voltage but on the second day, the noise rate is found to be much less
than that of the first day, because of better conditioning. The conditioning is done with continuous gas flow
and keeping 4 kV across the gas gap over-night. It is to be mentioned here that, for linseed oil treated bakelite
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Figure 39: Time spectrum of RPC at a differential voltage of 10.6 kV across the gas gap. Gas: 100% CoHyFy.
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Figure 40: Time resolution and time difference of RPC signal and master trigger as a function of voltage. Gas:
100% CyHyF 4.

RPCs the noise rate is found to be two orders of magnitude better in some cases [87] under cosmic ray test and
even three orders of magnitude for streamer operated RPCs with higher resistivity [8R, 89, G0].

The efficiency as a function of voltage is also shown in Figure B8 for two consecutive days with 100% CoHoF,.
From Figure B8 it can also be seen that the efficiency starts increasing from 9 kV and saturates at a value of
~ 70% from 10.2 kV onwards. The same result is observed on both days.

While measuring the time resolution the RPC signal is stretched to 500 ns to avoid the effect of double or
reflection pulses if there is any. The full scale of the TAC is set to 100 ns. The typical time spectrum for the
RPC at 10.6 kV is shown in Figure B4. The distribution of the time difference between the RPC signal and
the master trigger is fitted with the Gaussian function. Using the o of the distribution and subtracting the
contribution from the scintillator in quadrature the intrinsic time resolution of the RPC is calculated.

The time difference of the RPC signal with respect to the master trigger and the time resolution (o) of the
RPC as a function of the applied voltage are shown in Figure B0. Since the RPC signal is used as the START
signal and with the increase of the applied voltage the electric field inside the RPC becomes stronger, electrons
travel faster and the signals arrive earlier. As a result, with the increase of applied voltage, the time difference
increases and reaches a plateau from 10.2 kV onwards. The time resolution (o) decreases with the increase of
applied voltage and a value of ~ 1.2 ns is obtained from 10.2 kV.

5 Summary and outlook

In this review I have summarised the R&D done in the detector laboratory of Bose Institute, Kolkata, on the
gaseous detectors for the high energy physics experiments. This program includes R&D of GEM detector, Straw
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tube and RPC.

A single mask triple GEM detector prototype is built and tested with a gas mixture of Ar/COs of 70/30
volume ratio. The long-term stability test of this detector is performed using Fe3® X-ray source. The gain is
measured and normalised for the T/p effect. In the analysis, the rate of the X-ray from the source is modified
according to the radioactive decay law. However, in the 750 hours of the long-term study, the rate decreased
from 350 kHz to 342.4 kHz which is only 2.17% of the starting value. In this measurement, only a fluctuation
about the mean value of 1.003 in the normalized gain is observed after T/p correction. No ageing is observed
till an accumulation of charge per unit area > 12.0 mC/mm? [56]. From these results, it can be concluded that,
triple GEM detectors can safely be used in high energy physics experiments where the long-term stability of
the detector is an essential criterion.

Systematic studies on the stability of the gain and the energy resolution of a double mask triple GEM detector
in long-term operation under a high rate of X-ray irradiation is also performed with Ar/COy gas mixture in
70/30 volume ratio and using the conventional NIM electronics. In this study, the same Fe®> source is used to
irradiate the chamber as well as to measure the gain and energy resolution at an interval of 10 minutes. Using
a collimator, the rate of the incident X-ray is fixed to ~ 350 kHz on an area of ~ 50 mm? of the GEM detector
equivalent to a rate of 0.7 MHz/cm?. In this study, for the first time the detector is continuously exposed to
a high rate of X-ray radiation for > 1200 hours. To collect the signals from the detector a charge sensitive
preamplifier (VV50-2) is used with a gain of 2 mV/fC and a shaping time of 300 ns. In a continuous operation
of > 1200 hours or an equivalent accumulated charge per unit area of ~ 6.5 mC/mm? the mean normalised gain
and the mean normalised energy resolution are found to be 1.054 with an rms of 0.15 and 1.063 with an rms
of 0.21 respectively [67] and the prototype did not show any significant degradation in performances. Stability
test of gain and energy resolution of the double mask GEM prototype is also carried out with Ar/COy 80/20
and 90/10 gas mixtures. Using a collimator, the detector is irradiated with a particle flux of ~20 kHz/mm?
for ~30 hours with Ar/CO2 80/20 gas mixture and for ~140 hours with Ar/CO2 90/10 gas mixture which are
equivalent to a charge accumulation of ~ 0.6 mC/mm? and ~ 1.8 mC/mm?, respectively [68]. No degradation
is observed in gain and energy resolution other than a fluctuation of ~10% after the long-term exposure to
X-ray.

