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Abstract of the thesis

The Compressed Baryonic Matter (CBM) experiment at the future Facility for Antiproton and
Ion Research (FAIR) in Darmstadt, Germany, will explore the QCD phase diagram at low
temperature and moderate to high baryonic density regime. The decay of charmonium (J/v),
low mass vector mesons p°, w® ®° in the muonic decay channel, i.e., uTu~ will be used as a
probe to get an idea about the in-medium modifications of the particles. The Muon Chamber
(MuCh) at CBM will be used dedicatedly for muon tracking. CBM-MuCh will consist of five
absorber layers of thickness 60, 20, 20, 30, and 100 cm, respectively. The first absorber will be
made up of 60 cm of carbon. The rest of the absorbers will be made up of iron. In between the
absorbers (termed as stations), three active detector layers will be placed. Given the maximum
interaction rate of 10 MHz, the expected particle flux on the first two stations of CBM-MuCh
will be about 1 MHz/cm? and 0.1 MHz/cm? and that on the 3" and 4" stations have been
estimated to be 15 kHz/cm? and 5.6 kHz/cm?, respectively, for central Au-Au collisions at
8 AGeV. Triple GEM (Gas Electron Multiplier) detectors will be used in the first two stations
to handle high particle rates. We are exploring the possibility of using Resistive Plate Chambers
(RPCs) for the 3" and 4" stations.

Single-gap RPC is one of the very popular gaseous detectors used in high-energy physics ex-
periments nowadays. It is a very fast detector with a low cost of fabrication. The RPCs are
usually built using glass or bakelite plates having high resistivity (p) ~ 10!° - 10'2 Q cm.

Several RPC prototypes are built with different grades of indigenous bakelite plates and char-
acterised in detail. Bakelite RPCs are generally fabricated with a linseed oil coating inside to
make the inner electrode surface smoother, which helps to reduce the micro discharge prob-
ability and also to reduce the surface UV sensitivity dramatically and to effectively protect
the bakelite surfaces from the Hydrofluoric Acid (HF), produced by the interaction of fluorine
with the water vapour. There is a conventional way to do this linseed oil coating after mak-
ing the gas gap. In this work, a new technique is introduced to do the linseed oil coating on
the bakelite plate before making the gas gap. The detectors are tested using cosmic rays for
efficiency, noise rate, time resolution, long-term stability, and radiation hardness in high-rate
gamma environments varying different parameters. The detailed study of the development of
bakelite RPCs for the CBM-MuCh has been described in this thesis.

In the second part of the thesis, an application of radiation detectors is described. Due to the
COVID-19 outbreak and complete nationwide lockdown, the laboratory was closed from the
end of March 2020 till the end of May 2020. After the lockdown, although the city was not in
its normal state, we still were able to take data on some days. This lockdown has a significant
effect on atmospheric conditions in terms of changes in the concentration of air pollutants.
We have compared the cosmic ray flux, measured by the coincidence technique using plastic
scintillation detectors, before and after the lockdown to observe the apparent change, if any, due
to changes in the atmospheric conditions. Measurement of cosmic ray flux is done at Kolkata
along with the major air pollutants present in the atmosphere before and after the lockdown.
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Chapter 1

Introduction

The Facility for Antiproton and Ion Research (FAIR) at Darmstadt, Germany, is one of the
largest international accelerator facilities [1], currently under construction for research on atomic
and plasma physics (APPA : Atomic, Plasma Physics and Applications [2]), nuclear and as-
trophysics (NUSTAR : Nuclear Structure, Astrophysics and Reactions [3]), basic physics on
various areas around the weak and strong forces, exotic states of matter and the structure
of hadrons (PANDA : antiProton ANnihilation at DArmstadt [4]) and the evolution of the
universe from the Big Bang to the present (CBM : Compressed Baryonic Matter [5]) [6].

CBM experiment will mainly focus on the physics of Quark Gluon Plasma (QGP) which was
formed in a few microseconds after the Big Bang and covered the whole early universe. In the
Standard Model of particle physics, Quantum Chromodynamics (QCD) is the tool that helps
us to explain the strong interaction force. Quarks and Gluons are the fundamental particles in
QCD. After the fireball expansion and deconfinement of matter, now all the things got fridged

and formed hadronic matter.

CBM is a fixed target experiment at FAIR that will use proton and heavy ion beams to explore
the QCD phase diagram at low temperature and moderate to high baryonic density regime.
Also, one of the main questions that CBM will explore is how the neutron star is formed.
The equation of state will address those questions. At moderate temperatures and densities,
nucleons are excited to short-lived states that decay by the emission of meson. Due to the
large mass of the charm quarks, they are expected to be formed at the early stage of the

collision and then hadronise to form the quarkonium. Detection of charmonium (J/¢) via their



di-lepton decay channel (J/i¢p — et+e™ / u+u7) is one of the unique opportunities at CBM
because no data is available till date in the heavy-ion sector below the topmost SPS energy of
158 GeV. The low mass vector mesons (LMVM) p, w, ® will also be formed primarily via 77
annihilation. After that, they will decay into meson or in the pair of leptons. The leptonic
decay channel is four times more probable than the others. Since the leptons do not have
any colour charge, they do not take part in strong interaction and hence are one of the most
important probes of the QGP phase [5]. Diagnostic probes of the dense stage of the fireball,
such as multi-strange baryons, dilepton pairs, and charmed particles, will also be measured for
the first time by the CBM experiment in the beam energy range of 2 to 40 AGeV. In order
to produce high statistics data even for particles with the lowest production cross-sections, the

CBM experiment is designed to run at an average interaction rates of 100 kHz to 1 MHz.

One of the biggest challenges of CBM is to detect the low momentum muon pairs from high
particle density. The tracking of muons will be done by the tracking detectors placed in the
Muon Chamber (MuCh) subsystem. The MuCh subsystem will be placed downstream of the
Silicon Tracking Station (STS). It will track particles and reconstruct the momentum dependent
muon paths. MuCh will consist of several iron absorbers of varying thicknesses for hadron
absorption. In between two absorber layers, there will be three active detector layers called
stations. In the first two stations of CBM-MuCh, Gas Electron Multiplier (GEM) detectors
will be used because of their high rate handling capability. Resistive Plate Chambers (RPC)

are one of the options for the 3" and 4" stations [7, 8].

Single gap Resistive Plate Chamber (RPC) is one of the most widely used detectors for trig-
gering and tracking in High Energy Physics (HEP) experiments for its high efficiency and good
time resolution. RPC has been considered in the CBM experiment both for muon detection in
MuCh and for precise time of flight measurement by the Time of Flight (TOF) detector. In
MuCh, the option is a single-gap bakelite RPC, whereas, in TOF, multi-gap glass RPCs will

be used.

RPC is a gas-filled detector made up of high resistive (bulk resistivity ~ 101° - 10'2  cm)
plates as electrodes. Typical electrode materials are glass or bakelite. Since the electrodes are

highly resistive, it helps to contain the discharge created by the passage of a charged particle or



ionizing radiation in a gas volume. The typical time resolution of a single gap RPC is ~ 1 - 2 ns

[9, 10]. Since RPC has a very good time resolution, it is suitable as a tracking detector.

For RPC, there are two modes of operation. One is the streamer mode (gain > 10%) and the
other is the avalanche mode (gain < 10%). The mode of operation depends on the used gas and
applied voltage. For high-rate operation, the option is the avalanche mode. In the avalanche
mode of operation mixture of Tetrafluroethene (CyHsFy), Iso-butane (i-C4Hig), Sulphur Hex-
afluoride (SFg) gas is commonly used. Further, Argon based gases are used in the streamer

mode of operation.

However, the most significant issue of RPC is its low particle rate handling capability. Nowa-
days, the RPC detector can handle particle rates of about ~ 5-8 kHz/cm?, but in the CBM-
MuCh, RPC is supposed to handle a rate ~ 15 kHz/cm? in the 3" station and ~ 5.6 kHz/cm?
in the 4" station for 8 AGeV central Au-Au collision. The main goal of this thesis is to design

and characterise the single gap bakelite RPC to be used in the CBM experiment.

1.1 FAIR SIS100

The FAIR facility was proposed in the year 2001. The SIS100 ring accelerators will be posi-
tioned in a tunnel 17 m below ground level in this facility. The accelerators will have a ~ 1100 m
circumference, covering almost 7 kilometres in a single rotation. The ion beam will first pass
through the existing UNILAC and SIS18 accelerator facility. The length of UNILAC is 120 me-
ters, which can accelerate the particles to ~ 20 percent of the speed of light. The circumference
of SIS18 is 216 meters and it can accelerate the particle to ~ 90 percent of the speed of light.
The beam will be injected into the SIS100 synchrotrons in the next step for further acceler-
ation and the accelerated beam will then go to the CBM cave. The bending power (B X r)
(also known as magnetic rigidity) generated by the dipole magnets plays a significant role in
determining the available beam kinetic energy per nucleon [11, 12]. The governing equation is

as follows:

E/A=\/(03 x B x r x Z/A)?+m?—m (1.1)



where Z and A are the charge and the mass number of the ion respectively. m is the mass of
the nucleon. B is the magnetic field due to the dipole magnet and r is the radius of curvature

[13].

The SIS100 (beam rigidity, B x r = 100 Tm) synchrotron is capable of producing the primary
beams of protons up to 29 GeV, Au up to 11 AGeV, 14 AGeV for Ca and nuclei with Z/A = 0.5
up to 14 AGeV. The maximum achievable energy with Uranium (U) is 10.7 AGeV for SIS100.
Figure 1.1 shows how FAIR is structured. The extracted beam can produce up to 10° Au ions

per second in the CBM cave.

Linear accelerator Ring accelerator
UNILAC SIS18

Ring accelerator
SIS100

\\;

7\\/ CBM & HADES
/

Production of
new atomic nuclei

Production of
antiprotons

—
100 metres

Experimental and [l existing facility

storage rings [l planned facility
[l experiments
Figure 1.1: The layout of the FAIR SIS100 accelerator ring. Blue, red, and black indicate the

existing GSI facility, upcoming synchrotron facility, and the experimental sites, respectively.
The picture is taken from Ref. [14]



In the FAIR facility, CBM will be capable of measuring event-by-event fluctuations of con-
served quantities (like baryons, strangeness , net-charge, etc.) in heavy-ion collisions with high
precision with the compatible beam energies. The excitation function of yields, spectra, and
collective flow of strange particles, charmed particles, and leptons will be studied in this energy

range [13, 15].

The accelerator is now under construction. The Figure 1.2 depicts the current status of the

construction site as of April 2023.

Figure 1.2: The photograph of construction site of FAIR SIS100 accelerator ring. The picture
is taken from Ref. [16]

1.2 CBM experiment

The interaction rate in the CBM experiment will be very high ~ 10 MHz as shown in Figure 1.3.
The SIS100 accelerator at the FAIR facility will deliver high-intensity beams with maximum
intensities of 10° ions/s up to Au ions, in the beam kinetic energy range of 2 AGeV to 11 AGeV.

Proton beams of intensities up to 10 /s will also be available with a maximum beam kinetic
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energy of 29 GeV. This high interaction rate will enhance the possibilities to measure the rare

probes with high statistics [13].

8
ﬁ‘1 0 E T T T T LA B I T T T T LU I T g
L E G EAN Saiee Heavy ion collisions -
7L, el e

Q 10 Egé J-PAXOHI* o EE
© . C § ]
c10°Es  joeronme, E
o = NAGO+@SPS E
= of - 2« .
8 10 :gLAMPS ¢ e —g ghcesUoN
a-) - @RAO! PHENIX@RHIC ]
= al HADES@GSI MPD@NICA TR _
= 10 = oooo 3
e o =
= Ferfetedeterfe—c =
1 03 == STAR FXT # NAGVSHING STAR@RHIC =
- F % .
10 4 : =
= g 3
1 0 E | 1 1 | 1 1 11 | 1 1 1 | 1 1 11 | 1 ’ E

1 2 3 4567 10 20 30 100 200

Collision energy \sy, [GeV]

Figure 1.3: Comparison of the highest interaction rates of different present and future heavy-ion
experiments. Update (2021) [17]

The high baryon density and the low-energy region of the QCD phase diagram is yet to be
explored in heavy-ion collisions with such high interaction rates. This challenging job will
be done by the CBM experiment. The fundamental questions such as the equation of state
and the relevant degrees of freedom at high net-baryon densities, the existence of exotic QCD
phases, in-medium modifications of the hadrons, indications of chiral symmetry restoration,
the existence of the heavy multi-strange hypernuclei will be explored by the CBM experiment
[17, 18, 19].

The event-by-event fluctuations of the conserved quantities like baryon number, strangeness,
charm and electrical charge can be measured by the CBM experiment. The higher-order mo-
ments of these distributions are expected to show more sensitivity to the phase transition and

matter structure near the critical point [20, 21].

The di-leptons are emitted at the early stages of the produced fireball and carry undistorted
information about the medium properties. This is possible because they do not interact strongly,

being electromagnetic in nature. The temperature of the fireball, which is produced in heavy-ion



collisions, can be achieved from the invariant mass spectra of di-leptons. Medium modification
of the vector mesons, the lifetime of the fireball can also be determined by the di-leptonic probe.
In the CBM experiment, there is a unique opportunity to explore di-lepton measurement and

measurement of excitation function [22, 23].

Hadrons containing strange quarks will be produced in heavy-ion collisions in the CBM experi-
ment. The yields of the strange baryons is correlated with the density of the fireball produced.
In a purely hadronic scenario, the heavier multi-strange baryons, e.g. €}, =, can be produced
in sequential collisions of lighter strange hadrons such as kaons and lambdas. CBM will thus
measure the excitation function of multi-differential yields, flow, and fluctuations of strange

hadrons, multi-strange baryons for different collision centralities [24, 25].

Charmed particles are generated in the primary stages of heavy-ion collisions. Different char-
monium states can be suppressed due to Debye screening and this phenomenon is called char-
monium suppression. In the experiments like RHIC and LHC, this phenomenon is observed
earlier. With the CBM experiment at FAIR, in the SIS100 energy regime, the charm production
will be studied at the beam energies close to the kinematic production threshold. 300 J/¢ will
be measured for central Au+Au collisions energy at 10 AGeV as per one week of data taking,

as expected. [26, 27].

1.3 CBM detector system overview

In the CBM experiment, different detector subsystems will be used to identify both hadrons and
leptons. The main detector setup of the CBM experiment will consist of a dipole magnet and
several detector subsystems such as Beam Monitor Detector System (BMON), Micro-Vertex
Detector (MVD), Silicon Tracking Station (STS), Ring Imaging Cherenkov Detector (RICH),
Muon Chamber (MuCh), Transition Radiation Detectors (TRD), Time of Flight (TOF) detec-
tors, Forward Wall. In the CBM setup, MuCh and RICH are complementary to each other.
The MuCh will be used for the detection of di-muon, whereas RICH will be dedicatedly used for
the detection of di-electrons produced in the decay of charmonium and LMVM. When RICH

is in operation, MuCh will be in the parking position and vice versa.



Figure 1.4: A combined experimental setup of CBM & HADES detector system. The CBM
setup consists of: 1. Beam MONitor Detector (BMON), 2. Micro Vertex Detector (MVD) /
Silicon Tracking System (STS), 3. Superconducting Dipole Magnet, 4. Muon Chamber (MuCh),
5. Ring Imaging CHerenkov Detector (RICH), 6. Transition Radiation Detector (TRD), 7. Time
of Flight Detector (TOF), and 8. Forward Spectator Detector. The picture is taken from Ref.

[28]
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Figure 1.5: Cross-sectional view of detectors arrangements



In CBM, rare probes and multi-strange hyperons, hypernuclei, and vector mesons will be iden-
tified at high precision with large statistics. For large statistics, new self-triggered readout
electronics and high-speed data acquisition systems will be used [13, 29]. Both the electronics
and detectors will be radiation hard to run the experiment successfully. The rare probes will
be identified from large track densities. Figure 1.4 (with RICH in beam line) and Figure 1.5

(with MuCh in beam line) show the experimental setup of the CBM experiment in two views.

1.3.1 Beam Monitor Detector System (BMON)

The purpose of Beam MONitor detector system (BMON) is beam monitoring and time-zero
(T0) measurement for the CBM experiment. Prototype sensor based on poly-crystal (pc)
chemical vapour deposition (CVD) diamond technology (pcQVD) had been fitted into the
target chamber’s vacuum vessel within mCBM at the 2022 beam campaign. The 1x1 cm?
diamond sensor’s metallisation is divided into 16 vertically and horizontally aligned strips on
each side. With up to 4x10® Au-ions per spill, the new T0 diamond counter was successfully
operated, offering steady TO information with great time-resolution in the mCBM data stream

in addition to highly helpful beam monitoring [30].

1.3.2 Dipole magnet

The superconducting dipole magnet (as shown in Figure 1.6) will be used to provide the bending
power to the MVD and STS detectors. The target, STS and MVD are placed in the large gap
of the magnet. Charged particle trajectories will bend under the magnetic field, and from the

bending, the momentum will be determined.

The magnet will have a magnetic field intensity of 1 Tm which will be used for good momentum
resolution [31]. GSI experts have refined the design of magnet now, and the new magnet will

be used in the experiment. The aperture of the magnet enlarged to 1470 x 3300 mm? [28].



Figure 1.6: The schematic view of the dipole magnet that will be used in the CBM experiment.
Figure is taken from Ref. [28].

1.3.3 Micro Vertex Detector (MVD)

The MVD detector (as shown in Figure 1.7) system consists of four layers of monolithic active
pixel sensors (MAPS) located at 5(8) cm to 20 cm downstream of the target in the vacuum. The
actual position will depend on the needs of a specific run. The decay vertices of open charm
particles and weakly decaying charged hyperons will be determined by the MVD detector.
A very low material budget will also reduce multiple scattering. These will be done with
Monolithic Active Pixel Sensors (MAPS). The MAPS pixel size will be between 18 x 18 ym?
and 20 x 40 ym?. Position resolution o = 3.5 - 6 um can be achieved. With this vertex detector
geometry, secondary vertices can be determined at a precision of about 50 - 100 pum along the

beam axis [32].

The total thickness of the detector will be 300 - 500 pum silicon equivalent for sensors and

support structures, that depends on the size of the stations.

10



Figure 1.7: 4 layered MVD detector design of the CBM experiment, made of monolithic active
pixel sensors

1.3.4 Silicon Tracking System (STS)

The main goal of the STS detector system in CBM is the track reconstruction and momentum
determination for the charged particles. The STS (as shown in Figure 1.8) will consist of 8
tracking detector layers of silicon micro-strip sensors [30]. The performance is improved by
using the low material budget of the stations and thereby reducing multiple scattering. With
this detector, the momentum resolution can be achieved better than 2% in the 1 Tm dipole
magnetic field [33]. The maximum non-ionising dose closest to the beam line does not exceed
1 x 10™ n,, cm™? for the sensors. According to the latest simulation, a new STS-3+5 modular
design (geometry: v22c) has been adopted. The distance from the target to the first three
stations is kept the same, as is the 10.5 cm pitch between successive stations. But, due to
the additional supporting C-frame that will be in between the STS-3 and STS-5 blocks, an
additional 2 cm of extra space is needed compared to the previous geometry (v21le). Finally,

this STS-3+5 geometry will be an overall 2 cm longer in z length [34].

The cooling is the most important part of STS to maintain the performance of the detector.

The cooling system consists of two cooling agents: perfluor (2-methyl-3-pentanon), also known

11
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Figure 1.8: The schematic view of STS for (a) v21le geometry, and (b) v22c geometry. Pictures
are taken from Ref. [34]

as dry water or 3M NOVEC 649 with 7.5 kW rated power and a rated temperature of -40 °C),
and dry air (rated power 300 W, rated temperature -10 °C). The liquid coolant will be used to

cool the FEBs, and the dry air will be used to cool the silicon sensors.

1.3.5 Ring Imaging Cherenkov Detector (RICH)

With the RICH detector setup (as shown in Figure 1.9), electrons will be identified for momenta
up to ~ 8- 10 GeV/c. It can also suppress the pion below 10 GeV /¢ momentum range, assuming
that pions can be separated from electrons up to 90% of the maximum Cherenkov opening angle.
RICH will be positioned behind the dipole magnet about 1.6 m downstream of the target. RICH
will have a 1.7 m long gas radiator and two arrays of mirrors, the photon detector planes. The
gas radiator element will be COsg, which has refractive index n = 1.00045 (T = 0 °C, p =
1 atm). The Cherenkov radiation will be reflected by mirrors with Al4+MgF; reflective coating
built from 72 mirror tiles with a curvature of 3 m radius. The photo-detector plane where
photons will be reflected will be built from Multi-Anode Photo Multiplier Tubes (MAPMT)
(e.g. H8500 from Hamamatsu) and will be shielded from the magnetic field. Depending on the
final magnetic field of the CBM dipole magnet, the photon detectors might still have to move
upwards, which can be achieved by tilting the mirrors by up to 15° [35].

12



Figure 1.9: RICH detector setup for the CBM experiment dedicatedly designed for the electron
identification [36].

1.3.6 Muon Chamber System (MuCh)

The Muon Chamber (MuCh) at the CBM experiment is dedicatedly designed to track the
di-muons coming from the decay of LMVMs and charmonium. The schematic of the di-muon

measurement setup at CBM (SIS100) is shown in Figure 1.10.

The MuCh will consist of several hadron absorbers to reduce the hadronic backgrounds. Ac-
cording to the latest geometry, MuCh consists of an absorber of 28 c¢cm low-density graphite
(density 1.78 g/cm?®) and 30 c¢cm concrete (density ~ 2.3 g/cm?®) combination and after that
there will be three iron absorbers of thickness 20 cm, 20 cm, 30 cm respectively. Between
two absorbers, there will be active detectors called stations for the detection of muons. Af-
ter the first absorber, 7.e. in the first station, three triple GEM detectors will be placed
[37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. The second station will also
be equipped with triple GEM detectors but have a larger size. Single gap RPC detector is
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Figure 1.10: Simulated setup of much subsystem (a) Setup for detectors and absorbers, (b)
Detectors arrangements

proposed for the 3" and 4" stations [53]. Finally, there will be a 100 cm thick iron absorber,
specifically for the J/v measurement [15]. The particle rates will be ~ 15 kHz/cm? and ~ 5.6
kHz/cm? respectively at the 3"¢ and 4" stations for 8 GeV per nucleon central Au-Au collision
[54]. There are many high-energy physics experiments dedicated to the muon detection, but
the uniqueness of this MuCh detector system is that the total absorber is sliced and the detec-
tors are placed in between the absorbers. Therefore one can identify track depending on the
momentum. Using this technique, the resolution of low momentum identification is improved.
The detection of low momentum muons in high efficiency is the basic criteria for reconstruction

of the low mass vector mesons in the muon chambers.

