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SYNOPSIS

0.1 Introduction

The proposed magnetized Iron Calorimeter (ICAL) detector [1] at India-based
Neutrino Observatory (INO) is designed to study several outstanding issues of
neutrino oscillation physics including the fundamental issue of neutrino mass hi-
erarchy. The large mass (50 kton) of the ICAL detector with large coverage (~
100,000 m?) will allow recording a statistically significant number of neutrino inter-
actions in a reasonable time frame. Measurement of energy, charge and direction of
the muons, created in the interaction of atmospheric neutrinos with the iron mass
present in the ICAL, will facilitate to explore the earth-matter effect which will
be crucial to envisage the oscillation phenomenon. This can be accomplished with
precise tracking and timing measurements of the muons in the applied magnetic
field (1.3 T) across the ICAL. To achieve the requisite precision of the observables,
INO-ICAL setup requires muon detection with good position (< 1 ¢cm) and timing
resolution (< 1 ns). The simple but robust design and inexpensive fabrication
in addition to excellent position and timing resolutions pave the way of Resistive
Plate Chamber (RPC) [2] to serve as the detection element in the ICAL in a large
number (~ 29,000).

RPC is a gas-filled chamber utilizing a constant high electric field produced be-
tween two parallel plates made of very common, highly resistive (~ 10 Qcm)
materials like glass or bakelite. When an energetic charged particle or radiation

passes through the gaseous medium, it imparts its energy partially to the molecules
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of the gas mixture, causing their ionization or excitation. In presence of an elec-
tric field, the electrons and ions, created in the primary ionization of the gaseous
molecules, will move towards the anode and the cathode, respectively. At lower
values of the electric field, the electrons and ions may get lost due to processes like
recombination, attachment, electron capture etc. When the electric field is suffi-
ciently high, the electrons may gain enough kinetic energy to ionize other molecules
when they collide with them, liberating more electrons and ions, a process termed
as secondary ionization. Depending upon the kinetic energy gathered by the elec-
trons, they can cause further ionization even after the secondary level until their
energy falls below the ionization potential of the molecules. The ions, being very
heavy, generally move slower and the probability of secondary ionization by the
ions is quite less usually. The movement of all the ions, thus produced in a cascade
of ionization, commonly called as avalanche, induces a current on a conductive
read-out, placed nearby. In case of higher electric field, if the avalanche becomes
large enough, a continuous stream of charges flows between the electrodes giving
rise to sparks. It is obvious that the choice of gas apart from the electric field con-
figuration is a key factor in governing the working mode of RPC. To operate RPC
in avalanche mode, a mixture of three gases, namely, R-134A (CoHyF,), isobutane
(i-C4Hj9) and sulpher hexaflouride (SF4) in a mixing ratio of 95:4.7:0.3 is used.
The mixture is flown through the chamber at a constant rate for continuous supply
of active ionization medium for the incoming particles. The CyHyF, acts as the
main ionizing medium (95% by volume) for the incident particle/radiation owing
to its large ionization cross section. It has in addition high electron affinity which
is useful to arrest the development of streamer. A very small amount of SFg (<

0.5%) is also used for the same purpose. The i-C4H;g is included as a quencher for
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capturing the ultraviolate photons created by the de-excitation of the excited gas
molecules, which may initiate the same avalanche process at a point, away from
the actual point of interaction, thus deteriorating the position information. A high
value of electric field is produced in the gas chamber by application of voltages
on the moderately conducting paint on the outer surfaces of the resistive plates.
Two planes of read-out strips are placed on both sides of the RPC in orthogonal
directions for providing two-dimensional position readouts of each event from the
signal induced upon them.

The position information from all the RPCs in the ICAL stack will help in re-
construction of the tracks of the muons passing through it which is essential for
determining the momentum or energy of the muons from the curvature of the track
in the applied magnetic field and the sign of their charges as well. The timing in-
formation from the RPC will be utilized to distinguish the up-going muon tracks
from the down-going ones which is necessary for determining the path length of
the neutrinos, an important observable for studying neutrino oscillation. RPC
being the active detection element of ICAL requires a thorough understanding of
its working principle which is necessary for optimizing its design and operation
in the perspective of INO-ICAL experiment as well as predicting and analyzing
the experimental data. Numerical simulation may be an useful tool in this regard
which can emulate the RPC dynamics for the given physical parameters which can
be compared to the measured performance of RPC to explore the dependence of
the device performance on various physical parameters. The present thesis work
explores several aspects of RPC dynamics for its optimized application in INO-
ICAL experiment. For measuring the device performance, a few bakelite RPCs

have been fabricated and operated in avalanche mode using the typical CoHsF -
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i-C4Hyg - SF¢ mixture. Experiments have been performed to study the effect of
applied voltage and gas mixture on the RPC response and its timing properties.
On the other hand, a detailed numerical simulation has been carried out for com-
puting the entire working procedure of RPC beginning from the primary ionization
due to the passage of muons through it till the generation of signal on its readouts.
The response of RPC at different operating conditions such as applied voltage,
mixing proportions of the gas components etc., have been studied numerically and
compared to the experimental data to envisage the working principle of the device.
Apart from that, the effect of different design parameters like gas gap, geometrical
components, surface roughness etc. on the response have also been studied nu-
merically which are usually difficult to measure. Nonetheless, these parameters
may have significant contribution in altering the device response by affecting the
electric field within. So, a detailed numerical simulation has been carried out to
study the effect of these parameters on the electric field configuration which may
be considered as an indirect method to assess the change in the detector perfor-
mance. An emphasis on the timing performance of RPC especially has been put
in the work.