The characteristics of the GEM detector will not be the same over its active area. It is to be mentioned
here that a gain variation up to a few percent is possible due to the intrinsic inhomogeneity in the geometry
of the GEM holes and the gaps between the GEM foils. In this study, the gain, energy resolution and count
rate are measured at 20 places on the active area of the triple GEM detector prototype by moving a Fe®® X-ray
source manually to check the uniformity. For each measurement, an area of ~ 50 mm? was exposed by the 5.9
keV X-ray. Over the measured area, the gain fluctuation is found to be ~ 10% while the fluctuation of energy
resolution and count rate is ~ 20% [59].

A systematic study on the characterisation of the straw tube detector is performed using conventional NIM
electronics. In this study, different Ar/COq gas mixtures are used. The gain and energy resolution are measured
from the energy spectrum obtained using Fe®® X-ray source. To check the effect of temperature and pressure on
the gain and energy resolution, a continuous measurement is performed. The same Fe> X-ray source is used to
irradiate the detector as well as to obtain the spectrum. The measured gain is normalised by T/p corrected gain.
The normalised gain is found to be stable with an average value of 0.998 with a standard deviation of 0.021
for a duration of ~ 450 hours which is equivalent to an accumulation of charge per unit length ~ 32 mC/mm.
In this study, the variation of gain and energy resolution of the straw tube detector with X-ray rate are also
measured for the first time in a laboratory. The gain and the energy resolution remain constant up to a rate
of about 2 x 10* Hz/mm and 3.2 x 10* Hz/mm for Ar/CO5 70/30 and 90/10 respectively [60]. Beyond these
quoted values gain decreases and the energy resolution increases with the increase of rate because of the space
charge effect.

For the RPC R&D at the laboratory of Bose Institute, a single gap RPC prototype is fabricated with a very
low resistive carbon-loaded PTFE plate commonly known as Teflon, to improve the rate handling capability.
The detector is tested in the avalanche mode using 100% Tetrafluoroethane (CoHoF4) as the sensitive gas. A
charge sensitive preamplifier is used for signal collection. The V-I characteristics, variation of noise rate and
efficiency as a function of voltage are studied. At a voltage of 4 kV, an efficiency of ~ 60% is achieved [61].

An oil-less single gap RPC prototype is also built with indigenous bakelite plates having a bulk resistivity
3 x 10' Q em. The chamber is tested in the avalanche mode with 100% Tetrafluoroethane gas. With
this prototype, an efficiency ~ 70% and time resolution 1.2 ns (o) are obtained from an applied voltage of
10.2 kV onwards [62]. Investigation of the reason behind lower efficiency is going on. One probable reason
for the limitation in the efliciency is the voltage drop on the electrodes because of the high current. Other

28



REFERENCES

Tetrafluoroethane based conventional gas mixtures will be tried in near future. Estimation of the induced signal
charge and the long-term stability test of this particular chamber is also in the future plan.

High rate handling capability is one of the crucial factors for detectors to be used in many current and future
high energy physics experiments. In that direction, we are searching for indigenous bakelite plates with better
surface smoothness and lower resistivity.
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