1.3.7 Transition Radiation Detector (TRD)

There will be three detector layers in each station of TRD out of the three stations. They will
serve the purpose of identification of electrons and positrons with momentum P > 1.5 GeV/c.
Identification of charged particles via their specific energy loss will be done. Thus the TRD,

in addition, will also provide valuable information for the measurements of nuclear fragments.
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Three stations will be located at ~ 5 m, 7.2 m and 9.5 m, respectively, downstream of the target.

2. The expected particle rate at a distance of

The total active detector area will be ~ 600 m
5 m from the target is ~ 100 kHz/cm? for 10 MHz minimum bias Au-Au collisions at 25 AGeV.

In the central collision, particle density will reach up to ~ 0.05/cm?.

The main detector is Multi-Wire Proportional Counter (MWPC) with a radiator, and the
active gas medium is Xe/CO;y. Each second transition radiation layer is rotated by 90°. Pion
suppression factor will be well above 10 at electron identification efficiency of ~ 90% [55]. The
shape of the readout pads will be rectangular, and the resolution will be 300 - 500 pym across
and 3 - 30 mm along the pad. The TRD detector configuration for the CBM experiment is

shown in Figure 1.11.

Figure 1.11: TRD detector configuration for the CBM experiment. For the SIS100 geometry,
only one station consisting of three detector layers will be used between the STS and TOF wall
[36].
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1.3.8 Time of Flight Detector (TOF)

Several Timing Multi-gap Resistive Plate Chambers (MRPCs) will be used in a modular array
for the measurement of the arrival time of charge particles that will cover the polar angles from
2.5% - 25°. The charge hadrons will be identified after having matched the TOF hit with the
corresponding STS track. This setup will achieve a time resolution of 80 ps. To distinguish
kaons from the pions and protons, it is also necessary to achieve at least 95% efficiency of the

individual MRPC module.

2 and will be located between 6 m to 10 m

The TOF wall will cover an active area of 120 m
downstream from the target of the SIS100 setup, depending on the physics goal. The hit rate
will go up to 25 kHz/cm? in the inner zone and 10 kHz/cm? in the outer zone with TOF wall
placed at a distance for the minimum-bias events [56]. Design of the CBM TOF detector system

is shown in Figure 1.12.

Figure 1.12: Design of the CBM TOF detector system composed of Multi-gap Resistive Plate
Chambers (MRPC). In the middle, there is a beam pipe hole [36].
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1.3.8.1 Particle identification in CBM

CBM will have the opportunity to measure both the di-lepton channels by using MuCh and
RICH detector subsystems. The MuCh setup will consist of several hadron absorbers and
tracking detectors for muon detection. It will be replaced with the RICH detector for electron
identification. It is crucial to measure both the leptons and hadrons simultaneously in order
to obtain a complete picture of the reaction [57]. The simultaneous measurement is possible
in CBM with SIS100 electron setup, which will consist of MVD, STS, RICH, TRD, TOF, and
PSD, as shown in Figure 1.4.

In this work, one million events of 12 AGeV Au-Au central collision are taken. These are
generated using the UrQMD (Ultra relativistic Quantum Molecular Dynamics) event generator
[58, 59] with the transport engine GEANT3. The CBMROOT (APR20 version) framework and
the SIS100 electron setup are used for this study.
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Figure 1.13: Mass? vs. momentum distributions for all types of particles (top left). The mass?

distribution is in different momentum segments: 0< P <1 GeV/c (top right), 1< P <3 GeV/c
(bottom left), 3 <P <5 GeV/c (bottom right)
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For particle identification, the square mass is plotted against momentum distributions for all
types of particles. In Figure 1.13, M represents the mass calculated from the TOF detector.
If we take a different momentum range and plot the mass? distribution, we can see different
peaks corresponding to different particles. From Figure 1.13, we can say that beyond 3 GeV/c

momentum, identification of particles is not possible by this method.

The energy loss of charged particles in the detector volumes can also be used for particle
identification. The energy loss distribution of all charged particles in the STS layers is shown

in Figure 1.14.

This distribution is done for one million events of 12 AGeV Au-Au minimum bias colli-
sion, which are generated using the DCM-QSM-SMM (Dubna Cascade Model, Quark-Gluon
String Model, and Statistical Multi-fragmentation Model) event generator [60] and transported
through the SIS100 electron setup using the GEANT3 transport engine.
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Figure 1.14: Energy loss profile for all types of particles in the STS layers.

By the energy loss method, we can separate the particles with the same m/Z ratio e.g., H* and

He*, which cannot be identified by looking at the momentum and mass? distribution.
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1.3.9 Forward Wall

According to the recent status, the Czech scientist group, who was involved in building of
previously planned Projectile Spectator Detector (PSD) [61], come up with a new scintillator-
based forward detector system with Silicon photo-multiplier (SiPM) readout [62]. Which is

under discussion within the collaboration.

1.4 Aim of the thesis

In the CBM experiment at FAIR, the MuCh detector system will be used to detect the di-muon
produced in the collision. MuCh will consist of several hadron absorbers and active detector
triplets (called stations) in between the absorbers to track the muons. First, two stations of
CBM-MuCh will consist of triple GEM detectors to handle a particle rate ~ 1 MHz/cm? and

~ 0.1 MHz/cm? respectively for 8 GeV per nucleon central Au-Au collision.

From the simulation, it has been found that for the interaction rate of 10 MHz, particle flux on
the 374 and 4" stations of the CBM-MuCh will be ~ 15 kHz/cm? and 5.6 kHz/cm?, respectively,
for central Au-Au collisions at 8 AGeV. Single gap RPC is a strong candidate for the 3" and
4" stations of CBM-MuCh. To cope-up with this high particle rate, the RPC is to be built
with low electrode resistive plates and to be operated in the avalanche mode. The usage of
electrodes made with low bulk resistivity seems to be a promising way to adapt the RPC to

the high-rate environment of the upcoming CBM experiment.

Performances of RPCs can be improved based on different parameters. Based on the re-
quired rate of particle detection, RPCs can be built with low resistive (bulk resistivity ~ 108 -
10'° © cm) materials. The reason behind the use of low resistive material is that it will reduce

the charge-up time after each discharge and hence will reduce the dead-time fraction.

R&D on the choice of resistive materials is an important component of RPC development.
Extensive R&D is going on towards improving the other parameters of the detector. There are

still many open questions on RPC. Some of these are as follows:

e Study of the material used to make electrodes of RPC;
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Surface treatment of the electrodes;

Optimisation of gas mixture;

The mode of operation (streamer or avalanche) for high-rate operation;

Extensive studies on time resolution and efficiency;

Study on RPC stability;

Therefore, a detailed study is required to understand the properties of RPC and to make
improvements, keeping the CBM experiment in mind. It needs to be emphasised that the R&D
we plan to carry out for this detector type targets at yet uncharted scientific territory. To our
knowledge, RPC detectors, in particular, bakelite RPCs, have not yet been tested or operated

in such an environment.

The aim of this particular R&D program which is described in this thesis, are as follows:

e Study on the material used to make electrodes of RPC and it’s surface treatment, mode
of operation (avalanche or streamer). Before the building of a chamber, the study of
its electrical and mechanical properties are very important. Mechanical properties in-
clude uniformity of thickness of the electrode plates and most importantly the surface
uniformity. The electrical properties to be measured are the bulk resistivity and surface
resistivity and their uniformity over the whole electrode surface area. The proposed R&D
program will start with a selection of materials by measuring the mechanical and electrical

properties of different bakelite samples.

e Improvement of efficiency, time resolution, rate capability, long term stability by varying
conditions like temperature, gas composition, or radiation dose. After selecting a suitable
material, RPC prototype detectors will be built with different dimensions. The basic
characteristics such as efficiency, noise rate, time resolution, cross-talk, and charge sharing

need to be studied in the laboratory with cosmic rays.

e Study on the composition of the fill gas and optimisation of gas mixture for Resistive

Plate Chamber (RPC) is also required. The detectors need to operate stably for a few
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years with good efficiency at a high particle rate. It requires fast and non-ageing gas

mixtures.

e The long-term stability of the RPC detectors over a period of time is also required. For
low-rate applications, the glass RPCs are found to be more stable, even though some
erosion effects are found for such cases, particularly when these glass RPCs are operated
in the streamer mode [63]. In the streamer mode of operation, this has been attributed
to the corroding of the glass surface due to the large charge build up. At the end of the
nineties, it was found that the bakelite RPCs show serious ageing effects reducing the
efficiency drastically [64]. Detailed investigations revealed that the use of linseed oil for
the treatment of inner surfaces of the bakelite electrode plates in such cases was the main
reason for this efficiency reduction [65, 66]. Subsequently several efforts were made to
look for alternatives to linseed oil treatment or to develop bakelite sheets that can be used
without any application of linseed oil [67]. However, it has been found that for several
experiments e.g. CMS, bakelite based RPCs are chosen as preferred options mainly due

to the cheaper cost of fabrication.

Ageing of gaseous detectors may occur because of chemical properties or the interaction
of radiation with the materials, gases, and components. RPCs are quite robust in terms
of its ageing. Once a particular material is selected and the detector is build, its ageing
study and long-term stability test are very important. The stability of the performance
of the chamber includes the stable operation of the detector for a reasonable long period

of time.

Since India has the responsibility to build the detectors and electronics for the CBM-MuCh it

will be very much beneficial for us to build the chamber indigenously.
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Chapter 2

Introduction to Resistive Plate

Chamber (RPC)

The gas detector era started with the invention of the Geiger counter about 100 years ago
[1]. Afterward, many developments are made. However, the major breakthrough happens with
the invention of multi-wire proportional chambers (MWPCs) in the year 1968 [2]. Georges
Charpak was awarded the Nobel Prize in 1992 for the invention of MWPC. The Resistive Plate
Chamber (RPC) detector was first introduced by Rinaldo Santonico and Roberto Cardarelli
at the beginning of 1980 [3] for triggering and tracking, whereas the micro-pattern gaseous
detectors (MPGDs) were subsequently developed to handle high particle rate. Gas Electron
Multiplier (GEM) in 1997, introduced by F. Sauli is the first among the MPGDs [4].

RPCs have some advantages due to their high resistive electrode plates. High resistivity protects
the spark and helps to contain the discharge in a localised area. Single gap RPCs have position

resolution ~ 1 ¢m to ~ 100 pm and time resolution can be achieved of the order 1 ns.

RPCs are developing day by day and it is already been used in several experiments. The design
and dimensions were different in different experiments to meet the experimental need. In the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN)
RPCs were also used that cover the total area ~ 10000 m?. Different cosmic ray experiments
also use RPCs. In the Astrophysical Radiation with Ground-based Observatory at YangBaJing
(ARGO-YBJ) experiment the total area coverage was ~ 10000 m? [5, 6, 7]. Not only these
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RPCs are nowadays explored for different applications like flight-positron emission tomography

(TOF-PET), homeland security, flame detection, etc., and also for medical imaging purposes.

2.1 Cylindrical gaseous detector vs. parallel plate cham-
ber

In the gaseous detector having cylindrical geometry as shown in Figure 2.1, there is a central
anode wire where electrons are collected and the avalanche occurs close to the wire. The

metallic cylinder is used as the cathode.
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Figure 2.1: Cylindrical geometry detector and its cross-sectional view

The electric field in the cylindrical detector is inversely proportional to the distance from the
anode wire. The electric field is very high close to the central anode wire and decreases rapidly
as it approaches the cylindrical cathode surface. The electric field at a distance r from the

anode wire varies according to the formula

V
E(r)=——:; 2.1
(T) T’lni—‘f ( )
where V' is the potential difference between the cathode and anode, 7, is the radius of the

cylindrical metallic tube and 7, is the radius of the central anode wire. r denotes the distance

from the central anode wire to the point of consideration.

On the other hand, for the parallel plate structure (as shown in Figure 2.2), the electric field

varies as follows
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V
E=—
d

; (2.2)
where V' is the potential difference between the electrode plates and d is the separation between

them.
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Figure 2.2: Parallel plate ionisation chamber

The main difference between a cylindrical gaseous detector and a parallel plate chamber is that
in the first case, the electric field decreases inversely with the distance from the central anode
wire, whereas, in the second case, the electric field is uniform. So, for the cylindrical detector,
the probability of the formation of the avalanches is very high, only close to the central wire.
On the other hand, in the case of parallel plate chamber, the whole volume is available for the
formation of an avalanche and every point has the same probability for the formation of the

avalanche.

Though the main process is the same for both cases, 7.e. ionisation of the gas medium due to
the passage of ionising particles e.g. X-rays, gamma rays, charged particles, neutrons, etc., the
planer detector shows better time resolution. The reason can be described from the electric
field configuration and the charge mobility due to that field. The primary ionisation can take
place anywhere in the gas volume for both cases. But for the cylindrical geometry, the primary
electrons will have to drift for a fluctuating time, depending on the position they were generated,
before reaching the region close to the wire where they can form an avalanche and produce a
detectable signal. The time between the creation of the primary electrons and the formation
of the output signal will be intrinsically affected by fluctuations due to the fact that different

primary electrons will have to travel different distances depending on where they were generated.
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For the parallel plate geometry, a primary electron can produce an avalanche immediately
after its generation. In this case, the electrons do not need to move to the so-called intense
electric field region, as the whole gas volume is available for amplification and favourable for the
production of the avalanche. So, in summary, for parallel-plate detectors, there is practically
no separation between the drift and multiplication regions, and this extraordinarily reduces
the fluctuations in timing. Furthermore, the output signal is the cumulative sum of the signals

produced by the various avalanches, and this further reduces the timing fluctuations [9].

The planer geometry RPC detector has many advantages compared to the classical cylindrical

gaseous detector. Some of the following features are listed below.

e The electrode materials are very common and easily available in the market, such as
bakelite, glass, and ceramic [10, 11, 12]. Only high resistive material is needed with a
very smooth surface. The resistivity is of the order ~ 10® to ~ 102 2 cm depending on

the requirement of rate handling.

e Glass is very fragile in nature, so the handling needs special care. Bakelite electrode plates

suffer from surface roughness issue. Ceramic RPCs still need to be explored extensively.
e Detector geometry is very simple. That is why it is very easy to fabricate the chamber.

e As the materials are very cheap and fabrication is also very easy, they are suitable for
large area coverage. Many cosmic ray experiments are using RPC for their large area

coverage.
e The fabrication cost per unit area is very low.

e Position resolution of this type of detector is reasonable. Position resolution can vary
between cm to a few hundreds of um [13, 14, 15]. So, this type of detector can be used

for medical imaging purposes also.

e RPC has extremely good time resolution. For single gas gap RPC, the time resolution
is ~ 1-2 ns, whereas, for multi-gap configuration, a few 10s of ps time resolution can be

achieved.
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e The detector can be operated continuously. No pulsed HV for discharge quenching is

needed.

e Signal pickup system is very simple. Either strip readout or pad readout can be used.
Also, two dimension readout can be used to obtain both X and Y positions from the same

chamber.

e [f discharge occurs in the detector, it will be localised due to high resistive electrode
surface, and the dead area will be very small. The remaining gas volume will be available

for avalanche formation and will be active.
e RPCs can be used for other applications like TOF-PET, flame detection [16, 17], etc.

e RPC can be used for long-term operation without any degradation in the performance.

In this chapter, the general structure of the RPC, its basic working principle, different modes of

operations and their applications in the past and presently ongoing experiments are discussed.

2.2 General structure of RPC

The first gas-filled detector was ionisation chamber and the very first detectors were cylindrical
in geometry. Later planer geometry was also explored. The detectors can have different di-
mensions depending on the experimental requirements, but the basic working principle of any

gas-filled detector is the same, and the principle is ionisations of the gas medium.

The main advantage of parallel plate detectors is that they provide less jitter and offer excellent

timing characteristics.

The modern RPC detector was first introduced by Rinaldo Santonico and Roberto Cardarelli
at the beginning of 1980. The first prototype was built with phenolic laminate compressed at
high pressure that had a gas gap of 1.5 mm and operated with a gas mixture of argon and

butane at ordinary pressure [3].

The single gap RPC has planner geometry and requires two resistive electrode plates for fab-

rication. The schematic of the RPC is shown in Figure 2.3. The electrode plates have bulk
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resistivity ~ 10% - 102  cm. These plates are separated uniformly by high-resistive materials
called spacers. Generally, spacers have two to three orders higher bulk resistivity than the
resistivity of the electrode plates. Depending on the requirement of the experimental design,
the gas volumes have different thicknesses (~ 1 - 9 mm). The spacers are glued using adhesive
epoxy. The gap thickness depends on the thickness of the spacers. There are at least two gas
nozzles: One is used for the gas inlet, and another is used for the gas outlet. More than two
gas nozzles can be used depending on the dimension of the detector. Gas nozzles are also used
as part of the side spacers. There are also button spacers used to maintain the uniform gas
gap and to resist the sagging of the gas volume. Depending on the dimension, the number of

button spacers varies.

Readout Strips

Electronics

d : ': oltage a D o &
Resistive Plate Data Acquisition

Gas gap
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Ny

Resistive Plate

Readout Strips

Figure 2.3: Schematic of the RPC detector. There are two resistive electrode plates separated
by spacers. At the outer electrode surfaces, there is graphite coating for high-voltage distribu-
tion. Outer surfaces are covered by mylar insulators. Orthogonal readout strips are placed on
the top and bottom to collect induced signals.

After making the gas gap, the gas tightness is ensured. At the outer edges, a thin layer of
adhesive is sometimes applied if required to prevent gas leakage. Final gas tightness is checked
using digital probes or the water displacement method (discussed in a later section 3.2.1).

After proper cleaning of the outer surfaces of the electrode plates, a very thin layer of graphite
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coating (~ um) is done for the high voltage distribution. The conductivity of Graphite is
slightly lower than metals [18]. So, the application of graphite does not shield the generated
induced signals. Moreover, nowadays, people are using different coatings other than graphite
for high voltage distribution [13, 19]. Small pieces (~ 1 cm x 1 cm) of copper layers are posted
at diagonal positions on the graphite layers and high-voltage wires are soldered to apply high
voltage. Finally, outer surfaces are covered with the mylar layer (thickness ~ 100 um) for the
electrical insulation from the graphite layer to the readouts. Pickup strips are placed on the
top and bottom of the detector in an orthogonal position for the X-Y readout of the induced

signal.

2.3 Basic principle of RPC

The simplified geometry of a RPC detector is described in the section 2.2. The gas gap is
filled with a suitable gas mixture, typically at atmospheric pressure. High voltage of opposite

polarities are applied in the electrode plates, and the electric field is generated.

After the application of high voltage for the first time, the detector is conditioned for sufficient
time. When ionising particles pass through the detector, primary electrons are produced be-
cause of the collision of particles with the gas molecules. Free electrons and ions start drifting,
following the direction of electric field lines. Under sufficiently high (~ E > 10° V/m) electric
field, the primary electrons start to ionise more and more neutral atoms. During the drift,
electrons encounter stochastic collisions and a large number of ion-electron pairs are produced.
After creation by radiation interactions, both the electrons and ions undergo many such col-
lisions with neutral gas molecules until they are collected. Subsequently, the pair production
dominates due to the influence of a strong electric field. If the electric field is very strong,
electrons get sufficiently high kinetic energies between the collisions and eventually can ionise
neutral molecules. This production of ion-electron pairs occurs in a multiplicative way. The
kinetic energy gain in an electric field depends only on charge and does not depend on mass.
When a large number of electrons are produced at a small volume in a cascaded way, an electron
cluster is formed, and avalanche formation is initiated. This formation of avalanche is called

the Townsend avalanche. The electric field must be stronger than the threshold during the
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avalanche formation process. The fractional increase in the total number of electrons per unit

path length is governed by the Townsend Equation:

dn(z) = n(x)adz; (2.3)

where, n(z) = number of electrons at a distance x from the starting of ionisation.

a = First Townsend coefficient is defined as the probability for an electron to generate
additional ion-electron pairs per unit length. « depends on the electric field. For a spatially

constant field, such as within parallel plates, « is a constant.

Integrating the equation 2.3 one can obtain

n(x) = nge™; (2.4)

where, ng is the number of primary electrons located at a distance z=0. n(z) is the total
number of electrons after traversing a distance z. The equation 2.4 also shows that the number

of electrons increases exponentially with the distance.

The total number of electrons is therefore multiplied and this amplified electron cluster induces

a detectable signal at the readout.

Depending on the applied voltage to produce the electric field, the operation of gas-filled de-

tectors can be divided into several regions, as shown in Figure 2.4.

Recombination region : At low voltage, the electric field is not sufficiently large to ac-
celerate electrons and ions. Only a small portion of the created electrons and ions reach the
appropriate electrodes because the electrons and ions can quickly recombine due to their own
electrical attraction after they are formed. Yet, a growing portion of the generated ions will
contact the electrodes as the detector voltage rises. Up until the “saturation” voltage is reached,
this increase keeps going. Because it is impossible to precisely estimate the number of recom-

binations or the number of initial ion pairs formed, detectors are not operated in this region.
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Figure 2.4: Different operation regions of gas-filled detectors. The plotted pulse amplitude as a
function of the applied voltage is shown for two different particles depositing different amounts
of energy on the gas volume. [8]. In the proportional region, the secondary number of electrons
increased linearly with the primary no of electrons and the pulse height increased exponentially
with applied voltage.