In view of investigating the basics of the timing performance of RPC, the effect of
the geometry has been explored by carrying out numerical calculations of that of a
standard multi-gap RPC (MRPC) [3| device and comparing the results to explore
its advantage over the single-gap RPC. The effect of several design parameters
have been studied in this case as well to indicate the optimized configuration for
better timing. The results have been compared to the experimental data available
from other sources to ensure the efficacy of the calculations.

A couple of issues related to the future application of RPCs in INO-ICAL have

iv
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been introduced in the present thesis work. A few preliminary numerical studies
have been initiated in this regard. One of them has been to explore the feasibility
of fabricating large bakelite plates (~ 1m x 2m) by joining smaller units [4] as the
ICAL setup will require RPCs with large coverage in each of the three modules in a
single layer. The other issue has been the exploration on the use of any eco-friendly
gas mixture for operating the RPCs in INO-ICAL. In the present context of the
Kyoto protocol on global warming [5], the existing gas mixture of CoHoF,, i-C4Hjg
and SFg with average global warming potential of about 1400 to be used in RPCs
is somewhat unacceptable. A study has been initiated to investigate the qualifica-
tion of a mixture of argon and CO, in operating the RPC without compromising
the objectives of INO-ICAL. In this connection, a few numerical calculations and
some preliminary measurements have been carried out.

A brief description of the experimental work is provided in the Section 0.2 while
the Section 0.3 contains a comprehensive discussion on the numerical studies. In
Section 0.4, the simulation of MRPC is discussed. Section 6 deals with the other re-
lated issues of the future use of RPCs. Finally, the Section 0.6 presents a summary

of the thesis work.

0.2 Experimental studies

Several developmental work in hardware related to the experimental setup have
been carried out for this thesis work. A few bakelite RPCs (see figure 1(a)) of
dimension 30 cm x 30 cm have been fabricated using P-120 grade bakelite of
thickness 3.2 mm. Two plates of required dimension have been cut from a large
bakelite sheet and their opposite corners have been chamfered for efficient flow of

gas through the inlet and the outlet. A leak-proof gas chamber has been formed by



Synopsis

assembling the two plates in parallel arrangement with appropriate (mica) spacers
glued along the boundary and attaching two gas nozzles at two opposite corners.
The uniformity of the gas gap has been maintained by placing five button spacers
symmetrically between the two plates. A thin layer of silicon oil (Metroark 211
silicon grease) has been applied on the inner surfaces of the plates to ensure surface
planarity which might be an issue in RPC operation. The outer surfaces of the
gas chamber have been coated with graphite powder (-200 mesh) of grain size 74
pm initially. Then the surface resistivity of the coated surface has been measured
using a probe of dimension 4.8 x 5.1 cm?. When a significant difference between
the values of surface resistance, measured along two orthogonal directions has been
observed due to the surface texture of bakelite, a better method of painting the
surfaces using Nerolac graphite paint mixed with a thinner has been adopted. In
this case, a surface resistivity of ~ 1 M/, irrespective of direction of measure-
ment has been obtained for the coated surface. The readout panels used in the
prototypes have been made of copper strips of width 2.5 cm laid on a thermocol
(polystyrene foam) panel with a pitch of 2.7 cm. A water-column based manome-
ter has been fabricated to perform pressurized leak test of RPC. A pre-mixed gas
mixture of CoHsF4 and i-C4H;g in volumetric ratio of 95 : 5 has been flown through
the chamber. The [-V characteristic of the RPC has shown two distinct slopes with
a breakdown voltage around 9.0 kV as shown in figure 1(b).