Ionisation region : An increase in voltage stops the recombination process and more number
of ion-electron pairs reach the electrode. Thus the current begins to increase. The number of
ion pairs generated by the incident radiation and the number of ions collected by the electrodes
are equal. The type and energy of the particles or rays in the incident radiation determine it.
The curve is hence flat in this area. The voltage needs to be higher than the limit at which
recombining ion pairs is possible. But the voltage isn’t high enough to result in gas amplification
(secondary ionisation). As the electric fields used by the detectors in the ionisation region are

weak, no gas multiplication takes place. The applied voltage has no effect on their current.

Proportional region : As the detector voltage is raised higher in the proportional area,

the charge collected rises while the quantity of primary ion pairs stays constant. The primary
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electrons are given enough energy and acceleration as the voltage is raised to ionise more atoms
in the medium. The Townsend avalanche or cascade effect, which generates a single, powerful
electrical pulse, is brought on by the acceleration of the secondary ions that are produced. The
number of electron-ion pairs is proportional to the number of primary electrons, despite the
fact that there are many secondary ions for each primary event. The current is then amplified
proportionally, with a multiplication factor that depends on the operating voltage. The output
signal is substantially bigger than that from an ionisation chamber but is still proportional to
the initial ionisation generated in the detector. This factor can reach up to 10°. It is crucial
because the primary ionisation depends on the type and energy of the particles or rays in the
field of radiation that was intercepted. The gas amplification factor is calculated by dividing
the total number of ion pairs collected by the total number of ion pairs generated by primary
ionisation. The overall amount of ionisation in this area may rise to a measurably high level due
to the gas amplification. The detector’s signal-to-noise ratio is significantly improved by the
charge amplification technique. The gas amplification factor does not alter if a voltage stays
constant. Instruments for proportional counter detection are extremely sensitive to very low
radiation levels. Moreover, proportional counters can measure energy and identify particles. As
different radiation intensities and types have vastly varying primary ionisations, it is possible

to distinguish between them by looking at the pulse height.

Limited proportional region : The increase in the applied voltage results in an increase
in the electric field and nonlinear effects comes into the picture. The gas amplification factor
stops rising proportionally to the voltage in the limited proportional zone. With a specific
applied voltage, additional ionisations and nonlinear effects do not result in a signal output
that is proportionate to the energy deposited. The free electrons are quickly collected due to
high mobility, while positive ions move very slowly, which takes a long time and during the
period when travel ions collect electrons. During the collection of the electrons, a slow-moving
cloud of positive ions is created, which disperse slowly as it moves towards the cathode. If the
positive ion concentration is sufficiently high, the space charge is formed and the electric field is

distorted, which leads to distortion in gas multiplication, and non-linearity effects are observed.
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Geiger-Mueller region : Secondary avalanches are possible in the Geiger-Mueller region
because of the voltage and resulting extremely high electric field. Photons released by excited
atoms and the avalanche formation can be triggered. Since these photons are not impacted by
the electric field, they may interact a long way from the initial avalanche, involving the entire
Geiger tube. These avalanches provide a strong signal that has shape and height independent
of the primary ionisation and photon energy (the amplification factor can reach about 10,
Gamma rays and any other kind of charged particle that can enter a detector can be detected
by Geiger-Mueller detectors. These instruments’ principal benefit is that they frequently don’t
need signal amplifiers. A positively charged ion cloud disrupts the electric field and stops
the avalanche process because positive ions do not travel far from the avalanche location. In
actuality, the application of “quenching” tactics can improve the avalanche’s formation. In
reality, a plateau with minimal count rate variation characterises the Geiger voltage zone. The
effectiveness of the quencher in the gas determines how wide the plateau is. Geiger counters, in
contrast to proportional counters, cannot distinguish between the energy of incident radiation

particles since the output signal is independent of the amount or nature of original ionisation.

Discharge region : Ultimately, the electric field creates a continuous discharge of the
medium, with or without radiation, above the Geiger-Mueller area at much higher voltages,
rendering the chamber insensitive to any incident ionisation. Ionising radiation cannot be de-
tected in this area or measured there. When at the end of the plateau, the Geiger tube voltage
is increased; For that case, the count rate quickly rises until the start of continuous discharge,

at which point the tube loses its ability to detect radiation and might sustain damage.

The RPC detectors are operated in the Limited Proportional region. At higher voltages, the
space charge effect comes into play and the electric field is significantly distorted. In this region,
though the pulse height increases but the secondary number of electrons are not proportional

to the number of primary electrons.
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2.4 Mode of operation

The choice of gas mixture plays an important role in the operation of RPC, as the drift of ions
and electrons heavily depends on the mixture used. If Argon (Ar) based gas mixture is used,
then the produced signal will be very large. In this case, the produced charge is of the order
of 100 pC. On the other hand, the Tetrafluoroethane (CoHoFy) is itself an electronegative gas
due to the presence of Fluorine component and in CoHsF, based mixture, the produced charge

is of the order of 1 pC.

Depending on the gas mixture used, the produced charge varies, and the modes of operations
are broadly classified into two categories. One is called the “Avalanche” mode, where the
produced charge is of the order of 1 pC and the other one is called the “Streamer” mode, where
the produced charge is of the order of 100 pC. These two modes are discussed briefly in the

following sections.

2.4.1 Avalanche

When ions and electrons drift toward the respective electrodes, they collide with neutral gas
molecules. If they have sufficient kinetic energy, they ionise those neutral gas molecules. The
threshold value of the electric field above which the secondary ionisation will occur is typically
10° V/m at atmospheric pressure. During their subsequent drift, they can create additional

ionisation.

This gas multiplication process, therefore, takes the form of a cascade and known as the
“Townsend avalanche” in which each free electron created in such a collision can potentially
create more free electrons by the same process. Thereby in a cascaded way, a cluster of electrons
is created, and a signal generates. The amplification of the signal inside the gas gap is small in
this process. The fractional increase in the number of electrons per unit length is governed by

the equation 2.3.

The produced charge inside the gas gap is low (~ 1 pC) in the Avalanche mode of operation.
Therefore the detector can also work in the high particle flux environment and moderate to

high counting rate capability (~ Hz/cm?) is achieved. This is possible by employing CoH,Fo
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gas as the active medium. This gas is intrinsically electronegative in nature and, therefore,
can quench a small amount of electrons. Sometimes, SFg is also added in a very small fraction
to quench electrons further and improve the performance. Due to low charge production, the
output signal is small and it requires sophisticated electronics and a pre-amplifier to get the

signal.

2.4.2 Streamer

In most of the gaseous detectors, at some total critical charge in the avalanche, a transition from
the primary avalanches to sparks is observed [20]. Scrupulous studies performed by Raether

showed that for the parallel-plate detectors, this happens when

Ang 2 108 electrons; (2.5)

where A is the gain of the detector and ng is the primary number of electrons.

In the streamer mode of operation, a number of large nonlinear effects can be seen compared
to the linear mechanism. In contrast to the Avalanche mode, the physics of the streamer is

very difficult to understand.

In this mode, the generated signal is large (~ 100 pC). Therefore, no signal amplification is
required using external electronic circuits. The readout system of Streamer mode RPCs is quite
simple, as the signal can be directly fed to the electronics and can be discriminated by choosing
the appropriate threshold voltage. But there is an issue. As the spark can happen easily in
this mode with a large amount of charge resulting in a large dead area for each such spark, the

rate capability is low and limited to a few hundred Hz/cm? [21].

2.5 Classification of RPCs

Since the invention of RPCs, people have been very enthusiastic about the improvement of this

detector. They were in search of the spark protective versatile detector. The design of the
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resistive plate chamber is flexible as per the requirement. This creates different types of RPCs

to quench the thirst of innovative minds.

RPCs are broadly categorised into two types. The first one is classified according to the design
and the second one is classified according to the application of the detector. The Single-gap,
Wide-gap, and Multi-gap go under the design category, and the Trigger and Timing RPCs
go under the application category. These different types of RPCs are discussed briefly in the

following sections.

2.5.1 Classification by design

2.5.1.1 Single-gap RPC

The first developed RPC by R. Santonico and R. Cardarelli was the single gap RPC [3]. The
single gap RPC is the simplest in design and that’s why very easy to fabricate. The first RPC
was built with bakelite plates with a uniform gas gap of 2 mm. After that, there were several

improvements done to this detector [22, 23, 24].

2.5.1.2 Wide-gap RPC

The two main functions of the gas gap in RPCs are a) to produce the primary ionisation cluster
and b) to obtain the gas gain. The accumulated charge in a RPC signal depends on the width
of the gas gap. To improve the efficiency, a wide gap structure was introduced. The single
gap RPC or narrow gap RPC usually has a gas gap ~ 2 mm, whereas for the wide gap RPCs,
the gas gap is usually ~ 8 mm or 9 mm. The wide gap RPCs are superior in terms of rate
capabilities, but their timing resolution is poor compared to the narrow gap RPCs. The main
reason behind this is the lower dynamic range of the produced charge; this causes the smaller
current to flow through the gas gap and through resistive electrodes. In wide gap RPCs, a large
amplitude signal is produced in avalanche mode. The time resolution is poor due to the fact
that the larger path introduces larger fluctuations in the signal arrival time. Wide gap RPCs
also lag behind the narrow gap in terms of power dissipation produced inside the gas gap. It is

almost ten times lower compared to the narrow gap RPCs [25].
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2.5.1.3 Multi-gap RPC

This is a new type of RPC and as the name suggests that this type of RPC has multiple gas
gaps as shown in Figure 2.5. Though the gas gap number is multiple, the width of each gas
gap is very small; generally, it is of the order 0.2 mm to 1 mm in each gap. The primary idea
is to improve the timing performance of the detector. In multi-gap RPC (MRPC), the total
gas volume is segmented into a number of small gas gaps of equal width by introducing some
intermediate resistive plates of high resistivity in between the two outermost resistive electrode
plates. A passing charged particle creates an avalanche in the gas. For the single or narrow
gap RPC, there is only one gas volume available for the avalanche to take place and thus, the

size of the avalanche fluctuates. In contrast, for MRPC, multiple gas volumes are available for
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Figure 2.5: Multi-gap resistive plate chamber (MRPC) detector schematic. Positive signals
(red pulse) are induced on the bottom cathode electrodes by the avalanches (red triangles in
the gaps), whilst negative signals (blue pulse) are induced on the top anode electrodes. (Picture
is taken from ref. [26]).

High voltages are applied only to the external electrode plates of each stack of resistive plates,
and the intermediate plates remain electrically floating. Thus one can build the detector by
stacking plates one after another, separated by very thin spacers. Sometimes the stack of elec-

trode plates is separated by fishing wires and kept in a gas-sealed box to build the detector
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module. Pickup strips are located outside the stack and insulated from the high-voltage elec-
trodes. Signals on the pickup electrodes are induced by the movement of charge inside the gas
volume. The induced signals can be generated by the movement of charges in any of the gas

gaps between the anode and the cathode pickup strips.

2.5.1.4 Hybrid RPC

A suitable combination of metallic and resistive electrode plates (as shown in Figure 2.6) can
be used to build a new type of RPC called the Hybrid RPC. These types of detectors are simple

and mechanically stable. For such detectors time resolution is generally very good (< 50 ps o)

HV
3l

and detection efficiency is also good (> 95%) [27].

Figure 2.6: Schematic of a hybrid RPC. White electrodes are metallic and black electrodes are
resistive. (Picture is taken from Ref. [28]).

The Parallel Plate Chamber (PPC) detector, made of two metallic plates, suffers from the spark
problem, and by introducing resistive plates, this problem was diminished. This type of RPCs
can find application in TOF and PET imaging.
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2.5.2 Classification by application

2.5.2.1 Trigger RPC

Single gap RPC with 2 mm gas gap as shown in Figure 2.7 or double gap RPC can achieve very
high efficiency (~ 98 - 99%) and good time resolution (~ 1 - 1.5 ns (o)) [29]. Generally, these
types of RPCs are used for triggering the Minimum Ionising Particles (MIPs) such as muons.
These varieties of RPCs are called Trigger RPCs. In real experiments to identify beam bunch
responsible for a particular event and also for eliminating noises from random events trigger,

such trigger RPCs are used.
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Figure 2.7: Single gap RPCs used in the ATLAS experiment at the Large Hadron Collider for
the first-level (L1) muon trigger in the barrel region. (Picture is taken from ref. [30]).

2.5.2.2 Timing RPC

These types of RPCs are generally multi-gap in configuration and have a large area for the
Time Of Flight (TOF) measurements. The gas gap is usually 0.2 - 0.3 mm. These types of
RPCs are operated in the avalanche mode with an electric field of 100 kV/cm. These types of
RPCs provide an efficiency ~ 99% with a time resolution of ~ 50 ps (o) or better. The time
resolution of the timing RPC is much better than the trigger RPC.
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2.6 Gas composition for RPC

The choice of the proper gas mixture for any gaseous detector is the most important factor.
As the electric field increases with voltage, the secondary ionisation of gas molecules takes
place more and more. During the migration of positive and negative charges, such secondary
ionisation occurs. So, in the next step, multiplication in electrons and ions occurs and an
avalanche is formed. For this, the choice of gas mixture plays an important role in the proper

operation and selection of the mode of operation of a gas-filled detector.

Usually, noble gases are used as the principal component, and one or two additional gas com-
ponents are used for the quenching purpose. The quenching gases are those which strongly or

partially suppress the secondary processes during the gas ionisation and thereby reduce noise.

In the conventional single gap RPC, a mixture of Argon (Ar), isobutane (i-C4Hjp), and
Tetrafluroethane (CoHoFy) gases in widely varying proportions is used at atmospheric pressure
in the streamer mode of operation. The isobutane is used to prevent the secondary streamer
by quenching the photon, and CoHoF, is used to limit the streamer size from spreading in the
transverse direction. In the avalanche mode of operation, mixtures of CoHoF4 with 2 - 5% of
i-C4Hyo are used. Sometimes, Sulphur Hexafluoride SFg is also used in a very small fraction
(~ 0.2 - 0.5%) due to its strong electron affinity. But the gases CoHsF, and SFg are not
environment-friendly gas as they have very high global warming potential (GWP).

Nowadays, most of the European countries impose restrictions on the use of CoHoF,4 gas due
to its high GWP (GWP: ~ 1430). Also, it is chemically reactive with K, Ca, powdered Al,
Mg, Zn. Under some environments (e.g. high-temperature circumstances), Carbon monoxide,

Carbonyl fluoride, and Hydrogen fluoride can be formed [31].

People are looking for alternative eco-friendly gas mixtures for the RPC. One of the interesting
articles by A. Bianchi et al. [32] shows isomers of fluorinated propene called Hydro-Fluoro-
Olefins (HFOs) gas mixtures are showing promising results [33]. With this gas mixture, pro-
duced avalanches are more wider and also carry more charges [34]. Still, many R&D is going

on for a suitable alternative.
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2.7 RPC used so far

RPCs have been used in many High-Energy Physics experiments for their high efficiency and

good time resolution. Not only the efficiency and time resolution are good, but people also

use RPCs because of their robustness. Many experiments use RPCs by employing different

materials and different configurations. The construction techniques, designs, shapes, operating

conditions, etc., were also different. Due to the flexibility of design, the application of RPCs

is increasing day by day. Because of their parallel plate geometry, the time resolution of this

type of detector is very good, and as a result, they are mostly used for timing and triggering

purposes. Different cosmic ray experiments also use RPCs as these detectors can cover large

detection areas. The Table 2.1 contains a brief summary of different experiments with different

RPCs and their configurations and application modes.

Table 2.1: A list of different past and present experiments that use RPC with different materials,
configurations and operational modes [21, 80].

: oL Area | Electrode V(.)lu.m.e No. Gap | Mode of

Experiment | Application 9 . resistivity of .
(m?) | material (mm) | operation

(Q cm) gaps

BaBar Trigger 2000 | Bakelite 10 - 10%2 1 2 Streamer
Belle Trigger | 2000 | Glass > 10* 2 2 Streamer
ALICE-Muon | Trigger 140 | Bakelite 3x10” 1 2 Streamer
ALICE-TOF Timing 150 Glass 105 10 | 0.25 | Avalanche
ATLAS Trigger 6550 | Bakelite | (1-4) x 10'° 1 2 Avalanche
CMS Trigger 4000 | Bakelite ~1019 2 2 Avalanche
STAR Timing 60 Glass 10*2 - 10 6 0.22 | Avalanche
PHENIX Trigger - Bakelite 10%° 2 2 | Avalanche
OPERA Trigger | 3200 | Bakelite >5x 101! 1 2 Streamer
BESIII Trigger 1200 | Bakelite 10Y - 10 1 2 Streamer
YBJ-ARGO Trigger 5600 | Bakelite | (0.5-1) x 102 | 1 2 Streamer
HARP Timing 10 Glass 10x10*2 4 0.3 | Avalanche
HADES Timing 8 Glass 5x 1012 4 0.3 | Avalanche
FOPI Timing 5 Glass 10*2 6 0.3 | Avalanche
CBM-TOF Timing 120 Glass (3-4) x 10'° 6 | 0.22 | Avalanche
NeuLAND Timing 4 Glass 1x10% 3 0.3 | Avalanche
CBM Timing - Bakelite ~101Y 1 2 Avalanche
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Some of the early experiments where RPCs were used are NADIR (Neutron Antineutron Dou-
blet Investigation by Reactor at the TRIGA MARK II reactor of the University of Pavia)
[35], electron-positron experiment FENICE (1986 -1993) [36], E771 (fixed target experiment at
Fermi National Accelerator Laboratory), WA92 (fixed target experiment at CERN), and MINI
(a horizontal cosmic ray telescope equipped with RPC) [37].

During the last few years, Resistive Plate Chambers (RPC) [3, 38, 39, 40] have been widely
used in high energy physics experiments for trigger and tracking because of a) relatively low
cost of materials used in making of RPCs, b) robust fabrication procedure and handling and
c) excellent time and position resolution. RPC is a gas-filled detector utilising a constant and
uniform electric field produced by two parallel electrode plates made of a material with high

bulk resistivity.

RPCs are primarily used for generating faster triggers for muon detection [41], time of flight
(TOF) [42, 43, 44, 45] measurement, and tracking capabilities in multi-layer configurations.
They were used in the forward-backward muon spectrometer of the L3 at the Large Electron
Positron (LEP) collider at CERN [46]. They are successfully used in BELLE [47], BaBar
[48, 49], BESIII [50], ALICE-Muon [51], and several other LHC experiments (ATLAS, CMS,
etc.) [52, 53, 54, 55, 56]. Different cosmic ray experiments e.g. ARGO-YBJ [57, 58], COVER-
PLASTEX [59], Daya Bay [60] also using RPCs for the muon detection. RPCs are used in
neutrino experiments e.g. OPERA, where its good tracking capabilities and excellent time
resolution are explored [61]. The RPCs are also being exploited for use in the TOF-PET

imaging [62], detection of uncharged neutrons [63, 64] and ~-rays [65] over a large area.

Conventionally the RPCs are made up of high resistive electrode plates (e.g. glass, bakelite,
etc.) having bulk resistivity ~ 10'° -10" © cm, which help to contain the cluster of electrons
created by the passage of charged particles or ionising radiation in the gas volume. To collect
the resulting induced signals, pickup strips are used. Typical time resolution for a single gap
RPC is ~ 1 -2 ns [66, 67]. The time resolution in such a detector can be reduced to < 100 ps,
by reducing the gas gaps between the electrode plates or by using a multi-gap configuration

[68, 69].

The RPCs are operated in two modes, viz., the avalanche mode and the streamer mode [70].

In avalanche mode, it can typically handle particle flux ~ 10 kHz/cm? [71]. In the streamer
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mode of operation, the amount of charge produced in a cluster is considerably larger, that
creates induced signals of a larger magnitude. In this mode, the recovery time is larger and the
irreversible damage caused by the accumulated charge reduces the life of the RPC detector.
However, several remedial measures are taken to prolong its life time under the streamer mode
of operation. Careful choice of electrode materials, smoothness of the inner surfaces of the
electrodes to avoid localisation of excess charges, surface treatment of the inner sides of the
electrode plates to reduce the surface resistivity, or providing alternate leakage paths for post-

streamer recovery are adopted in the major HEP experimental collaborations.

In the proposed India-based Neutrino Observatory (INO), the RPCs have been chosen as the
prime active detector for muon detection in an Iron Calorimeter (ICAL) [72]. A 50 kton ICAL
is expected to consist of about 27000 RPC modules of dimension 2 m x 2 m. Lots of R&D
on Resistive Plate Chamber (RPC) are being carried out both using glass and bakelite for the
future India-based Neutrino Observatory (INO) [67, 73, 74, 75, 76, 77, 78, 79].

2.8 Open questions

We are now standing about 40 years after the invention of RPC in 1981. A lot of R&D on
the basic characteristics are done. Some long-term behaviour studies are also performed in
different experiments. Most of the results are predicted well with the existing theory and are
well established now. There is huge number of scientific publications also on new design ideas,
principles of operations, characterisation, and performance studies. Many more are coming in
recent days. There are still many more open questions remaining still to be answered. Some

future prospects, both on hardware and simulations, are discussed below in a very brief way:.

2.8.1 Hardware

Ageing study : People have learned something about the ageing of the RPCs, but still, there
is no solid conclusion exists. As we are moving toward large experiments, high interaction rates
in the ageing study seem to be a crucial factor. How the ageing effect the detector materials,
the ageing due to gas and linseed oil interactions, or the gas and electrode material interaction,

and gas and spacers material interaction is still to be learned by us.
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Optimisation of gas mixture : One of the essential tasks is to find a new and suitable gas
mixture for the RPCs. Tetrafluoroethane gas causes a tremendous greenhouse effect. Another
component is Sulphur Hexafluoride which is very expensive and also causes global warming.
Many R&D is going on, but we are still apart from any solid conclusion. Though some eco-
friendly gas mixtures based on HFO are showing promising results, the long-term effect is still

unknown.

Suitable material : Though several prototypes have been tested with different materials, a
suitable material is still not found. We can not conclude about the specific resistivity needed
for RPC. Same as the previous, we are still unable to say about the thickness of the electrodes
and the proper dielectric conductivity of the material needed. The major concern is to develop

the techniques for large-size material production with proper configuration.

Material characterisations : A complete thorough study should be done on the variation of
performance of the detector with bulk resistivity of the electrode plates, oil coating technique,
the coated oil thickness, and surface morphology. Also, performance variation with the coating
thickness is to be studied. Complete knowledge of the variation of resistivity due to high rate

environment and long-term operation is still missing.

Optimisation of electronics : Electronics always play a major role in gaseous detectors.
Proper optimisation of the electronics and the detector is needed as we are moving towards
the high rate and high luminosity experiments. In the avalanche mode, the signal amplitude is
very low and needs proper amplification. This amplification needs better accuracy for proper
detection of the signal. Compared to that, in streamer mode, RPC can generate large signals
of some pC to few nC. This huge amount of charge can damage sensitive electronics. So, in
streamer mode, little or no amplification is needed. Depending on the specific application, we

must choose good electronics with proper bandwidth.

New geometry : As the resistive electrode is spark-protective, we can dream of a new type
of detector geometry. Micro-pattern detectors offer good rate handling capabilities, and parallel

plate detectors offer good position and time resolutions. Maybe in the future, a hybrid detector
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can be designed that can offer both good resolutions and can be operated at a high rate.
Some people are already exploring the feasibility of using resistive electrodes in micro-pattern

detectors. So, in the near future, we can expect a spark-protected micro-pattern detector.

Technology development : Different materials have been tested satisfactorily with the
small prototype. For future upcoming experiments, more large-size detectors are needed.
Technological development is essential for the production of large-size and uniform material

production.

2.8.2 Simulation

Gas properties study : As the finding of a suitable gas mixture is crucial, the study of
transport phenomena in new gases is important. If there is any interaction with oil coating to

the gas mixture can be interesting to study.

Oil coating optimisation : The properties of linseed oil and its behaviour in high interaction
rate are unknown to the community. The study of polymerisation phenomena is very important
to understand for the long-term operation of the detector. Coating thickness optimisation is

still not done. Simulating all these may shed some light on new directions and techniques.

It can also be explored if we can find any other replacement for linseed oil. Maybe by finding
any suitable replacement, we can mitigate the polymerisation effect. We may get new ideas

about the coating technique that is still to be developed.

Mode of operation : Some theories exist for the Avalanche mode operation of RPCs. Theory
predicts well the avalanche formation in the gas gap. But the avalanche to streamer transition
dynamics is still missing. Streamer mode operation is very critical, and no theories exist as of
now for reliable prediction. Again the avalanche formation study in the different eco-friendly

gas mixtures would be very appreciated.
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Material optimisation : Different materials depending on the thickness and conductivity,
are already simulated. Still, some critical study is not done. Particularly the study of leakage
current has to be understood. The conduction current details in different electrodes are also

unknown to the people.

Framework development : As of now, there is no single model framework only for the
RPC. One can develop a common simulation model for RPC to understand the different dy-
namics of RPC in different states. Specifically, the study of behavioural change of RPC for

long-term operation can then be possible through simulation.

Outside of these hardware and simulation activities in high-energy physics, RPC can be used for
various societal applications. Among them, Positron Emission Tomography (PET) and Muon
Tomography are very important and popular applications, and many R&D are going on. This
detector can be suitable for homeland security applications, detection and determination of the
position of flame and spark. Neutron detection is also possible with RPCs. It can also detect
photons. The CALIC (Calorimeter for Linear Collider Experiment) group also built and tested
Calorimeter based on the RPCs [81]. The revolution can happen if RPCs can be employed
properly for medical imaging purposes. RPCs have the potential and several improvements
that can replace classical scintillation-based detectors. As we can detect photons using this
detector, X-ray photon counting is also possible, and in this way, we can provide a proper as
low as possible X-ray dose to the patients. Already a Swedish company has built a low-dose

mammographic device with high-rate narrow gap RPCs, that is commercially available.

Researches are ongoing worldwide to address these open questions.
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Chapter 3

R & D of bakelite RPC

The main goal of this study is the systematic R&D of the RPC detector for the 3" and 4%
station of the Muon Chamber (MuCh) of CBM experiment. Bakelite sheets, commercially
available in India, have been explored to build the RPC modules. Electrical properties of
different grades of bakelite plates are studied. Prototype detectors are tested for efficiency, noise
rate, and time resolution, using cosmic rays with different gas mixtures. Radiation hardness
is also tested using gamma source in the laboratory. All the details of the fabrication of
modules, systematic development, experimental setup, different measurements and test results

are discussed in this chapter.

3.1 Measurement of the volume (or bulk) resistivity of
the material

The bulk resistivity of the bakelite plate is measured by the two probe method. A sample piece
of the electrode material of dimension 3 cm x 3 cm is cut from a large bakelite sheet. Two
small square pieces of copper tape (the dimension of each tape is 2.5 cm x 2.5 cm) are pasted
on two opposite surfaces of the bakelite sample. The voltage is applied between two copper
tapes and the corresponding current is noted. Both the voltage and current readings are noted
from the display attached in the power supply. From Ohm'’s law, the resistance is calculated

and subsequently the resistivity is calculated using formula 3.1.
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Vopl VA
- 1
d (31)
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Where V' is the applied voltage, I is the measured current, [ is the thickness of the sample and

A is the cross sectional area of the sample through which current is flowing.

The circuit diagram for the bulk resistivity measurement is shown in Figure 3.1 and the exper-

imental setup is shown in Figure 3.2.

Bakelite sample

Copper tape Ammeter

)

Figure 3.1: Circuit diagram for the bulk resistivity measurement

Figure 3.2: Measurement setup for the bulk resistivity
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The bulk resistivity is shown as a function of applied voltage for two bakelite samples in
Figure 3.3. It is found that the bulk resistivity of sample 1 is ~ 2 x 10 Q cm at a tem-
perature ~ 22 °C and relative humidity ~ 60%, whereas for sample 2, the bulk resistivity is

~ 3 x 10'° Q cm at the same temperature and relative humidity.
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Figure 3.3: Bulk resistivity as a function of applied voltage for two different samples. Error
bars are smaller than the marker size

Two samples are obtained from two different companies. Sample 1 is brown in colour and
sample 2 is a white coloured material with more glossy surface compared to the sample 1.
Since two materials are obtained from two different companies their compositions (the bakelite
sheets are phenolic resin bonded paper laminates) are not exactly same. That is why there
is a difference of about one order of magnitude in the bulk resistivity. It is observed from
Figure 3.3 that in two samples resistivity varies with voltage differently. However, in sample 2
the variation of resistivity with voltage is more prominent. The performance of the detector
does not depend on such a small variation (2 x 10" - 4 x 10" © c¢m) of bulk resistivity. Such

variations of different materials are also reported earlier [1].

3.2 Fabrication of detector

Two bakelite plates, each of dimension 30 cm x 30 cm and thickness 2 mm, are separated by
2 mm spacers made of polycarbonate (resistivity ~ 10'® © cm). Four edge spacers of dimension

30 cm x 1 cm and one button spacer of diameter 1 cm at the middle are glued on one plate using
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(d)

Figure 3.4: (a) Components of RPC, (b) Spacers are placed for marking on one bakelite plate
before gluing, (c) Gluing of spacers and nozzles on one plate, (d) Gluing of the second plate to
complete the gas gap, (e) Masking for the graphite coating, (f) Complete RPC with graphite
coating, covering with the mylar sheet and connecting the HV lead

Araldite epoxy adhesive. The glued plates are kept for 24 hours for curing. Two gas nozzles,
also made of polycarbonate, are used for the gas input and output and they are also used as a
part of the edge spacers. The other bakelite plate is glued on it to complete the gas gap and
kept for curing again for 24 hours. A thin layer of graphite is applied to the outer surfaces of
the electrode plates for the distribution of voltage. Two 1 cm X 1 cm copper tapes are pasted
on two diagonally opposite corners on the graphite layer to apply the high voltage (HV). HV
of opposite polarities are applied on two sides. The components of the detector, different steps
of fabrication and complete RPC module are shown in Figure 3.4. After building the chamber,

the leak is checked by the water displacement method. No significant leak is found.

Copper pick-up panels are used to collect the signals. Pick-up panels are made of 2.5 c¢cm
wide strips with a separation of 2 mm between two consecutive ones. 100 pm thick copper
tapes are pasted on one side of a 2 mm thick G-10 board and the ground plane is made with

aluminium foil of thickness 10 um on the other side of the G-10 board. Usually the G-10 board
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is taken having the same dimension of the RPC chamber under test. The length of each copper
strip is made the same as that of the RPC. Finally, both the copper and aluminium sides are
wrapped with a 100 pgm thick mylar foil. The signals from the strips are collected through
RG-174/U coaxial cables. The strips and the ground plane of a typical pick-up panel are shown
in Figure 3.5.

Figure 3.5: (a) Pick-up strips made of copper, (b) Ground plane made of aluminium

3.2.1 Leak Test of the Detector

After fabrication of the detector, leak test is done using the water displacement method to
ensure that no leak is there in the chamber. A Tygon tube has been employed as the U-tube
and water is poured into it. A gas cylinder is connected from one end of the detector while the
other end is connected to the U-tube. A small amount of gas is flown from the gas cylinder
and immediately after this the gas inlet end is closed to create a small overpressure (a few
millibars) inside the detector. The water height difference between the two arms of the U-tube
is measured as a function of time. It is seen that the pressure difference decreases with time.

The arrangement and results are shown in Figure 3.6(a) and 3.6(b) respectively.

From Figure 3.6(b) it is seen that the pressure difference between the U-tube arms is decreasing
with time. Gas leak rate is defined as VZ—f. Where V is the volume of the container, dp is the

pressure difference and dt is the change in time.
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Initially the leak rate for this chamber is found to be - 0.22 mbar*l/min whereas that after
some time it reduces to - 0.01 mbar*l/min. Actually this measured non zero leak rate depends
not only because of small leaks in the chamber but also on the number of junctions in the gas
line. This much of leak rate is acceptable for such a detector. However, it is expected that for

a system consist of metal tubings the leak rate will be smaller.
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Figure 3.6: (a) Setup for leak test (b) Pressure difference as a function of time

3.2.2 Surface resistivity measurement of the graphite coating

As mentioned in section 3.2, graphite layers are coated on both the outer sides of the chamber
for the distribution of the HV over the outer surfaces of the module. After making the chamber,
the surface resistivity of the graphite layers are measured. For this measurement, one H-shape
metallic jig made of aluminium bar is employed. The length and the separation between the
two aluminium bars of the jig are kept at 3 cm. The aluminium bars are separated by the
G-10 insulator (bulk resistivity > 10 Q cm). A little pressure is applied onto the jig so
that it properly touches the surface under study. Two probes of a multimeter are connected

to the aluminium bars and the resistance is measured. In Figure 3.7 the surface resistivity,
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Figure 3.7: Surface resistivity of the outer sides of the bakelite RPC
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Figure 3.8: Surface resistivity distribution of graphite coating of the outer surfaces of the RPC

measured on two outer surfaces of the first module, is shown and the distributions are shown
in Figure 3.8. The average surface resistivity of surface A and surface B of the chamber are

found to be ~ 358 k2/00 and ~ 409 kQ2/O] respectively.
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3.3 I-V characteristics

The work is initiated by a study of the characteristics of the first module using a non-
conventional RPC gas mixture of Ar/CO; in 70/30 volume ratio. To check the detector re-
sponse, first the I-V characteristics are studied. The I-V characteristic curves, as obtained on
different days in May and June of 2019, are shown in Figure 3.9. For each set of data, the
temperature and the relative humidity (RH) are also monitored. The RH range and average
temperature of each data set is shown in Figure 3.9. From Figure 3.9, it is seen that due to the
Ar/CO4 gas mixture, the breakdown occurs at a comparatively lower voltage. In normal RPC
gas mixtures, e.g. Tetrafluoroethane mixed with Iso-butane, the breakdown occurs at around
6 - 8 kV. Although, initially the breakdown is seen at about 4 kV but some abnormal behaviour
is also observed later on. At 5 kV a typical signal of amplitude ~ 20 mV with a rise time of
10 ns is observed in the oscilloscope with 10 mV /div, 100 ns/div, 50 €2 terminations and shown

in Figure 3.10.
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Figure 3.9: I-V Characteristics with Ar/CO;y gas mixture in 70/30 volume ratio measured on
different days. Error bars for the current are smaller than the marker size

The induced RPC signals from the pick-up strips are put to a 10x fast amplifier and the
amplified signals are fed to a leading edge discriminator (LED). The LED signals are counted
by a NIM scaler. The noise rate (or the singles count rate) is defined as the number of pulses

obtained per unit time per unit area of the pick-up strip.
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Figure 3.10: Typical induced pulse on a pick-up strip at 5 kV observed in the oscilloscope with
10 mV/div, 100 ns/div and 50 €2 termination for Ar/COy gas mixture in 70/30 volume ratio

The noise rate as a function of the voltage is also measured on two different days keeping the
threshold to the discriminator at - 15 mV and is shown in Figure 3.11. It is seen that the noise

rate follows the same trend as that of the leakage current.
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Figure 3.11: Current and noise rate as a function of the applied voltage. Error bars are smaller
than the marker size
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Using the 3-fold coincidence signal from the scintillator as a trigger, the efficiency of this RPC
prototype is measured with cosmic muons using conventional NIM electronics (the detailed
procedure is described in section 3.4.1 and 3.6.1.1). A maximum efficiency ~ 5% is achieved

which is not at all acceptable for any experiment.

After a few days, the detector shows an ambiguous nature of I-V characteristics as shown in

Figure 3.9. As a result, we moved to build a second module with a different bakelite grade.

3.4 Further development

The second module is built with bakelite plates having the bulk resistivity ~ 3x 101 Q cm.
The surface resistivity of the graphite layers is measured to be ~ 500 kQ2/[J for both the sides.

3.4.1 Efficiency and noise rate measurement

The signals from the pick-up strips of the RPC module are fed to a 10x fast amplifier and
then to the LED. The cosmic ray master trigger is made using three fast plastic scintillators.
Among them, two scintillators (with dimensions 10 cm x 10 cm (SC 1) and 2 cm x 10 cm
(SC 2) respectively) are placed above the RPC module and one (with dimension 20 cm x 20 cm
(SC 3)) is placed below. The scintillators make a trigger window of area 2 cm x 10 cm (area
of the finger scintillator SC 2). Thresholds to the discriminators are set to - 15 mV for all the
scintillators and also for the RPC. The width of the 3-Fold scintillator master trigger is set at
150 ns. Finally, the discriminated RPC signal from one single strip under the finger scintillator
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 noise
rate is defined as the number of single counts per unit time per unit area. Figure 3.12 shows
the schematic of the cosmic ray test set-up for the RPC module. The arrangement of the
scintillation detectors and the RPC in the cosmic ray test bench is shown in Figure 3.13 and

the electronic modules used in this study is shown in Figure 3.14.
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Figure 3.12: Schematic representation of the cosmic ray test set-up. SC 1, SC 2 (Finger) and
SC 3 are the plastic scintillators of dimensions 10 cm x 10 cm, 2 cm X 10 ecm and 20 cm x 20 cm
respectively. DISC, 10X, TAC, MCA and PC are the Leading Edge Discriminators (LED), 10x
fast amplifier, Time to Amplitude Converter, Multi-Channel Analyser and Personal Computer
respectively.

Figure 3.13: Arrangement of the scintillation detectors and the RPC in the cosmic ray test
bench

The efficiency, noise rate, time difference of RPC signal and master trigger and the time reso-
lution of the oil-less bakelite RPC prototype as functions of voltage are measured with cosmic
rays. The detector current as a function of the bias voltage is shown in Figure 3.15 for two

gas compositions; i.e. with 100% Tetrafluoroethane (CoHoF,) and Argon/CO, mixture in the
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Figure 3.14: Electronic modules used in this study
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Figure 3.15: I-V characteristics of the second module with two different gas compositions. Error
bars are smaller than the marker size

70/30 volume ratio. It is visible that for 100% CsHyF, initially the current increases slowly
with the voltage and above 8 kV across the gas gap the increase becomes rapid. At a voltage

difference of 8 kV across the gas gap, a signal of amplitude ~ 10 - 15 mV is observed in the
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oscilloscope at 50 €2 termination. A sharp breakdown in the I-V characteristics resulted with

the Argon/CO, mixture also, but at a lower voltage compared to that with the 100% CyHsF,.

For 100% CyH,F,, the noise rate as a function of voltage is measured on two consecutive days
keeping the discriminator threshold at - 15 mV; the results are shown in Figure 3.16. It is seen
that on 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 a continuous gas flow with a voltage difference of 4 kV, kept across the
gas gap overnight. It is to be mentioned here that, for conventional linseed oil treated RPCs,
the noise rate with cosmic rays is found to be one order of magnitude lower in some cases [2]
and even two orders of magnitude lower for RPCs with higher resistivity, when operated in the

streamer mode [3, 4, 5].
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Figure 3.16: Efficiency and noise rate as a function of voltage for 100% CoHoF,

From Figure 3.16, it can also be seen that the efficiency starts increasing from above 9 kV and

saturates at a value of ~ 70% from 10.2 kV onwards. The same result is observed for efficiency

on both days.
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3.4.2 Time resolution measurement

To measure the timing properties of the RPC, the same cosmic ray set-up is used. The discrim-
inated RPC signal is stretched by a dual timer and used as the START signal of the Time to
Amplitude Converter (TAC). The 3-Fold scintillator coincidence signal is taken as the STOP
signal 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 3.12 shows the block diagram of

the electronics set-up for time resolution measurement of the RPC module using cosmic rays.

During the whole measurement of the chamber, 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.
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Figure 3.17: Calibration curve: Mean ADC channel no vs known delay (time lag)

While measuring the time resolution, the RPC signal is stretched to 500 ns in order to avoid
the effect of double pulses or reflection pulses if there is any. The full scale of the TAC is set
at 100 ns.

First, the TAC is calibrated applying known delay between the same signal splitted into two
i.e. one signal from the LED is fed to the START of the TAC and other output of the same
LED channel is fed to the STOP of the TAC after known delay. For each delay setting the
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spectrum is stored. The calibration curve i.e. mean ADC channel no vs the delay in ns is shown

in Figure 3.17.
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Figure 3.18: Time spectrum of RPC at different voltage differences across the gas gap for 100%

CQH2F4 .

differences across the gas gap

(a) 9.8 kV (b) 10.0 kV (c) 10.2 kV (d) 10.4 KV (e) 10.6 kV (f) 10.8 kV voltage

The typical time spectra for the RPC are shown in Figure 3.18 for different voltage of the RPC.

The distribution of the time difference between the RPC signal and the master trigger is fitted
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with the Gaussian function. Finding the o5 of the distribution and subtracting in quadrature

the contribution from the scintillator, 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 3.19 for 100% CoHoFy.
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, the 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 and a value

~ 1.2 ns is obtained at 10.2 kV.
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Figure 3.19: Time resolution and time difference of the RPC signal and the master trigger as
a function of voltage for 100% C,HyF,. Error bars for the time difference are smaller than the
marker size

3.5 Linseed oil & bakelite electrode plates

Linseed oil is used for curing the bakelite electrode plates. It completely dried out and makes
the surface more smooth. Some properties of linseed oil and the real life problems faced by

people are discussed in the following sections.

ILet us consider oo is the combined time resolution for the RPC and the scintillator whereas oy and o9
are the intrinsic time resolution for the RPC and scintillator respectively. So, o12 is related to o1 and oy as
0%y = 0?2 + 03 and the intrinsic time resolution of the RPC is calculated as o1 = /0%y — 03.
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3.5.1 Linseed oil

The linseed oil is a fatty acid (R-COOH), an organic acid that contains the glycerides of
linolenic, linoleic, oleic, stearic, and palmitic acids with a high degree of unsaturation of its
fatty acid radicals [6]. The structure of this compound is shown in Figure 3.20. It is extracted
from flax seeds and appears yellowish in colour. Though flaxseed oil and linseed oil are both

extracted from flax seeds, the processing techniques are different.

CH,

Figure 3.20: Structure of lineed oil. It is a triglyceride. It contains triply unsaturated a-
linolenic acid (51.9 - 55.2 %), saturated acids palmitic acid (~ 7 %) and stearic acid (3.4 -
4.6 %), monounsaturated oleic acid (18.5 - 22.6 %), doubly unsaturated linoleic acid (14.2 -
17 %) [7]

This oil has drying properties due to polymer formation. It dries very slowly and uniformly
over the surfaces. Thats why it is generally used in the wooden surfaces varnishing to give a
glowing effect. This oil is also used in the painting that makes it more fluid and glossy. Linseed
oil keeps materials, that are hydrophobic in nature, safe from water damage. Therefore, its
principal application is found as drying oil in the paint and linoleum industries. Flaxseed is
also a rich natural source of the omega-3 fatty acid and food-grade linseed oil is sometimes

taken as a nutritional supplement for human body, and can be used in cooking.

As the oil contains di- and tri-unsaturated esters, it forms polymer in the presence of oxygen
molecules in the air. This polymerisation makes a hard uniform layer over the surface which
makes bakelite surface smoother. Though the oil layer looks dry, it is not fully cured and water

vapour can bypass it almost completely.
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3.5.2 Advantages of linseed oil coating

Many analyses are done also for electrode material study. An article by C. Lu [10] describes

well about the surface structure study of the electrode materials.

Surface structure of the electrode plates is studied by Atomic Force Microscopy (AFM). In this
article it is described that, “Pin” type defect is the most dangerous for bakelite plates. The
study says that if rough surface structure is coated with thinned linseed oil, the surface becomes
smoother and if the surface is coated with less thinned (diluted with 2-propanol) linseed oil
then it becomes very smooth. Therefore, linseed oil coating plays a very important and crucial
role for the bakelite plates. Oil coating removes the surface morphological defects by drying and
forming a hard uniform layer over the entire surface. Thereby the electrode surface becomes
less sensitive to field emission which is a source of high dark current and subsequently reduces

the high single count rates / noise rates.

When a high potential difference is applied across the gas gap, a strong electric field is generated
and it increases the photoelectric disturbance. The UV photons created, due to the avalanche
or streamer, can reach and hit the electrode surfaces. But to reduce the high after-pulse / noise
rate it is recommended to use the least UV sensitive materials as the electrode. Linseed oil has
some intrinsic properties to quench UV photons. Therefore, an oil coating can reduce the UV

sensitivity of bakelite materials and performance of the detector can be improved.

Hydrofluoric acid (HF) is produced within the RPC gas volume due to the decomposition of
CoHoF, gas. CyHoFy is the major component for RPC gas mixtures for the avalanche mode
operation. It is a chemical compound of hydrogen and fluorine. With the chemical reaction
with water vapour it can produce HF acid. HF can corrode many different materials. To
have some idea of such corrosive effects, various materials were dedicatedly exposed to the HF
vapour environment. One bakelite material of the BaBar RPC that has two different surfaces,
one side having marble pattern, and another side having uniform brown colour, was taken
for the study. The marble pattern was completely ruined after 24 hrs HF vapour deposition
whereas after linseed oil coating on the same material there was no deformation seen even with
exposure of HF vapour. Surface resistivity was also reduced due to exposure of HF vapour as

the study says. So, the study concludes that the HF acid plays a major role in damaging the
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inner electrode surfaces, which improves when the surface is coated with linseed oil. This issue
has been addressed in detail by Santonico et al. in Ref [11]. Thus linseed oil treatment can

effectively protect the electrode plates.

3.5.3 Problem with bakelite electrode

Serious operational problems were observed in the linseed oil coated bakelite RPCs in the
BaBar experiment. In this experiment electrode side spacers and button spacers were built in a
“mushroom-like” shape for the improvement in HV behaviour. The gaps near the spacers acted
as hidden storage cavities and uncured linseed oil was trapped into these cavities. Moreover,
it was observed that the conducting paths formed through the gas gap, mainly around the
spacers, created due to the formation of stalagmites by the polymerisation of uncured linseed
oil droplets. Along with this, due to continued HV operations with the uncured liquid linseed
oil inside the active region of the detector, there was some very thin bridges forming inside some
regions. These short paths created sparks during the operation, even with nominal operation.
Therefore, uncured oil degrades the efficiency as well as performance of the detector and trigger

discharges thereby resulting in irreversible damage to the bakelite plates [6, 8, 9, 10, 12, 13, 14].

The charge flow mechanism through the linseed oil layer and bakelite electrodes is due to ions
and this linseed oil contains fatty acid which conducts very well. A possible reaction mechanism
of linseed oil in presence of high electric field is prescribed by J. Va'vra in the article [6]. The

process is described below.

1. R-COOH + potential (HV) — Ht*+R-COO~;

2. either R-COQO™ ion delivers the charge to anode and R-COO returns to fluid or R-COO~
ion transfers a charge to OH™ ion via a reaction R-COO~+H;O — R-COOH+OH™ ;
R-COOH returns the fatty acid back into the cycle and OH™ transfers the charge to

anode;
3. HT ion delivers the charge to the cathode, where it forms an Hy molecule and escapes;

4. 20H — Hy0+20, and 20 — O,, which delivers oxygen near the anode.
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Again that water moleculea can conduct through the gas volume and oxygen near the anode

surface could react with the graphite layer.

Furthermore, the bakelite plates are made of phenol-formaldehyde polymer, has also ionic
origin. Degradation may be caused due to bakelite itself also. For bakelite, the deformation

mechanism is also prescribed by J. Va'vra [6], as described below.

1. phenol + potential (HV) — H™ + benzene-O~;

2. either benzene-O~ ion delivers the charge to anode and benzene-O returns to the fluid,
or benzene-O~ ion transfers a charge to OH™ ion via a reaction benzene-O~ + HyO —

phenol+OH™; phenol returns into the cycle and OH™ transfers the charge to the anode;
3. H* ion delivers the charge to the cathode, where it forms an H, molecule and escapes;

4. 20H — Hy0+420, and 20 — O, which delivers oxygen near the anode.

Here also produced oxygen at the anode plate could react with a graphite layer. The bulk

resistivity can be changed in presence of water molecules.

3.6 New technique of linseed oil coating

Even with the second RPC module made with bakelite plates having bulk resistivity
~ 3x 10 Q cm, a high efficiency of (~ 90%) which is required for any high energy physics
experiment is not achieved [16]. Subsequently, it was decided to use the linseed oil coating on

the inner surfaces of the electrode plates which is commonly used in bakelite RPC.

A new technique is introduced here to do the linseed oil coating on the bakelite plates be-
fore making the gas gap. The prototype is built with indigenous bakelite plates having bulk

resistivity ~ 3x 101° € cm; this is also the same material used for the second module.

As mentioned earlier, the inner surfaces of the bakelite plates that face the filled gas are usually
coated with linseed oil. The linseed oil is a fatty acid (R-COOH), an organic acid that contains
the glycerides of linolenic, linoleic, oleic, stearic, and palmitic acids with a high degree of

unsaturation of its fatty acid radicals [6]. The linseed oil coating reduces the spurious micro
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discharge on the inner surfaces. If the micro discharge probability is reduced, we can have a
better performance as compared to the RPC without oil coating [10, 12, 17]. To reduce the
after-pulse / noise rate, a low UV sensitive material for the electrode is desirable. As reported
earlier, the linseed oil coating reduces the surface UV sensitivity dramatically [10]. Hydrofluoric
Acid (HF), produced by the interaction of fluorine with the water vapour, is chemically very
reactive. It can affect different materials and has corrosive action. In RPCs fluorine based
gas mixtures are commonly used and it is reported that the linseed oil coating on the bakelite
surface can effectively protect it from the HF vapour attack [10]. That means the linseed oil
treatment on the inner surfaces of the bakelite electrodes is an essential process for the optimum
performance (high efficiency and low noise level) of the RPC. For this treatment, usually the
RPC gas gap is filled with low viscous linseed oil and thinner solution, and the liquid is drained
out slowly. Dry air is flown through the gas gap to cure the thin linseed oil layer left on all the

inner surfaces of the plates as well as those of the spacers [8, 9, 13].

However, serious operational problems were observed in the bakelite RPCs in the BaBar ex-
periment. It was observed that the conducting paths through the gas gap, mainly around
the spacers, created due to the formation of stalagmites by the polymerisation of uncured lin-
seed oil droplets, trigger discharges thereby resulting in irreversible damage to the bakelite
plates [6, 8, 9, 10, 12, 13, 14]. The process of linseed oil treatment was later changed by in-
creasing the ratio of the solvent to produce a thinner coating (10-30 um) on the surfaces [15].
Efforts were subsequently made to look for alternatives to the linseed oil treatment, or even to
develop bakelite sheets having very smooth surfaces, that can be used without the application

of linseed oil [13].

One of the main limitations of an RPC is its low particle rate handling capability [18]. Nowadays
an RPC detector can handle a maximum particle rate ~ 10 kHz/cm? in the avalanche mode of
operation [19] but for future experiments, detectors with high particle rate handling capability
(~ 15 kHz/cm?) are required [20]. One of the ways of increasing the particle rate handling
capability in an RPC is the use of low resistive electrode plates of the detector. The other
ways are to operate the detector in the avalanche mode and to make RPC modules with thin
electrode plates. It is to be mentioned here that the mode of operation depends on the used gas
and the applied voltage [21]. For a high rate operation, the preferred option is the avalanche

mode.
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In the present work, we built a linseed oil coated bakelite RPC. However, in this work, we
have adopted a different technique for the linseed oil treatment. Contrary to the conventional
procedure, the bakelite plates are coated with linseed oil before making the gas gap to ensure
whether the curing is properly done throughout the entire surface. After the linseed oil coating,
the plates are cured for 15 days. The advantage of this procedure is that, after the linseed oil
coating is done, the surface can be checked visually whether the curing has been properly done

or any uncured droplet of linseed oil is present.

3.6.1 Fabrication of the chamber with new technique of linseed oil
coating

Two bakelite plates having dimension 27 cm x 27 cm and thickness 2 mm are used as the
electrodes. The bulk resistivity of the plates is ~ 3 x 10!° © cm at a temperature of 22°C and
a relative humidity of 60%. At first, the bakelite plates are cleaned using isopropyl alcohol.
Commercially available linseed oil is used for the inside coating. About 2 g of linseed oil is
applied over the 27 cm x 27 cm area of each plate. Based on the specific gravity (0.930 at
15.5 °C) of the fluid, the estimated coating thickness is ~ 30 ym. The linseed oil is distributed
over the surfaces and both the plates are left for 15 days in a sealed box for curing. The two

plates are then cleaned again with dry air.

Uniform separation between the electrode plates is ensured by using four edge spacers each of
dimension 27 cm X 1 cm and thickness 2 mm and one button spacer of diameter 1 cm and
thickness 2 mm. All the spacers are made of polycarbonate (resistivity ~ 10> Q c¢m). For
gas inlet and outlet, two nozzles also made of polycarbonate, are used as part of edge spacers.
In the gas nozzles cylindrical hole of diameter 1 mm is created in 2 mm thick Polycarbonate.
The structure of edge spacers, button spacers and gas nozzles are shown in Figure 3.21. All
the spacers are glued on one plate in the oil coated side using Araldite epoxy adhesive. One
glued plate is kept for 24 hours for curing and the other plate is glued on it and kept again
for curing for 24 hours. After gluing the spacers on the first plate metallic clips are used to
fix. After gluing the second plate again metallic clips are used to fix and weight is applied at
the middle of the chamber. All the gluing processes are carried out on a laminar flow table.

After cleaning, a thin layer of graphite is coated on the outer surfaces of the bakelite plates for
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@ (b)

Figure 3.21: Steps of building the linseed oil coated RPC module (a) Components of RPC, (b)
Application of linseed oil (marked in the figure), (c¢) Linseed oil coated bakelite surface, (d)
Gluing of spacers and nozzles on one plate, (e) First electrode plate after gluing and curing, (f)
Gluing the second plate, (g) Outer surface of the RPC after the graphite coating, (h) Complete
RPC with graphite coating, covered with mylar sheet and connecting the HV lead and flexible
gas tube.
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the distribution of voltage. A gap of 1 cm from the edges of the plates to the graphite layer
is maintained to avoid external electrical discharge. The average surface resistivity of the two
graphite layers are found to be ~ 510 kQ /00 and 540 k€2/0 respectively. Two 1 cm x 1 cm
copper tapes of thickness ~ 20 um each are pasted at two diagonally opposite corners to apply
high voltage (HV). The HV cables are soldered on these copper strips. These copper strips are
covered with Kapton tapes for isolation. Equal HVs with opposite polarities are applied on

two surfaces. The steps of building of the module are shown in Figure 3.21.

The pick-up strips are placed above the graphite layers in order to collect the accumulated
induced charge. 2.5 cm wide and 100 pm thick copper tapes (each fabricated having a 2 mm
separation among two consecutive strips) are pasted on one side of a 2 mm thick G-10 board
and the ground plane is made with aluminium foils of thickness 10 um each on the other side
of the G-10 board to make the pick-up panel. The strips are covered with 100 pm thick mylar
foils to isolate them from the graphite layers. The signals from the strips are collected through
RG-174/U coaxial cables.

3.6.1.1 Cosmic ray test set-up

Three plastic scintillation detectors, two placed above the RPC module and one placed below,
are used to obtain the trigger from the incoming cosmic rays. The coincidence signal obtained
from the topmost paddle scintillator (SC1) having dimension 10 cm x 10 c¢m, a finger scintillator
(SC2) of dimension 10 cm x 2 cm and the paddle scintillator (SC3) having dimension 20 cm X
20 cm are taken as the trigger (3-fold). The RPC is placed in between the finger (SC2) and the
paddle scintillator (SC3). All the scintillators are operated at +1550 V and a -15 mV threshold
is applied to the leading edge discriminator (LED).

The RPC signal from the pick-up strip is first fed to the 10x fast amplifier and the output of it
then goes to the LED. Different thresholds are applied to the LEDs to reduce the noise. From
the LED, one output goes to the scaler to count the number of signals from the RPC which is
known as the noise count or singles count of the chamber. The other output from LED goes to
the dual timer where the discriminated RPC signal is stretched to avoid any double counting of
the pulses and also to apply the proper delay to match the signal with the trigger. The output
of the dual timer is put in coincidence with the trigger and this is defined as the 4-fold. The
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Figure 3.22: Schematic of the electronics set-up of the cosmic ray test

window of the cosmic ray test set-up is of area 10 cm x 2 cm. The detailed block diagram of

the electronics set-up is shown in Figure 3.22.

To characterise the chamber initially 100% CyHsF, gas is used as the active medium. A typical
gas flow rate of 2 ml/min, equivalent to 6 gap volume changes per day, is maintained by using
two needle valves. However, later on, a CoHsFy and i-C4H;¢ mixture in the 90/10 volume ratio

is also used to test the detector.

3.7 Results of new RPC

The prototype is tested with cosmic ray using 100% CoHyF, gas and CoHoFy, Iso-butane (i-

C4Hyp) mixture in 90/10 volume ratio with conventional NIM electronics [22].

After building the chamber, 100% C,H,F, gas is purged for 24 hours before the application
of HV. The HVs of equal value and opposite polarities, to the RPC module are applied at a
ramp-up rate of 2 V/s on both sides. The leakage currents from both sides, as measured by the
HV module are also recorded. The temperature and the relative humidity are also recorded at
the time of measurement using a data logger, built-in house [23]. To check the performance
of the detector, firstly the leakage current through the RPC module is measured as a function

of the applied HV and shown in Figure 3.23. A breakdown of the gas, although not sharp, is
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Figure 3.23: Leakage current as a function of the applied voltage for the RPC module with
100% CyHyF, gas. The error bars are smaller than the size of the markers

seen at about ~ 8 kV. The gas gap behaves as an insulator in the low applied voltage range
and hence the slope over this voltage region scales as the conductance of the polycarbonate
spacers. At a higher value of the applied voltage, the gas behaves as a conducting medium due
to the ionisation. Therefore, the slope over this range scales as the conductance of the bakelite
plates. The curve of leakage current vs. voltage as found here is not only very similar to the
curve for linseed oil coated bakelite RPC, as reported earlier [8], but the magnitude of current

is also comparable.

As mentioned earlier, for the test using cosmic rays, the efficiency of the RPC is defined as the
ratio of the 4-fold counts to the 3-fold trigger count of the plastic scintillator telescope for a fixed
duration. The noise rate (or singles count rate) of the RPC is defined as the number of counts
per unit area of the strip per second. The efficiency and the noise rate are studied by varying
the applied HV. Both the efficiency and noise rate are measured for two different discriminator
threshold settings, - 15 mV and - 20 mV respectively for the RPC. The temperature and relative
humidity during these measurements are recorded and the average temperatures are found to
be about 25 °C and 27 °C, respectively and the average relative humidity is found to be 44%
in both the cases. The efficiency and the noise rate as a function of voltage are shown in
Figure 3.24. For a - 15 mV threshold setting, the efficiency increases with applied voltage and
reaches a plateau at ~ 95% from 9.4 kV onwards, whereas for a - 20 mV threshold setting
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Figure 3.24: (a) Efficiency as a function of the applied voltage for the RPC, (b) Noise rate as
a function of the applied voltage with 100% CoH,F, gas
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Figure 3.25: Schematic representation of the time resolution measurement set-up with cos-
mic rays. SC 1, SC 2 and SC 3 are the plastic scintillators of dimensions 10 cm x 10 cm,
2 cm x 10 em and 20 cm X 20 cm. respectively. LED, TAC, MCA and PC are the Lead-
ing edge discriminators, Time to Amplitude Converter, Multi-Channel Analyser and Personal
Computer respectively.
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the efficiency saturates at ~ 85% from the applied voltage of 10.1 kV onwards. The noise rate

increases with the applied HV. The noise rate is measured to be much higher for the lower

threshold

noise rate

with a maximum value of ~ 500 Hz/cm

is found to be ~ 200 Hz/cm?.
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Figure 3.26: Time spectra of the linseed oil coated RPC at different voltage differences across
the gas gap for 100% CoHsoFy @ (a) 9.4 kV (b) 9.8 kV (c¢) 10.2 kV (d) 10.4 kV (e) 10.6 kV
voltage differences across the gas gap

The time resolution of this RPC prototype is also measured. While measuring the time res-

olution in this case also, the RPC signal is stretched to 500 ns to avoid the effect of double
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pulses or reflection pulses if there are any. The full scale of the TAC is set to 100 ns. The
full electronics setup block diagram for time resolution measurement is shown in Figure 3.25
and typical time spectra for the RPC at different voltages are shown in Figure 3.26 with 100%
CyHoFy gas. In this case the START signal of the TAC is taken from the 3-fold scintillator
trigger and the STOP signal is taken from the RPC. The distribution of the time difference
between the master trigger and the RPC signal is fitted with the Gaussian function. By finding
the o of the distribution and subtracting in quadrature the contribution from the scintillator
as explained in section 3.4.2, the intrinsic time resolution of the RPC is calculated. For this

measurement no amplifier is used for the RPC.
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Figure 3.27: Time resolution (o) of the linseed oil coated bakelite RPC as a function of voltage
for 100% C2H2F4.

The intrinsic time resolution (o) of the RPC as a function of the applied voltage is shown in
Figure 3.27 for 100% CyHyF,. For this prototype also, with the increase of applied voltage, the

time resolution (o) improves.

The detector is further tested in the avalanche mode with a more conventional gas mixture of
Tetrafluoroethane (CoHoF,) and Iso-butane (i-C4Hjp) in the 90/10 volume ratio. Iso-butane
has a high UV absorption coefficient and it prevents the formation of secondary discharges
due to photoelectrons. The performance of the chamber is even found to be better with the
application of the additional quencher. Both the current and noise rate are very low for this gas

mixture, as compared to that with the 100% CyH3F, used for the same detector. The leakage
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Figure 3.28: Leakage current as a function of the applied voltage with CoHoF4 and i-C4H; gas
mixture in 90/10 volume ratio.
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Figure 3.29: (a) Efficiency as a function of the applied voltage, (b) Noise rate as a function of
the applied voltage for a gas mixture of CoHoF, and i-C4Hjp in the 90/10 volume ratio

current through the RPC module is measured as a function of the applied voltage and is shown

in Figure 3.28. The current is found to be much lower compared to that with 100% CyHoF,.
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The efficiency and noise rate are studied by varying the applied HV. With this gas mixture,
the RPC is tested with - 20 mV and - 25 mV threshold settings. The variation of efficiency and
noise rate shown in Figure 3.29. An efficiency of ~ 95 + 2% is achieved from 10 kV onwards
for both the threshold settings. The maximum noise rates are found to be 120 Hz/cm? and

80 Hz/cm? for the - 20 mV and - 25 mV thresholds respectively, as shown in Figure 3.29.
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Figure 3.30: (a) Efficiency and (b) noise rate of the detector as a function of period of operation
for two different gas composition. For some data points the error bars are smaller than the size
of the markers.

The stability test is performed both with a CoHoF, and i-C4H;jg mixture in the 90/10 volume
ratio and with 100% CyHyF,. Initially, the detector is operated with a mixture of CoHsF4 and
i-C4H;¢ and then it is continuously tested with 100% C,H,F, for next few days. After that
it is again tested with the mixed gas. The measured efficiency and noise rate of the detector
as a function of the period of operation for two different gas compositions for more than three
months are shown in Figure 3.30. The distribution of efficiency and noise rate for two gas
compositions are shown in Figure 3.31 and 3.32 respectively. It is found that for CoHsF, and
i-C4H ¢ mixture and 100% CyHyF, the average efficiencies are found to be 83 + 6 % and
93 + 6 % respectively whereas the average noise rates for two compositions are found to be
189 4 131 Hz/cm? and 208 & 129 Hz/cm?. There are some gaps in the plot e.g. days 12-13

when HV was on but the data was not taken.
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Figure 3.32: Distribution of the noise rates values of long-term measurements

For the oil-less RPC prototype, the efficiency is found to be ~ 70% and noise rate ~ 200 Hz/cm?
(at around 10 kV; for day 2 in Figure 3.16) at -15 mV threshold with 100% C,HsF, gas. For the
linseed oil coated prototype the efficiency improved to > 85% and > 90% with 100% CyHoF,
gas and 90/10 :: CoHoF, / i-C4Hyg mixture respectively at threshold settings of -20 mV (at
around 10 kV; Figure 3.24 and Figure 3.29). The nose rates are found to be ~ 400 Hz/cm? and
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~ 100 Hz/cm? for the respective gas mixtures. So, with this new linseed oil coating efficiency
improves but the noise rate is higher for 100% CyHyF4 gas but the noise rate is lower when
quencher is added. Though with oil coating and the mixed gas noise rate improves, still a

detailed investigation is needed in future to understand the behaviour properly.

3.7.1 Measurement of charge sharing

Charge sharing is measured between the two consecutive readout strips varying the applied
voltage with the CoHoF, and i-C4Hjy gas mixture in the 90/10 volume ratio. The charge
sharing is defined as the ratio of the coincidence count of two consecutive readout strips taken
in coincidence with the 3F scintillator trigger (5F) to the trigger count (3F). Actually for
this measurement the finger scintillator of the trigger is placed just above one single strip (as

explained in Sec. 3.4.1 and 3.6.1.1) from which the efficiency also measured for reference.

| sc1 | Leb b——
| sc2 —{ LED | ] )

' 1) L
5F
— 10x [— LED 1| DUAL I_}

RPC 2F
—J10x —{ LeD I——'_D— TIMER

| sc3 - Leb pb——

Figure 3.33: Circuit diagram for charge sharing measurement. The symbols have their usual
meaning.

In Figure 3.33 the block diagram of the electronic circuit of charge sharing measurement is
shown. For the measurement of charge sharing, signals from two consecutive pick-up strips are
taken in coincidence. The discriminated signals from two consecutive strips are first fed to the
coincidence module and the logic output is put to the dual timer for the delay matching. Dual
timer output is then taken in coincidence with the trigger generated by the 3-Fold scintillator

array.
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Figure 3.34: Variation of efficiency and shared charge between two consecutive strips with the
voltage

Charge sharing between two consecutive strips as a function of applied voltage in shown in
Figure 3.34. In the same plot the efficiency as a function of voltage measured on the same day
is also shown for reference. One can see in Figure 3.34 that the shared charge is about ~ 30%,
when the efficiency measured from a single strip is ~ 90%. With the increasing voltage the
shared charge initially increased from 5 to 8 kV and then remains constant within the error
bars. Although we have referred this measurement as charge sharing but the crosstalk between

the strips are not eliminated for this particular measurement.

3.7.2 Radiation hardness test

Finally the prototype is tested in the high intensity gamma ray environment background. A
137Cs source of activity ~ 13.6 GBq is used for the this measurement. 662 keV photons incident
on the detector from the source with an intensity of ~ 46 kHz/cm?. As shown in Figure 3.35(a)
the source is placed on the top of the top scintillator paddle. The efficiency is measured for
three voltage settings 9.0, 10.2 and 10.4 kV, respectively with and without the gamma source.
The measurement is performed with the CoHyF4 and i-C4Hj gas mixture in the 90/10 volume

ratio. The obtained efficiency value is shown in absence and presence of the gamma source in
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Figure 3.35(b). It is observed that the efficiency decreased by only 1 % with a gamma ray flux

of 46 kHz/cm? from the efficiency value without the source.
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Figure 3.35: (a) The experimental setup of characterisation in presence of gamma source, (b)
Efficiency as a function of gamma ray flux. Error bars are smaller than the marker size
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Chapter 4

Application of radiation detector

The plastic scintillation detectors which are used as the trigger detector for the RPC charac-
terisation, are used to measure the cosmic ray muon flux at Kolkata and to see whether there
is any correlation of muon flux with air pollutants after the lockdown to restrict COVID-19
was lifted. The cosmic ray muon flux is measured using the coincidence technique with plas-
tic scintillation detectors before and after the lockdown. Due to the COVID-19 outbreak and
nationwide complete lockdown, the laboratory was closed from the end of March 2020 till the
end of May 2020. After lockdown, although the city was not in its normal state, we still were
able to take data on some days. The lockdown imposed a strict restriction on the transport
service other than the emergency ones and also most of the industries were shut down in and
around the city. This lockdown has significant effect on the atmospheric conditions in terms of
change in the concentration of air pollutants. The cosmic ray flux have been measured before
and after the lockdown to observe the apparent change if any due to change in the atmospheric
conditions. The whole measurement has been carried out at High Energy Physics Detector
Laboratory at Bose Institute, Kolkata (22.58° N 88.42° E and 11 m above the Sea Level) along

with the major air pollutants present in the atmosphere before and after the lockdown.

Cosmic ray consists of high energy particles that mostly originate from outer space, with some
very high energy particles even thought to have an extragalactic origin. Primary cosmic rays
consist of 90% protons, 9% alpha particles and of other heavier nuclei [1]. These primary
cosmic rays interact with the gas molecules in the atmosphere and produce secondary cosmic

rays. These secondary particles consist mostly of pions and some kaons. Neutral pions (7°)
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decay into gamma rays that generate electromagnetic showers (e, e™, 7), which posses low
penetration power. Charged pions (77, 7~ ) decay into muons and neutrinos. Neutrinos have a
very small cross-section for interaction and typically pass through the earth without any further
interactions. On the other hand, muons are heavy particles and thus loss of energy through
bremsstrahlung is negligible for them. This makes the muon a very penetrating particle, unlike
electron. The muon has a lifetime of 2.2 us yet it still makes it down to detectors at the surface
of the earth traversing through the atmosphere. This is because the muon travels at a speed
that is close to that of light and thus experiences relativistic time dilation and therefore can
be detected by our detectors. Since the secondary cosmic rays are mostly muons and they
can travel large distance through the atmosphere before they are detected, it will be really
interesting if any correlation of this cosmic ray muon flux with the change in atmosphere in

terms of the concentration of air pollutants is found [2, 3, 4].

For this study, cosmic ray flux has been measured in our laboratory using plastic scintillation
detectors before and after the imposition of lockdown due to the COVID-19 pandemic. The
effects of atmospheric pressure and temperature on the muon flux has also been studied here.
A brief description of the change of atmospheric parameters due to lockdown is discussed in
the next section. The succeeding sections consist the details of the experimental setup, results

followed by summary and discussions.

4.1 Effect due to lockdown

Along with many other countries in the world India was also at a critical stage in its fight
against COVID-19 with large number of positive case and death [5]. The entire country was
under complete lockdown from March 25 to April 14, 2020, for 21 days, which was further ex-
tended by the Government of India until May 3, 2020, followed by the third phase of lockdown
till May 17, 2020, and the fourth phase till May 31, 2020, to tackle the spread of COVID-19.
Restrictions on social gathering and travelling resulted in the shutdown of all the businesses
which include industries, transport (air, water, and surface), markets, shops, tourism, construc-
tion and demolition, hotels and restaurants, mining and quarrying, etc. except the essential
services like groceries, milk, medicines and emergency services like hospital, fire service and ad-

ministration. In June 2020 Governments, both state and central, declared restricted unlocking
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phase. While Unlock phases were started from 1% June 2020, there were complete lockdown in
West Bengal on some selected dates to combat against CO-VID19. The dates of lockdown are

mentioned in Figure 4.1.
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Figure 4.1: Different phases of lockdown and unlock as a function of date. The complete
lockdown is marked with 1, different unlock phases are marked as 2, 3 so on and the complete
lockdown days in West Bengal during the unlock phases are marked with 6.

The complete lockdown is marked with 1, different unlock phases are marked as 2, 3 so on and
the complete lockdown days in West Bengal during the unlock phases are marked with 6. During
the lockdown (25" March to 6" April 2020; Lockdown Phase-1) and before lockdown (10" - 20"
March 2020), significant variation in the concentrations of the five most abundant pollutants
in the air (PMajs, PM;g, NOy, CO, O3) are observed in Kolkata. The concentrations of air
pollutants in Kolkata are decreased by ~23% (PMay5), ~34% (PMyg), ~60% (NO3), ~29% (CO)
while the O3 concentration is increased by ~17% due to the clearer atmosphere as compared
to that before lockdown period [2]. We also looked into the last year data for the same period
(March-April, 2019) and found that, during the lockdown, the concentration of air pollutants
are decreased by ~27% (PMy5), ~32% (PM,g), ~66% (NO,), ~16% (CO) and O3 concentration
is increased by ~87% [2].

We have used the live day to day data from Ref [6] of the concentrations of the seven major air

pollutants and studied the effects of them on cosmic ray flux. In our work, we have reported the
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measured muon fluxes before and after the lockdown at Kolkata and tried to correlate the same
with the change in the concentrations not only of the individual components of air pollutants

but also the total amount of pollutants.

4.2 Experimental set-up

The schematic of the muon flux measurement set-up is shown in Figure 4.2. Data are taken
in Kolkata before (December 27, 2019 to February 18, 2020 during RPC testing) and after
(June 24, 2020 to November 17, 2020) the lockdown due to the COVID-19 pandemic. For
initial analysis, these data are initially considered. Three plastic scintillators tagged as SCI1,
SC2, and SC3, made of BC400 material are used in this setup [7, 8]. The dimensions of these
scintillators are 10 x 10 cm?, 2 x 10 cm? and 20 x 20 cm? respectively. The coincidence area
of three detectors is 20 cm?. The distance between the top and bottom scintillator is ~ 10 cm
whereas that between the top and the middle one is 4 cm. Each scintillator is connected with
a Photo Multiplier Tube (PMT) and a base where one SHV (Safe High Voltage) and one BNC
(Bayonet Neill-Concelman) connectors are provided for the application of High Voltage (HV)
and collection of signals respectively. +1550 V are applied to all the PMTs. Thresholds to the
leading edge discriminators (LEDs) are set to -15 mV for all the scintillators. The width of

each discriminator output is kept at 50 ns. The coincidence of these three signals is achieved

SC1
———-——DISC ‘
10x10 cm?2 -
I 4cm

3F
SC2 DISC
2%x10 cm?

6cm

SC3 - SN
20x20 cm? DISC

Figure 4.2: Schematic of the experimental set-up for muon flux measurement
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using a logic unit. The three-fold coincidence signal is then counted using a scaler and then
divided by the product of the area of coincidence window (20 cm?), muon detection efficiency
of the system (~ 72%) [8] and the measurement time to get the muon flux. The calculated
muon flux is then multiplied by a factor of 0.95 to correct the effect of the difference in the
threshold settings to the discriminator for the scintillators, during the efficiency measurement
[8] (threshold is -30 mV) and the present measurement (threshold is -15 mV). Each data point
represents a 30 minutes long measurement. To check the health of the individual detectors, the
singles count rate of all the modules is measured several times. It is found that the singles count

rate of scintillators SC1, SC2, and SC3 are found to be ~ 77, ~ 28, and ~ 171 Hz respectively.

4.3 Results

The cosmic ray flux is measured in Kolkata before and after the lockdown due to the COVID-19
outbreak. The average muon flux before and after the lockdown is shown in Figure 4.3 as a
function of time. We had a very small amount of data before the lockdown. The cosmic ray

flux has a dependence on atmospheric parameters like temperature and pressure [9, 10]. In this
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Figure 4.3: Cosmic ray muon flux and T/p as a function of date
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work, the temperature and pressure data are collected from Ref [11]. The ratio of temperature

and pressure as a function of the day is also shown in Figure 4.3,
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Figure 4.4: Correlation of cosmic muon flux with the ratio of temperature and pressure

In order to normalise the temperature (7' = ¢ + 273) and pressure (p) effects, a simple cor-
relation between cosmic muon flux and 7'/p is studied using the relation p0 + p1(7/p). The
correlation of muon flux and T'/p is shown in Figure 4.4. The parameters obtained from the
correlation are 0.81 £ 0.10 min~'em™2 (p0) and 1.15 + 0.32 min~'em 2k~ mbar (pl) respec-

tively.

A positive correlation is observed between the muon flux and T'/p. Using the parameters, the

muon flux measured before and after the lockdown is normalised and shown in Figure 4.5.

In Figure 4.6, the distribution of the normalised muon flux is shown before and after the
lockdown. It is found that the mean normalised muon flux before the lockdown period is
0.982 with a standard deviation of 0.031, whereas that after lockdown is 1.001 with a standard

deviation of 0.012 7.e. 1.9 % increment in muon flux is found after lockdown.

In Figure 4.7, we have reported the individual air pollutants concentration before and after the

lockdown (on the dates of cosmic ray data recording) and a clear decrement in the concentrations
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Figure 4.6: Distribution of normalised muon flux before and after the lockdown

of the air pollutants has been observed after the lockdown. One striking thing we observe during
this study is that the concentration of O3 also decreases after lockdown in our case unlike at
Ref [2] where the concentration of O3 was reported to be increased during lockdown (for a
short time period though). Actually in Ref [2] the concentration of O3 was reported to be
increased during the lockdown (March 25 - April 6, 2020) compared to the values before the
lockdown (March 10 - 20, 2020). In Ref [6], the concentration values of O3 before the lockdown
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Figure 4.7: Pollutant concentrations (ug/m?) of seven most abundant air pollutants measured
at Bidhannagar, Kolkata station [6] and the normalised muon flux as a function of date

are quoted for December 27, 2019 to February 18, 2020 and after lockdown those are during
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June 24, 2020 and November 17, 2020. Clearly, the dates in Refs [2, 6] are different and hence

the discrepancy.

Figure 4.8 represents the variation of the muon flux with the density of the pollutants for the
seven air pollutants individually and with the gross pollutants present. We observe a correlation
between cosmic ray muon flux and the concentrations of the air pollutants before and after the

lockdown where the flux increases with a decrease in the concentrations of the air pollutants.

The details of the variation as found by linear fitting of the muon flux vs pollutant concentration

curve for different pollutants are tabulated in Table 4.1 below.

Table 4.1: Value of the fit parameters of the muon flux vs. pollutant concentration curve with
7 most abundant air pollutants.

Air pollutant type p0 pl

PMs 5 1.17 4 0.003061 | -0.0002475 + 4.936e-05

PMiq 1.174 £ 0.003746 | -0.0002763 =+ 5.87e-05
NOy 1.167 £ 0.003083 | -0.0008197 =+ 0.0002286
NH; 1.182 + 0.005682 | -0.007278 £ 0.001676
SO, 1.175 £ 0.003926 | -0.001032 4+ 0.0002183
CO 1.162 £ 0.003877 | -0.0001226 4+ 0.0001941
O3 1.166 £ 0.004173 | -0.0001161 £ 6.035e-05

Gross 1.176 4+ 0.004605 | -0.0001063 + 2.617e-05

T /p normalised muon flux is also plotted as a function of the average concentration for the
seven air pollutants individually and with the gross pollutants present in Figure 4.9. Here also
we observed that the normalised flux increases with a decrease in the concentrations of the air

pollutants.
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4.4 Summary & Discussion

Cosmic ray muon flux is measured using the coincidence technique with plastic scintillation
detectors before and after the lockdown. In this work, the temperature and pressure data of
Kolkata are collected from online available information [6]. To restrict the outbreak of COVID-
19, the Government of India imposed 67 days of nationwide complete lockdown in three phases.
After that, the unlocking was declared in phases in different parts of India. Before the lockdown,
we collected some cosmic ray flux data. After the lockdown, the measurement was continued
to compare with the flux measured before the lockdown. In our measurement, it is found that
the cosmic ray flux remained more or less unchanged before and after the lockdown. However,
it is well known that there is an effect of atmospheric temperature and pressure on the cosmic
ray flux and we also looked for any such possible correlation. A positive correlation is indeed
observed between the muon flux and the ratio of atmospheric temperature and pressure. This
correlation is fitted well by a function of the form p0+p1(7T/p), and the fit parameters p0 and
pl are used to normalise the T/p effect on the cosmic muon flux. It is found that the mean
normalised muon flux before and after the lockdown period is 0.982 with a standard deviation

of 0.031 and 1.001 with a standard deviation of 0.012 respectively.

A lockdown such as the one implemented due to the COVID-19 typically has a significant
influence on the atmospheric condition in terms of the presence of pollutants. Our aim was to
study any possible correlation of measured cosmic ray muon flux with this. To realise this, we
considered the seven most abundant air pollutants (PMss, PMjg, NOy, NHjz, SOy, CO, O3)
and investigated the change in their concentrations with the date (before and after lockdown).
We found a significant declination in the concentrations of the pollutants and we tried to look
for any correlation with the measured muon flux within the stipulated time window. The result
shows a clear correlation as with decreasing concentrations of the air pollutants we observed
an increasing trend of the normalised muon flux. From our observation, one can comment that
the increase in cosmic ray flux can also be considered as one of the secondary indicators of less

polluted air.

However, there are a few limitations of our measurement. First, the detector coverage area is

very small, resulting in low statistics. Second, the statistics of muon data before the lockdown
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is small. It will be very interesting if any other research laboratory having a large facility for

cosmic ray flux measurement can try to study such correlation.
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Chapter 5

Summary and Discussions

Compressed Baryonic Matter (CBM) experiment at the future Facility for Antiproton and Ion
Research (FAIR) will mainly focus on the physics of Quark Gluon Plasma (QGP) which was
formed in a few microseconds after the Big Bang and cover the whole early universe. CBM
at FAIR is a fixed target experiment that will use proton and heavy ion beams to explore the
QCD phase diagram at low temperature and moderate to high baryonic density regime. Also,
one of the main questions CBM will explore is how the neutron star is formed. The equation of
state will address those questions. Thus the CBM experiment has unique discovery potential

because of very high beam intensity and high interaction rate.

In the CBM experiment, the measurements of J/¢p — p*p~ and low mass vector meson
(LMVM) decay p — ptp~, w = ptp~ and ® — ptp~ in Au+Au collisions at 25 AGeV
have been proposed as a key probe to the indication of in-medium modification of hadrons, chi-
ral symmetry restoration and de-confinement at high baryon density (p;). The Muon Chamber
(MuCh) subsystem at the CBM experiment is dedicatedly designed to track the di-muons com-
ing from the decay of LMVMs (p, w, ®) and charmonium (.J/«). This will only be possible with
the application of advanced instrumentation, including highly segmented and fast gas-filled de-
tectors such as Gas Electron Multipliers (GEM), Resistive Plate Chamber (RPC), which will
be used in the MuCh subsystem located downstream of the Silicon Tracking System (STS).
According to the current design, MuCh consists of an absorber of 28 ¢m low-density graphite
(density 1.78 g/cm?®) and 30 ¢cm concrete (density ~ 2.3 g/cm®) combination, and after that,

there will be three iron absorbers of thickness 20 ¢m, 20 cm, 30 cm respectively, interleaved
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with detector stations, which will allow for tracking through the absorber stack. The muon
detector in the CBM experiment will be constructed in such a way that there will be micro-
pattern gaseous detectors with high-rate capability in the first two stations and other detectors
like single gap RPC in the later stations. Due the foreseen high interaction rates and also to
measure the physics observables precisely, the CBM detector system needs to be capable of
handling large particle rates and also radiation hard. The ageing effect also needs to be very

minimal for the long-term operation of all the detector subsystems.

As mentioned earlier, the RPC will be used in the 3" and 4" stations of CBM-MuCh subsystem,
where the area coverage would be quite large. In the 37 station, there will be 5° segmentation
and in the 4" station, there will be 6° segmentation. From the simulation, it has been predicted
that there will be a particle rate of 15 kHz/cm? and 5.6 kHz/cm? respectively, on the 3" and
4™ stations for central Au-Au collations at 8 AGeV. To handle such a rate, it is necessary to use
plates with low bulk resistivity. It is also necessary to operate the detector at a lower gas gain
such that the dead time fraction is lower. India has the full responsibility for all the detectors

and electronics for the MuCh setup in CBM.

The Resistive Plate Chamber (RPC) detector, usually made up of resistive electrode plates
e.g. bakelite or glass, etc., is a well-known gaseous detector in the field of High Energy Physics
experiments for triggering and tracking because of its good tracking capability, high efficiency,
good time resolution, and low cost of fabrication. RPCs are also being used in several cosmic
ray experiments to cover large detection area. Keeping in mind their high efficiency and cost-
effectiveness, bakelite plates having moderate to low bulk resistivity are being explored for use
as large-area RPC in future heavy-ion (HI) collision experiments. Future HI experiment CBM

will use RPCs for muon detection in the Muon Chamber (MuCh subsystem).

The main issue in RPC is its limitation in the rate handling capability. Several experimental
groups have developed sophisticated techniques to increase the particle rate capability and

reduce the noise rate of this detector.

Generally, bakelite electrode plates suffer from surface roughness issue. If the surface is not
smooth, the micro discharge probability and spurious pulses increase, which leads to the re-
duction of the performance of the detector. Also, this non-uniformity increases the spark

probability.
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In bakelite RPC, linseed oil coating is done to get rid of surface roughness issue. The linseed
oil coating also helps to reduce the noise rate of the detector, protects the electrode plate from
Hydrofluoric Acid (HF) corrosive effect and it also has photon quenching properties that reduce
the UV sensitivity of the electrode plates. In conventional linseed oil-coated bakelite RPC a
serious problem was observed in the BaBar experiment. The coated linseed oil formed stalag-
mite that subsequently forms the conducting paths through the gas gap around the spacers,
and the discharge permanently damages the detector. The formation of stalagmite is due to
the polymerisation of uncured linseed oil droplets present on the surface. However, a lot of

R&D is performed, and the solution is found to overcome this issue.

The motivation of this thesis work was to search for a suitable detector for the 37% and 4"
stations of CBM-MuCh. An initiative is taken at Bose Institute for R&D of RPC detectors
using moderate to low resistive bakelite plates commercially available in the local market of

India for the 37 and 4" stations of MuCh subsystem.
The thesis is constructed in the following way.

In Chapter 1, the CBM experiment at FAIR is introduced. Different sub-detector systems of

the CBM experiment are described in a nutshell.

The historical development of RPC, along with its different types and modes of operation, are

discussed in Chapter 2.

Chapter 3 described the detailed R&D on bakelite RPC prototypes for the CBM experiment.

The outcome of the research work is described at a glance in the following paragraphs:

The aim of this research is to build RPC using indigenous materials for the CBM experiment.
Several RPC modules are fabricated using commercially available bakelite plates. The electrical
property of the materials (bulk resistivity) is studied. As a progress of the project, an oil-less
single gap RPC prototype is built with indigenous bakelite plates of 2 mm thickness having
bulk resistivity 3 x 10 Q cm. The gas gap of the prototype is also made of 2 mm. The
chamber is tested in the avalanche mode with 100% Tetrafluoroethane gas. Standard NIM
electronics have been used for this study. With this prototype, an efficiency ~ 70% and time
resolution 1.2 £+ 0.03 ns (o) are obtained from an applied voltage of 10.2 kV onwards.
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Another prototype is then fabricated with the same material but with linseed oil coating on
the inner surfaces. A new technique is followed for the linseed oil coating of the bakelite sheets.
In conventional bakelite RPC, the linseed oil coating is done after making the gas gap. In the
case of BaBar RPC, the performance deteriorated drastically due to the trapping of uncured
linseed oil in the hidden storage cavities near the spacers. To ensure that the curing is properly
done throughout the entire surface, in this particular work, the linseed oil coating is done
before making the gas gap. After the linseed oil coating, the plates are cured for 15 days. The
advantage of this procedure is that after linseed oil coating, it can be checked visually whether

the curing is properly done or if any uncured droplet of linseed oil is present.

The detector is tested with 100% Tetrafluoroethane (CoHsFy) gas in the avalanche mode.
Efficiency plateau ~ 95% from 9.4 kV onwards and ~ 85% from 10.1 kV onwards are obtained
for the -15 mV and -20 mV discriminator threshold respectively. The noise rate is found to
be very high for such a chamber compared to the results reported earlier for the RPCs with
oil-coated bakelite plates in the conventional way. The detection efficiency of the RPC in the
cosmic ray test is compared with the conventional linseed oil-coated bakelite RPC. However,

the leakage current and noise rate are comparatively high.

The chamber is subsequently tested with cosmic rays in avalanche mode using Tetrafluoroethane
(CoHyF4) and Isobutane (i-C4Hjg) gas mixture in 90/10 volume ratio. The leakage current
through the RPC module is measured as a function of the applied HV. The efficiency and noise
rate are also studied by varying the applied HV. With the gas mixture, the module is tested
with - 20 mV and - 25 mV threshold settings for the LED. An efficiency of ~ 95 + 2% is
achieved from 10 kV onwards for both the threshold settings. The maximum noise rates are
found to be 120 Hz/cm? and 80 Hz/cm? for the - 20 mV and - 25 mV thresholds respectively.
The best time resolution 0.8 4+ 0.06 ns (o) is obtained for an applied voltage of 10.4 kV.

To test the long-term stability, the detector is operated at 10.2 kV for a period of more than
three month with a mixture of CoHsFy and i-C4Hjp in the 90/10 volume ratio and with 100%
CyHyF,. It is found that for CoHoF, and i-C4Hyp mixture and 100% CyHyF4 the average
efficiencies are found to be 88 + 6 % and 93 + 6 % respectively whereas the average noise rates

for two compositions are found to be 189 + 131 Hz/cm? and 208 + 129 Hz/cm?.
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The prototype detector is also tested in the high-intensity gamma-ray environment background
to have an idea about the behaviour in a real experiment-like scenario. A 37Cs source of
activity 13.6 GBq is used for this study. 662 keV photon is emitted from the source with an
intensity of 46 kHz/cm?. Very high efficiency for the cosmic ray muons is also obtained in the
presence of high-intensity photons. This radiation tolerance test is very important, especially

for high-energy heavy-ion collision experiments.

In this thesis work, a new RPC prototype is developed with a new method of linseed oil
coating. This RPC can give a solution to the 3"¢ and 4" stations of CBM-MuCh. As proof
of principle, a new technology of oil coating in RPC with bakelite electrodes is introduced.
The characterisation studies with the cosmic test showed that this technology does work. The
detector also passed the initial stability test. The detector performs well also in harsh radiation

environments.

In Chapter 4, an application of the radiation detector is presented. As an application of the
radiation detector, a study is performed to see the correlation between the concentration of air
pollutants and the cosmic ray muon flux measured using the coincidence technique with plastic
scintillation detectors. To restrict the outbreak of COVID-19, the Government of India imposed
67 days of complete nationwide lockdown in three phases. After that, the unlocking was declared
in different phases in different parts of India. Before the lockdown, we collected some cosmic
ray flux data during the characterisation of the RPC. After the lockdown, the measurement is
continued to compare with the flux as measured before the lockdown. In our measurement, it is
found that the cosmic ray flux remained more or less unchanged before and after the lockdown.
However, it is well known that there is an effect of atmospheric temperature and pressure on the
cosmic ray flux and we also looked for any such possible correlation. A positive correlation is
indeed observed between the muon flux and the ratio of atmospheric temperature and pressure.
This correlation is fitted well by a function of the form p0+p1(T/p), and the fit parameters p0

and p1 are used to normalise the T/p effect on the cosmic muon flux.

A lockdown such as the one implemented due to COVID-19 typically has a significant influence
on the atmospheric condition in terms of the presence of pollutants. We wanted to study

any possible correlation of measured cosmic ray muon flux with this. To realise our goal, we

considered the seven most abundant air pollutants (PMss, PMjo, NOy, NHjz, SOy, CO, O3)
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and investigated the changes in their concentrations with time (before and after lockdown). We
found a significant declination in the concentrations of the pollutants and we tried to look for
any correlation with the measured muon flux within the stipulated time window. The result: a
clear correlation with decreasing concentrations of the air pollutants and further an increasing
trend of the normalised muon flux. From our observation, one can comment that the increase
in the cosmic ray flux can also be considered as one of the secondary indications of less polluted

air.

However, there are a few specific limitations of our measurement. First, the detector coverage
area is very small, resulting in low statistics. Second, the statistics of muon data before the

lockdown is small.

As a continuation of the present work, the following studies might be taken as a future work

plan by the interested groups:

For such a newly developed RPC prototype, performance needs to be studied in a test beam
in the accelerator under a harsh hadron environment. The long-term stability also needs to be

studied under high particle radiation.
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Appendix A

Implementation of Electronic FEB Id
and channel Id for MuCh

In the CBM-MuCh, the first two stations will be equipped with GEM detector and the third
and forth stations will be equipped with RPC detector. For both RPC and GEM detectors
pad readout will be used. For the available GEM foil size, each layer of 15 station has been
divided into 18 modules (shown in Figure A.1). MuCh system is using STS-MUCH-XYTER
ASIC readout for the individual pad. The ASIC contains 128 electronics channels (e-channel,
for differentiation from the channel which is generated from simulation). In the first station,
each module will include 23 x 97 = 2231 pads, which require at-least 18 Front-end Electronic
Boards (FEBs) with one ASIC on it. In the mini CBM (mCBM) test beam campaign, two
modules of GEM detector, equivalent of 1%¢ station of MuCh, have been configured according
to the availability of FEBs and both modules could not be fully populated. In the simulation
work, channels that are connected to Pads are implemented in Cbm-MuchPad class within the
CbmRoot framework so that we can have information about physically connected FEBs and

corresponding e-channels.

A.1 Implementation in CbmRoot Framework

A class named CbmMuchSegmentPar is implemented to map the channel and sector informa-
tion of a module to the FEB id and e-channel id. Two getter functions in the CbmMuchPad

class is implemented to extract the FEB Id and e-channel information, respectively. Cbhm-
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MuchSegmentPar class contains two 2D matrices. One matrix maps the FEB id, which varies
from 0-17, and another maps the e-channel id from channel and sector information from Chm-
MuchAddress class. Each CbmMuchPad has a unique CbmMuchAddress from which channel

and sector information is extracted and using CbmMuchSegmentPar FEB-Id and e-channel

information gathered [1].

Figure A.1: 1% station detector Module pad layout with FEB and e-channel representation
drawn from simulation.

A.2 Result of simulation

el L

(a) Readout pad for detector Module 1 (b) Readout pad for detector Module 2

Figure A.2: Pad drawn from mCBM data.
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A macro is written for pictorial representation and to draw the pad from the FEB and Channel
information. Also, the same is used for mCBM data to compare with the simulation result. The
Monte Carlo (MC) points are generated using transport macro. The PCB diagram obtained
from the simulated data is shown in Figure A.1. Different colour represents the different
FEB connection to associated e-channels, and the FEB number is indicated according to the

convention used in the mCBM.

The PCB from the mCBM data (run number 380 taken in December 2019), which is drawn
using the address variable of CbmMuchPad is shown in Figure A.2. In Figure A.2(a), the first
GEM module is shown with all 18 FEB connected and in Figure A.2(b), the second GEM
module is shown with 6 FEB connected in it. The blank spaces are due to the non-availability

of FEB on these locations [1].
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1 Introduction

Since the invention of the Resistive Plate Chambers (RPCs) [1] as a cost effective technology that
can be used to build large area granular, reasonably fast and high rate capable detectors, it has
found use not only in a large number of high energy physics experiments [2—7] as trigger, Time of
Flight (TOF) and tracking devices but also in several cosmic ray experiments [8, 9] and Neutrino
experiments [10—-12]. Future experiments such as Compressed Baryonic Matter (CBM) at FAIR
also propose to use RPCs as one of the key detectors [13].

Keeping in mind the possibility of using RPCs as future high rate (~ 15kHz/cm?) capable
tracking detectors, we have taken up a study to characterise an RPC prototype built using a
particular type of bakelite plates with moderate bulk resistivity. The prototype is tested with
100% Tetrafluoroethane (C, Hy F4) gas for the first time in this work.

2 Detector description and experimental set-up

The detector prototype is built with two 2 mm thick bakelite plates, each having dimension 30 cm X
30cm and bulk resistivity 3 x 10'° Qcm (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, thickness 2 mm and one button spacer having 1 cm diameter, thickness 2 mm. Both the
spacers are made of perspex (resistivity ~ 10'> Qcm). The surface resistivity of the graphite layer
is measured to be ~ 500kQ/[J. Two 1 cm X 1 cm copper tapes are used at two diagonally opposite
corners to apply high voltage (HV). HV of opposite polarities are 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.

The signals from the pick-up strips are fed to a 10X fast amplifier and then to the discriminator.
The cosmic ray master trigger is made using three fast plastic scintillators. Among them, two
scintillators (with dimensions 10 cm X 10 cm and 2 cm X 10 cm respectively) are placed above and
one (with dimension 20 cm X 20 cm) is placed below the RPC module. The scintillators make the
trigger window of area 2cm X 10cm. Thresholds to the discriminators are set to —15mV for all
the scintillators and also 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.

SC1 DISC
SC?2 DISC 3F
—1
RPC 10X DISC
STOP
DUAL TAC | MCA
SC3 DISC TIMER | START

Figure 1. Schematic representation of the cosmic ray test setup. SC 1, SC 2 and SC 3 are the plastic
scintillators of dimensions 10cm X 10cm, 2cm X 10cm and 20 cm X 20cm. 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.

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 1 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.

3 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 bias voltage is shown in figure 2. It is visible that initially the
current increases slowly with the voltage and above 8 kV across the gas gap the increase becomes
rapid. At 8kV voltage difference across the gap the signal of amplitude ~ 10-15mV is observed
in the oscilloscope at 50 Q termination. The result has been compared with the one obtained using
Argon/CO; gas in 70/30 ratio. Sharp breakdown in the I-V characteristics resulted with Argon/CO,
at a lower voltage compared to that with the Tetrafluoroethane.

The noise rate as a function of voltage is measured for two consecutive days keeping the
discriminator threshold at —15 mV and the results are shown in figure 3. 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,
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Figure 2. The I-V Characteristics of RPC with two gas mixtures.
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Figure 3. Efficiency and noise rate as a function of voltage.

for linseed oil treated RPCs the noise rate with cosmic rays is found to be one order of magnitude
better in some cases [14] and even two orders of magnitude for streamer operated RPCs with higher
resistivity [15-17].

From figure 3 it can also be seen that the efficiency starts increasing from 9 kV and saturates at
a value of 70% from 10.2kV 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 is shown in figure 4. The distribution of the time difference between
the RPC signal and the master trigger is fitted with the Gaussian function. Finding 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 5. 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 10.2kV
onwards. The time resolution (o-) decreases and a value ~ 1.2 ns is obtained from 10.2 kV.

< 700F 10.6 kV
5 E x2 / ndf 214.4/32
8 600 Constant 604.1+19.5
C Mean 33.59+0.03
- Sigma 1.216 + 0.027
500 g
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100
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Figure 4. Time spectrum of RPC at a voltage difference 10.6 kV across the gas gap.
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Figure 5. Time resolution and time difference of RPC signal and master trigger as a function of voltage.

4 Summary and outlook

An oil-less single gap RPC prototype is built with indigenous bakelite plates having bulk resistivity
3x10'° Qcm. 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 volt-
age of 10.2kV onwards. Investigation of the reason behind lower efficiency is going on. One prob-
able reason for the limitation in the efficiency is the voltage drop on the electrodes because of high
current. Other Tetrafluoroethane based conventional gas mixtures will be tried. Estimation of the
induced signal charge and the long-term stability test of this particular chamber is also in 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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Single gap Resistive Plate Chamber (RPC) is one of the very popular gaseous detectors used in high-energy
physics experiments nowadays. It is a very fast detector having low cost of fabrication. The RPCs are usually
built using glass or bakelite plates having high resistivity ~10'°-10'" Q cm. Bakelite RPCs are generally
fabricated with a linseed oil coating inside to make the inner electrode surface smoother which helps to

Effi;e:;}; reduce the micro discharge probability. Linseed oil coating also reduces the surface UV sensitivity dramatically
Bakelite and effectively protect the bakelite surfaces from the Hydrofluoric Acid (HF), produced by the interaction of

fluorine with the water vapour. There is a conventional way to do this linseed oil coating after making the
gas gap as done in experiments e.g. ALICE, CMS etc. A new technique is introduced here to do the linseed
oil coating on the bakelite plate before making the gas gap. 100% Tetrafluoroethane (C,H,F,) gas is used to
test the RPC module in the avalanche mode with cosmic rays. Conventional NIM electronics is used for this
study. The efficiency and noise rate are measured. In this article, the detailed method of fabrication and the
first test results are presented.

1. Introduction

Resistive Plate Chambers (RPCs) are widely used in high-energy
physics experiments for their high efficiency, excellent time resolution,
hassle-free maintenance and low cost of fabrication [1]. In current
high-energy physics experiments this parallel plate gaseous detector is
mainly used for triggering and tracking purposes due to its excellent
time resolution and high efficiency [2-8]. RPCs are also used in cosmic
ray experiments and neutrino experiments for muon detection where
large area coverage with minimal cost is required [9-15]. Future
experiments such as Compressed Baryonic Matter (CBM) at Facility for
Antiproton and Ion Research (FAIR) propose to use RPCs as one of the
key detectors for time of flight (TOF) measurements [16].

The RPCs are usually built using glass or bakelite plates having
high resistivity ~10'°-10'! Q cm. The inner surfaces of the bakelite
plates that face the filled gas are usually coated with linseed oil paint.
The linseed oil is a fatty acid (R-COOH), an organic acid that contains
the glycerides of linolenic, linoleic, oleic, stearic, and palmitic acids
with a high degree of unsaturation of its fatty acid radicals [17]. The
linseed oil coating reduces the spurious micro discharge on the inner
surfaces. If the micro discharge probability is reduced, we can have a
better performance compared to the RPC without oil coating [1,18,19].
To reduce the after-pulse/noise rate, low UV sensitive material for the
electrode is desirable. It is reported earlier that the linseed oil coating
reduces the surface UV sensitivity dramatically [18]. Hydrofluoric Acid
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(HF), produced by the interaction of fluorine with the water vapour, is
chemically very reactive. It can affect different materials and has cor-
rosive action. It is reported that the linseed oil coating on the bakelite
surface can effectively protect it from the HF vapour attack [18]. That
means the linseed oil treatment on the inner surfaces of the bakelite
electrodes is an essential process for the optimum performance (high
efficiency and low noise level) of RPC. For this treatment the inner
surfaces of the RPC usually the gas gap is filled with low viscous linseed
oil and thinner solution and the liquid is drained out slowly. Dry air is
flown through the gas gap to cure the thin linseed oil layer left on all
the inner surfaces of the plates as well as those of the spacers [20-22].

However, serious operational problems were observed in the bake-
lite RPCs in BaBar experiment. It was observed that the conducting
paths through the gas gap, mainly around the spacers, created due to
the formation of stalagmites by polymerisation of uncured linseed oil
droplets, trigger discharges thereby resulting in irreversible damage to
the bakelite plates [17,23]. The process of linseed oil treatment was
later changed by increasing the ratio of the solvent to produce a thinner
coating (10-30 pm) on the surfaces [24]. Efforts were subsequently
made to look for alternatives to linseed oil treatment, or even to
develop bakelite sheets that can be used without the application of
linseed oil [22].

One of the main limitations of RPC is that its low particle rate
handling capability [25]. Nowadays RPC detector can handle a particle
rate ~10 kHz/cm? in the avalanche mode of operation [26] but for
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the future experiments, detectors with high particle rate handling ca-
pability (~15 kHz/cm?) is required [27]. One of the ways of increasing
the particle rate handling capability in RPC is the use of low resistive
electrode plates of the detector. It is to be mentioned also that the mode
of operation depends on used gas and applied voltage [28]. For high
rate operation, the option is the avalanche mode.

Keeping in mind the possibility of using bakelite RPCs as future
high rate capable tracking detectors, we have taken up a study to
characterise RPC prototypes built using a particular type of bakelite
plates with moderate bulk resistivity. The first prototype was built
without any oil coating inside, with indigenous bakelite plates having
bulk resistivity 3 x 10'© Q cm. The prototype was tested with 100%
Tetrafluoroethane (C,H,F,) gas. With this prototype, an efficiency
~70% was obtained with an applied voltage of 10.2 kV onwards [29].

In the present work, we built a linseed oil coated bakelite RPC.
However, in this work, we have adopted a different technique for the
linseed oil treatment. In contrary to the usual procedure, the bakelite
plates are coated with linseed oil before making the gas gap.

The prototype is tested with cosmic ray using 100% Tetrafluo-
roethane (C,H,F,) gas and conventional NIM electronics. In this article,
we report the first result of the bakelite RPC, fabricated using a new
technique of linseed oil coating.

2. Fabrication of the detector

Two bakelite plates having a dimension 27 cm x 27 cm and thick-
ness 2 mm are used as the electrodes. The bulk resistivity of the plates
is measured to be ~3 x 10'° Q cm at 22 °C temperature and 60%
relative humidity. At first, the bakelite plates are cleaned using an
isopropyl alcohol bath. Commercially available linseed oil is used for
the inside coating. The linseed oil coating is done here in a similar way
as the silicone oil coating technique followed in Ref. [14]. About 2 g of
linseed oil is applied over the 27 cm X 27 cm area of each plate. Based
on the specific gravity (0.930 at 15.5 °C) of the fluid, the estimated
coating thickness would be ~30 pm. The linseed oil is distributed over
the surfaces and both the plates are left for 15 days in a sealed box
for curing. Two plates are then cleaned again with dry air. Uniform
separation between the electrode plates is ensured by using four edge
spacers of dimension 27 cm x 1 cm and thickness 2 mm and one button
spacer of diameter 10 mm and thickness 2 mm. All the spacers are made
of polycarbonate. Two nozzles also made of polycarbonate (resistivity ~
1015 Q cm) for gas inlet and outlet are used as part of edge spacers. All
the spacers are glued on one plate in the oil coated side using Araldite
epoxy adhesive. The glued plates are kept for 24 h for curing and the
other plate is glued on it and kept again for curing for 24 h. All the
gluing processes are carried out on a laminar flow table. After cleaning,
a thin layer of graphite is coated at the outer surfaces of the bakelite
plates for the distribution of voltage. A gap of 1 cm from the edges of
the plate to the graphite layer is maintained to avoid external electrical
discharge. The average surface resistivity of the two graphite layers are
found to be ~510 kQ/[] and 540 kQ/[] respectively. Two 1 cm X 1 cm
copper tapes of ~20 pm thickness are pasted at two diagonally opposite
corners to apply high voltage (HV). The HV cables are soldered on
these copper strips. These copper strips are covered using Kapton tapes
for isolation. Equal HVs with opposite polarities are applied on two
surfaces. The steps of building of the module are shown in Fig. 1.

2.5 cm wide copper (20 pm thick) pick-up strips are fabricated
having 2 mm separation among two consecutive strips, in order to
collect the accumulated induced charge and are placed above the
graphite layers. The pick-up strips are made by the etching process of
one side from a double sided copper cladded, 2 mm thick G-10 sheet.
The other side copper layer of the G-10 sheet is used as the ground
plane. The strips are covered with 100 pm thick mylar foils to isolate
them from the graphite layers. The signals from the strips are collected
through RG-174/U coaxial cables.

Nuclear Inst. and Methods in Physics Research, A 1024 (2022) 166095

Fig. 1. Steps of building the RPC module. (a) Application of linseed oil on the bakelite
surface, (b) cured linseed oil coated bakelite surface, (c) polycarbonate made gas
nozzles and spacers, (d) gluing of spacers and nozzles on one bakelite plate, (e) making
of gas gap after gluing the second plate, (f) complete RPC module after graphite coating.

3. Experimental set-up

Three plastic scintillation detectors, two placed above the RPC
module and one placed below, are used to obtain the trigger from the
incoming cosmic rays. The coincidence signal obtained from the top
most paddle scintillator (SC1) having dimension 10 cm X 10 cm, a
finger scintillator (SC2) of dimension 10 cm X 2 cm and the paddle
scintillator (SC3) having dimension 20 cm X 20 cm are taken as the
trigger (3-fold). RPC is placed in between the finger (SC2) and the
paddle scintillator (SC3). All the scintillators are operated at 1550 V
and —15 mV threshold is applied to the leading edge discriminator
(LED).

The RPC signal from the pick-up strip is first fed to the 10x fast
amplifier and the output of it then goes to the LED. Different thresholds
are applied to the LEDs to reduce the noise. From the LED one output
goes to the scaler to count the number of signals from the RPC which
is known as the noise count or singles count of the chamber. The other
output from LED goes to the dual timer where the discriminated RPC
signal is stretched to avoid any double counting of the pulses and also
to apply the proper delay to match the signal with the trigger. The
output of the dual timer is put in coincidence with the trigger and this
is defined as the 4-fold. The window of the cosmic ray test set-up is of
area 10 cm x 2 cm. The detailed block diagram of this arrangement is
shown in Fig. 2.

100% Tetrafluoroethane (C,H,F,) gas is used as the active medium.
A typical gas flow rate of 2 ml/min equivalent to 6 gap volume changes
per day is maintained by using two needle valves.

The HVs to the RPC module are applied at a ramp-up rate of 2 V/s
on both the sides. The leakage currents from both the side as measured
by the HV module are also recorded. The temperature and the humidity
are also recorded at the time of measurement using a data logger,
built-in house [30].
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Fig. 2. Schematic of the experimental set-up.
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Fig. 3. Leakage current as a function of the applied voltage for the RPC module. The
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4. Result

After building the chamber, 100% C,H,F, gas is purged for 24 h
before application of HV. To check the performance of the detector,
firstly the leakage current through the RPC module is measured as a
function of the applied HV and shown in Fig. 3. Breakdown of the gas,
although not sharp, is seen at about ~8 kV. The gas gap behaves as an
insulator in the low applied voltage range and hence the slope over this
voltage region scales as the conductance of the polycarbonate spacers.
At higher range of voltage, the gas behaves as a conducting medium
due to the ionisation. Therefore, the slope over this range scales as the
conductance of the bakelite plates. The curve of leakage current vs.
voltage as found here is not only very similar to the curve as reported
earlier [20] but the magnitude of current is also comparable.

For the test using cosmic rays, the efficiency of the RPC is defined
as the ratio of the 4-fold counts of the RPC to the 3-fold trigger count
of the plastic scintillator telescope for a fixed duration. The noise rate
(or singles count rate) of the RPC is defined as the number of counts
per unit area of the strip per second. The efficiency and the noise rate
are studied by varying the applied HV. Both the efficiency and noise
rate are measured for two different discriminator threshold settings,
—15 mV and —20 mV respectively for the RPC. The temperature and
relative humidity values during these measurements are recorded and
the average temperature is found to be about 25 °C and 27 °C, respec-
tively and the average relative humidity is found to be 44% in both the
cases. The efficiency and the noise rate as a function of voltage is shown
in Fig. 4. For —15 mV threshold setting the efficiency increases with
applied voltage and reaches a plateau at ~95% from 9.4 kV onwards
whereas for —20 mV threshold setting the efficiency saturates at ~85%
from the applied voltage of 10.1 kV onwards. The noise rate increases
with applied HV. The noise rate is measured to be much higher for the
lower threshold with a maximum value of ~500 Hz/cm?. For —20 mV
threshold the maximum noise rate is found to be ~200 Hz/cm?.
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Fig. 4. (a) The efficiency as a function of the applied voltage for the RPC, (b) Noise
rate as a function of the applied voltage.

5. Summary and outlook

A small size RPC prototype is built having a dimension of
27 cm X 27 cm bakelite plates of thickness 2 mm. The gas gap of
the prototype is also made 2 mm. A new technique is followed for
the linseed oil coating of the bakelite sheets. In conventional bakelite
RPC, the linseed oil coating is done after making the gas gap. In
case of BaBar RPC the performance deteriorated drastically due to
trapping of uncured linseed oil in the hidden storage cavities near the
spacers [17]. To ensure that the curing is properly done throughout the
entire surface, in this particular work, the linseed oil coating is done
before making the gas gap. After the linseed oil coating, the plates are
cured for 15 days. The advantage of this procedure is that after linseed
oil coating it can be checked visually whether the curing is properly
done or any uncured droplet of linseed oil is present or not.

The detector is tested with 100% Tetrafluoroethane (C,H,F,) gas in
the avalanche mode. Efficiency plateau ~95% from 9.4 kV onwards and
~85% from 10.1 kV onwards are obtained for the —15 mV and —20 mV
discriminator threshold respectively. The noise rate is found to be very
high for such a chamber compared to the results reported earlier for the
RPCs with bakelite plates oil coated in the conventional way [31-33].
However, normally a small amount (4%-5%) of Isobutane is needed
as quencher, and very small (~0.3-0.5%) of SF, to avoid discharges
and double signals. Moreover, Tetrafluoroethane is a prohibited gas
nowadays, and very expensive, so it is not convenient as a gas in a real
experiment. So, we are planning to repeat the tests with conventional
gas mixture in near future.

The detection efficiency of the RPC in the cosmic ray test is com-
pared with the conventional linseed oil coated bakelite RPC [1,20,21].
However, the investigation behind the high leakage current and high
noise rate is going on.

As a proof of principle, the paper introduced a new technology of oil
coating in RPC with bakelite electrodes. The cosmic test showed that
this technology does work. However, the cosmic test does not answer
on the main questions about the long-term stability and the particle
rate capabilities. The long-term stability test, measurement of timing
properties and the effect of the temperature and relative humidity on
the performance are planned to be studied in future. To answer the
question of particle rate capabilities, it is required to do test with an
accelerator, which is also in future plan.

This work involves a small prototype. However, detectors with
much larger size are used in actual experiments. So, we plan to repeat
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this technique to build large RPC detector and test the performance of
the same.
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Resistive Plate Chamber is a well-known gaseous detector in the field of High Energy Physics experiments for
its good tracking capability, high efficiency, good time resolution, and low cost of fabrication. The main issue
in Resistive Plate Chamber is its limitation in the rate handling capability. Several experimental groups have
developed sophisticated techniques to increase the particle rate capability and reduce the noise rate of this
detector. In bakelite Resistive Plate Chamber linseed oil coating on the inner electrode surface is done to get
rid of surface roughness of the resistive electrodes. We developed a new method for linseed oil coating in case

of bakelite Resistive Plate Chamber to achieve good efficiency (> 90%). In this article, we discussed the test
results obtained from a prototype fabricated in this new method, using a conventional gas mixture.

1. Introduction

Resistive Plate Chamber (RPC) is a gaseous detector made up of
resistive electrode plates e.g. bakelite, glass, ceramic, etc. [1-4]. High
Energy Physics experiments have been using RPCs for triggering and
tracking because of their high efficiency and good time resolution. RPCs
are also being used in several cosmic ray experiments to cover large
detection area [5,6]. Future heavy-ion experiments e.g. Compressed
Baryonic Matter (CBM) is exploring the possibility of using RPCs for
muon detection [7].

In bakelite RPC linseed oil coating [8] is done to get rid of the
surface roughness of the resistive plates [9]. The linseed oil coating also
helps to reduce the noise rate of the detector, protects the electrode
plates from Hydrofluoric Acid (HF) corrosive effect and it also has
photon quenching properties that reduce the UV sensitivity of the
electrode plates.

In conventional linseed oil coated bakelite RPC, a serious problem
was observed in the BaBar experiment. The coated linseed oil forms
stalagmite that subsequently introduces conducting paths through the
gas gap specially around the spacers and the discharge permanently
damages the detector. The formation of stalagmite is due to the poly-
merization of uncured linseed oil droplets present on the surface [10].
However, lot of R&D is performed and the solution is found out for this
issue [11].

A new technique of linseed oil coating on the bakelite plates [12]
is introduced in which one can check visually whether there is any
uncured oil present inside the gas gap. With this new technique one
RPC prototype was built and tested with 100% C,H,F, gas. In this
article the test results of the RPC prototype with conventional CoHyF,4
and i-C4H,, mixture is presented.

* Corresponding author.
E-mail address: arindam@jcbose.ac.in (A. Sen).
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2. Detector description and experimental set-up

The detector is built with two 27 cmx 27 cm bakelite plates of
thickness 2 mm and having bulk resistivity of ~ 3x 1010 Q cm (at
22 °C). Four edge spacers, two gas nozzles, one button spacer made
of polycarbonate (resistivity ~ 10!°> Q cm) and having thickness of
2 mm are used to make the gas gap. The surface resistivity of the outer
graphite surface of the electrode plates are measured to be ~ 510 kQ/[]
and 540 kQ/[].

The signal is read out from the copper strips of dimension
2.5 cm X 27 cm. The strips are covered with 100 pm thick mylar foils
to isolate them from the graphite layers. The details of the fabrication
of the chamber is described in [12].

Three scintillation detectors of dimensions 10 cm x 10 cm (SC1),
10 cm X 2 cm (SC2), 20 cm X 20 cm (SC3) are used to generate the
trigger for the detector. All the scintillators are operated at +1550 V
and —15 mV threshold is applied to the leading edge discriminator
(LED). The RPC signal from the pick-up strip is first fed to a 10x fast
amplifier and then the output goes to the LED. Suitable thresholds are
applied to the LEDs to reduce the noise. From the LED, one output goes
to the scalar to count the number of the signal from the RPC which is
known as the noise count or singles count of the chamber. The other
output from LED goes to the dual timer where the discriminated RPC
signal is stretched to avoid any double counting of the pulses and also to
apply the proper delay to match the signal with the trigger. The output
of the dual timer is taken in coincidence with the trigger and this is
defined as the 4-fold signal. The window of the cosmic ray test set-up
is of area 10 cm x 2 cm. The block diagram of the set-up is shown in
Fig. 1.
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Fig. 1. Block diagram of the cosmic ray test set-up for characterization of the
detector [12].
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Fig. 2. Leakage current as a function of the voltage for C,H,F, and i-C,H;, gas mixture
in 90/10 volume ratio.

3. Result

The chamber is tested with cosmic rays in avalanche mode. The
detector is purged with Tetrafluoroethane (C,H,F,) and Isobutane (i-
C4H;() gas mixture in 90/10 volume ratio. The leakage current through
the RPC module is measured as a function of the applied high voltage
(HV) and shown in Fig. 2.

The efficiency of the RPC module for the cosmic rays is defined as
the ratio of the 4-fold counts to the 3-fold coincidence trigger count
of the plastic scintillator telescope for a fixed duration and the noise
rate of the RPC, is defined as the number of counts per unit area of the
strip per second. The efficiency and noise rate are studied by varying
the applied HV. The RPC is tested with —20 mV and —25 mV threshold
settings to the LED. An efficiency of greater than 90% is achieved from
10 kV onwards for both the threshold settings. The maximum noise
rates are found to be 120 Hz/cm? and 80 Hz/cm? for the —20 mV and
—25 mV thresholds respectively as shown in Fig. 3.

4. Summary

A linseed oil-coated RPC prototype of dimension 27 cm X 27 cm
is fabricated using indigenous resistive bakelite plates. The linseed oil
coating is done before making the gas gap. Before building the detector,
electrode plates are checked visually whether the oil is cured properly
or if any uncured oil is present on the surface.
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Fig. 3. (a) Efficiency as a function of the applied voltage, (b) Noise rate as a function
of the applied voltage for C,H,F, and i-C,H,, gas mixture in 90/10 volume ratio.

The detector is tested with Tetrafluoroethane (C,H,F,) and Isobu-
tane (i-C4H;o) in 90/10 volume ratio. Both the current and noise rate
are very low for this gas mixture compared to the 100% C,H,F, used
earlier for the same detector [12]. An efficiency of greater than 90% is
found from 10 kV onwards with a maximum noise rate of 120 Hz/cm?
at - 20 mV threshold.
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Cosmic ray flux and lockdown due to COVID-19 in Kolkata — Any
correlation?
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Abstract. Cosmic ray muon flux is measured by the coincidence technique using plastic scintillation detectors
in the High Energy Physics Detector Laboratory at Bose Institute, Kolkata. Due to the COVID-19 outbreak and
nationwide complete lockdown, the laboratory was closed from the end of March 2020 till the end of May 2020.
After lockdown, although the city is not in its normal state, we still were able to take data on some days. The
lockdown imposed a strict restriction on the transport service other than the emergency ones and also most of the
industries were shut down in and around the city. This lockdown has significant effect on the atmospheric conditions
in terms of change in the concentration of air pollutants. We have measured the cosmic ray flux before and after
the lockdown to observe the apparent change if any, due to change in the atmospheric conditions. In this article, we
report the measured cosmic ray flux at Kolkata (22.58°N 88.42°FE and 11 m above the Sea Level) along with the

major air pollutants present in the atmosphere before and after the lockdown.

Keywords.

Cosmic ray; muon flux; plastic scintillation detector; air quality index; air pollutants.
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1. Introduction

Cosmic ray consists of high-energy particles that mostly
originate from the outer space, with some very high
energy particles which can have extragalactic origin.
Primary cosmic rays consist of 90% protons, 9% o-
particles and other heavier nuclei [1]. These primary
cosmic rays interact with the gas molecules in the
atmosphere and produce secondary cosmic rays. These
secondary particles consist mostly of pions and some
kaons. Neutral pions (77°) decay into y-rays that gener-
ate electromagnetic showers (eT,e™, y), which possess
low penetration power. Charged pions (7, 7 ) decay
into muons and neutrinos. Neutrinos have a very small
cross-section for interaction and typically pass through
the Earth without any further interactions. On the other
hand, muons are heavy particles and thus loss of energy
through bremsstrahlung is negligible for them. This
makes the muon a very penetrating particle, unlike elec-
tron. The muon has a lifetime of 2.2 us, yet it still makes
it down to detectors at the surface of the Earth traversing
through the atmosphere. This is because muons travels
ata speed that is close to that of light and thus experience

Published online: 17 April 2021

relativistic time dilation and therefore can be detected
by our detectors. Since the secondary cosmic rays are
mostly muons and they can travel large distance through
the atmosphere before they are detected, it will be really
interesting if any correlation of this cosmic ray muon
flux with the change in atmosphere in terms of the con-
centration of air pollutants is found [2—4].

For this study, cosmic ray flux has been measured in
our laboratory using plastic scintillator detectors before
and after the imposition of lockdown due to the COVID-
19 pandemic. The effects of atmospheric pressure and
temperature on the muon flux have also been studied
here. A brief description of the change of the atmo-
spheric parameters due to lockdown is discussed in
the next section. The succeeding sections describe the
details of the experimental set-up and results, followed
by summary and discussions.

2. Effect of lockdown

India is at a critical stage in its fight against COVID-19
with positive cases crossing 89,58,140 and death toll at
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Figure 1. Different phases of lockdown and unlock as a
function of date. The complete lockdown is marked with 1,
different unlock phases are marked as 2, 3 so on and the com-
plete lockdown days in West Bengal during the unlock phases
are marked with 6.

1,31,618 until November 18, 2020 [5]. The entire coun-
try was under complete lockdown from March 25 to
April 14,2020, for 21 days, which was further extended
by the Government of India till May 3, 2020, followed
by the third phase of lockdown till May 17, 2020,
and the fourth phase till May 31, 2020, to tackle the
spread of COVID-19. Restrictions on social gathering
and travelling resulted in the shutdown of all the busi-
nesses which include industries, transport (air, water
and surface), markets, shops, tourism, construction and
demolition, hotels and restaurants, mining and quarry-
ing, etc. except essential services like groceries, milk,
medicines and emergency services like hospital, fire
service and administration. In June 2020, both cen-
tral and state governments declared restricted unlocking
phase. While unlock phases started from 1 June 2020,
there were complete lockdown in West Bengal on some
selected dates to fight against COVID-19. The dates of
lockdown are mentioned in figure 1.

The complete lockdown is marked with 1, differ-
ent unlock phases are marked as 2, 3 so on and the
complete lockdown days in West Bengal during the
unlock phases are marked with 6. During the lock-
down (25 March—-6 April 2020; Lockdown Phase-1)
and before lockdown (10-20 March 2020), significant
variation in the concentrations of the five most abun-
dant pollutants in the air (PM;_ 5, PM{g, NO,, CO, O3)
are observed in Kolkata. The concentrations of air pol-
lutants in Kolkata are decreased by ~23% (PM3s),
~34% (PMjp), ~60% (NOy), ~29% (CO) while the
O3 concentration is increased by ~17% due to the
clearer atmosphere compared to that before the lock-
down period [2]. We also looked into the last year data
for the same period (March—April, 2019) and found that,
during the lockdown, the concentrations of air pollutants
are decreased by ~27% (PM3 s5), ~32% (PMg), ~66%

SC1
———-——-I
10x10 cm? DIsc

4

4cm

>—£

SC2
2%10 cm? @

6 cm

SC3 - E—
20x20 cm? DISC

Figure 2. Schematic of the experimental set-up for muon
flux measurement at the laboratory.

(NO3), ~16% (CO) and O3 concentration is increased
by ~87% [2].

We have used the live day-to-day data from ref. [6]
of the concentrations of the seven major air pollutants
and studied their effects on cosmic ray flux. In our work,
we have reported the measured muon fluxes before and
after the lockdown at Kolkata and tried to correlate the
same with the change in concentrations not only of the
individual components of air pollutants but also of the
total amount of pollutants.

3. Experimental set-up

The schematic of the muon flux measurement set-up
is shown in figure 2. Three plastic scintillators tagged
as SC1, SC2 and SC3, made using BC400 material are
used in this set-up [7,8]. The dimensions of these scin-
tillators are 10x10 cm?, 2x10 cm? and 20x20 c¢cm?
respectively. The coincidence area of the three detec-
tors is 20 cm”. The distance between the top and bottom
scintillators is ~10 cm whereas that between the top and
the middle one is 4 cm. Each scintillator is connected
with a photomultiplier tube (PMT) and a base where one
SHYV (safe high voltage) and one BNC (Bayonet Neill—
Concelman) connectors are provided for the application
of high voltage (HV) and collection of signals respec-
tively. A voltage of 41550 V is applied to all the PMTs.
Thresholds to the discriminators are set to —15 mV for
all the scintillators. The width of each discriminator out-
put is kept at 50 ns. The coincidence of these three
signals is achieved using a logic unit. The three-fold
coincidence signal is then counted using a scaler and
then divided by the product of the area of coincidence
window (20 cm?), muon detection efficiency of the sys-
tem (~72%) [8] and the measurement time to get the
muon flux. The calculated muon flux is then multiplied
by a factor of 0.95 to correct the effect of the differ-
ence in the threshold settings to the discriminator for
the scintillators, during the efficiency measurement [8§]
(threshold is —30 mV) and the present measurement
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Figure 3. Cosmic ray muon flux and 7/p as a function of
date.
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(threshold is —15 mV). Each data point represents a
30-min long measurement. To check the health of the
individual detectors, the single count rates of all the
modules are measured several times. The single count
rates of scintillators SC1, SC2 and SC3 are found to be
~77, ~28 and ~171 Hz respectively.
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4. Results

The cosmic ray flux is measured in Kolkata before and
after the lockdown due to the COVID-19 outbreak. The
average muon flux before and after the lockdown is
shown in figure 3 as a function of date. We had a very
small amount of data before lockdown. The cosmic ray
flux depends on atmospheric parameters like tempera-
ture and pressure [9,10]. In this work, the temperature
and pressure data are collected from ref. [11]. The ratio
of temperature and pressure as a function of date is also
shown in figure 3. In order to normalise the tempera-
ture (T = t + 273) and pressure (p) effects, a simple
correlation between cosmic muon flux and 7'/ p is stud-
ied using the relation p0 + p1(T/p). The correlation
between muon flux and 7'/ p is shown in figure 4. The
parameters obtained from the correlation are 0.81+0.09
min~!ecm™2 (p0)and 1.15£0.31 min~!cm™2 k! mbar
(p1) respectively.
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Figure 7. Average air quality index (AQI) of seven most abundant air pollutants measured at Bidhannagar, Kolkata station
[6] and the normalised muon flux as a function of date.

A positive correlation is observed between the muon
flux and 7'/p. Using the parameters, the muon flux mea-
sured before and after the lockdown is normalised and
shown in figure 5.

In figure 6, the distribution of the normalised muon
flux is shown before and after the lockdown. It is found
that the mean normalised muon flux before the lock-
down period is 0.982 with a standard deviation of 0.031,
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Figure 8. Measured muon flux as a function of AQI of seven most abundant air pollutants.
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Figure 9. Normalised muon flux as a function of AQI of seven most abundant air pollutants.
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Table 1. Value of the fit parameters of the muon flux vs. AQI curve with seven most abundant

air pollutants.

Air pollutant type p0 pl

PM; 5 1.17 £ 0.003061 —0.0002475 +£ 4.936e-05
PMjo 1.174 £ 0.003746 —0.0002763 £ 5.87e-05
NO, 1.167 £ 0.003083 —0.0008197 £ 0.0002286
NH;3 1.182 £ 0.005682 —0.007278 £ 0.001676
SO, 1.175 £ 0.003926 —0.001032 £ 0.0002183
(6(0) 1.162 £+ 0.003877 —0.0001226 £ 0.0001941
O3 1.166 £ 0.004173 —0.0001161 =+ 6.035e-05
Gross 1.176 £ 0.004605 —0.0001063 £ 2.617e-05

whereas that after the lockdown is 1.001 with a standard
deviation of 0.012, i.e. 1.9% increment in muon flux is
found after the lockdown.

In figure 7, we have reported the individual air
pollutants (average air quality index (AQI) which is pro-
portional to the concentration of the pollutants) before
and after the lockdown (on the dates of cosmic ray data
recording) and a clear decrement in the concentrations of
the air pollutants has been observed after the lockdown.
One striking thing we observe during this study, is that
the concentration of O3 also decreases after lockdown
in our case unlike in ref. [2] where the concentration of
O3 was reported to be increased during the lockdown
(for a short time period though). Actually in ref. [2] the
concentration of O3 was reported to be increased dur-
ing the lockdown (March 25—-April 6, 2020) compared
to the values before the lockdown (10-20 March 2020).
In ref. [6], the concentration values of O3 before the
lockdown are quoted for December 27, 2019 to Febru-
ary 18, 2020 and after lockdown those are during June
24, 2020 and November 17, 2020. Clearly, the dates
in refs [2,6] are different and hence the discrepancy.
Figure 8 represents the variation of the muon flux with
AQI for the seven air pollutants individually and with
the gross pollutants present. We observe a correlation
between cosmic ray muon flux and the concentrations
of the air pollutants before and after the lockdown where
the flux increases with decrease in the concentrations of
the air pollutants. The details of the variation found by
linear fitting of the muon flux vs. air quality index curve
for different pollutants, are tabulated in table 1.

T / p normalised muon flux is also plotted as a function
of the average AQI for the seven air pollutants individ-
ually and with the gross pollutants present in figure 9.
Here also we observed that the normalised flux increases
with decrease in the concentrations of the air pollutants.

5. Summary and discussion

Cosmic ray muon flux was measured using the coinci-
dence technique with plastic scintillation detectors. To

restrict the outbreak of COVID-19, Government of India
imposed 67 days of nationwide complete lockdown in
three phases. After that, the unlocking was declared in
phases in different parts of India. Before the lockdown,
we collected some cosmic ray flux data. After lockdown
the measurement was continued to compare with the
flux measured before lockdown. In our measurement,
it is found that the cosmic ray flux remained more or
less unchanged before and after the lockdown. How-
ever, it is well known that atmospheric temperature and
pressure affect the cosmic ray flux and we looked for
any such possible correlation. A positive correlation is
indeed observed between the muon flux and the ratio of
atmospheric temperature and pressure. This correlation
is fitted well by a function of the form p0 + p1(T/p),
and the fit parameters p0 and p1 are used to normalise
the T/p effect on the cosmic muon flux. It is found
that the mean normalised muon flux before and after the
lockdown period are 0.982 with a standard deviation
of 0.031 and 1.001 with a standard deviation of 0.012
respectively.

A lockdown such as the one implemented due to
COVID-19 typically has significant influence on the
atmospheric condition in terms of the presence of pol-
lutants. We wanted to study any possible correlation of
measured cosmic ray muon flux with this. To realise
this, we considered the seven most abundant air pol-
lutants (PMj s, PMg9, NO;, NH3, SO,, CO, O3) and
investigated the change in their concentrations with date
(before and after the lockdown). We found significant
declination in the concentrations of the pollutants and
we tried to look for any correlation with the measured
muon flux within the stipulated time window. The result
shows a clear correlation as with decreasing concentra-
tions of the air pollutants we observed an increasing
trend of the normalised muon flux. From our observa-
tion, one can comment that the increase in cosmic ray
flux can also be considered as one of the secondary indi-
cators of less polluted air.

However, there are a few limitations of our measure-
ment. First, the detector coverage area was very small,
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resulting in low statistics. Second, the statistics of muon
data before lockdown is small. It will be very interesting
if any other research laboratory having a large facility
of cosmic ray flux measurement can try to study such
correlation.
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