A muon telescope arrangement, using three plastic scintillators has been setup to
measure the characteristic performance of the RPC prototype taking the signal
from only one read-out strip. A schematic diagram of the experimental setup is
shown in figure 2. A finger scintillator of dimension 17 cm x 4 ¢cm has been placed

very close to one of the read-out strips, to restrict the acceptance angle of the
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Figure 1: (a) RPC prototype built in SINP, (b) characteristic I-V plot of the RPC
prototype.
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Figure 2: Schematic diagram of the experimental setup.

muons. The 3-fold coincidence signal from the three scintillators has been taken
as a valid muon signal. The presence or absence of RPC signal within the window
of the 3-fold coincidence has determined the detection efficiency of the RPC. Any
signal from the RPC read-out strip, irrespective of 3-fold coincidence has been
taken as the singles count of the RPC strip. The variation of efficiency and singles
count with the applied voltage has been observed to check the functioning of the
RPC. The difference in time between the 3-fold coincidence and the RPC read-out
has been recorded using a TDC for a large number of valid events. The mean of

the distribution of the time difference has been defined as the average signal arrival

vil
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time while its time resolution has been found out from the standard deviation (o)
of the distribution, after correcting it for the time resolution of the finger scintil-

lator. The charge content of the RPC signals has also been recorded in parallel
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Figure 3: (a) TDC histogram of RPC at 11.8 kV, (b) variation of time resolution
of RPC with applied voltage when operated with CoHsF, and i-C4Hqg in 95 : 5
ratio.

using a QDC to monitor the mode of operation (avalanche/streamer) of the RPC.
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Figure 4: Variation of (a) average signal arrival time and (b) time resolution of
RPC with the SFg amount when the RPC is operated at 12 kV.

The variation of both of the average signal arrival time and the time resolution
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with the applied voltage has been measured for the prototype run with gas mixture
of 95% CyHoF, and 5% i-C4Hyg [6]. The timing distribution spectrum as recorded
by the TDC for a voltage supply of 11.8 kV is displayed in figure 3(a). Figure 3(b)
shows the change in time resolution as a function of the supplied voltage. To study
the effect of SF¢ on RPC timing properties, one RPC has been operated at 12 kV
with gas mixtures (95% CoHoFy + i-C4Hyp + SFg) containing different percentage
of SFg. The variation of average signal arrival time and time resolution of the RPC
with the SFg percentage is shown in figure 4. The timing performance of the RPC

has been found to get deteriorated with the increase in SFg percentage.

0.3 Numerical studies

In the numerical work, the main thrust has been put on the emulation of the RPC
timing performance with variation in the applied voltage and the percentage of
SFg component. The current induced on the RPC read-out strip due to passage
of muons through the RPC gas volume has been calculated following Shockley-
Ramo theorem |7, 8] using Garfield simulation framework [9]. It has interfaces to
several toolkits to compute different auxiliary components relevant to the detector
dynamics, such as, primary ionization, electrostatic field, transport properties of
the gas etc. The primary ionization in the RPC gas chamber of thickness 2 mm due
to the passage of muons of varying energy has been calculated using HEED [10)].
The neBEM [11] v1.8.20 has been used to calculate the electrostatic field map
for the RPC geometry. The finite bulk resistivity of resistive electrodes has been
ignored and they have been considered as perfect dielectrics in the present calcu-
lations. Also the distortion of the electrostatic field due to presence of the space

charge has not been considered. To study the gas transport properties, Mag-
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boltz [12] v8.9.3 has been used and the parameters like Townsend and attachment
coefficients, drift velocity, longitudinal and transverse diffusion coefficients of the
electrons in the given gas mixture have been calculated for different values of the
electrostatic field. Using all these data, the Garfield has simulated the dynamics
beginning with the generation of primary ions and ending with signal induction
on the readout strips. The amplitude of signal from RPC has been found out by
passing muons of randomly varying energy (0.5 - 10 GeV) and direction (§ = 0°
- 10°, ¢ = 0° - 360°). This calculation has been repeated at different values of
electric field to find the optimum range for RPC operation. For an applied field
below 40 kV /cm, no detectable signal has been found and beyond 50kV /cm, the
signal goes to saturation, which indicates the gain of the detector going beyond
the Raether limit [13|. Variation of average signal amplitude with the applied field
and the amount of SFg, present in the gas mixture has been studied.

The fastness of the detector and accuracy of timing measurements depend on the
value of average signal arrival time and the time resolution of the detector, respec-
tively. The timing properties of RPC have been calculated by analysing the signal
shapes generated by the Garfield, using Root data analysis framework [14] v6.02.
For any signal, the time of crossing a certain threshold value of current has been
defined as the signal arrival time. The value of signal arrival time has been found
out for many events and a distribution has been obtained. It has been fit with a
Gaussian function and the mean of the fit has been defined as the average signal
arrival time and the value of standard deviation, ¢ gives the intrinsic time reso-
lution of the detector. The value of both average signal arrival time and intrinsic
time resolution has been calculated at different electric fields and found to improve

with the increase in electric field. The same calculation has been performed by
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varying the amount of SF4 in the gas mixture and both the parameters have been

found to deteriorate with the increase in SFg percentage [6] (shown in figure 5(a)).
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Figure 5: Variation of intrinsic time resolution of RPC with the (a) amount of
SFg, present in the gas mixture when E, = 45 kV /cm, (b) distance from the edge
spacer when the RPC is operated with 0.2% SFg.

To assess the effect of detector components on its performance, the electric field
configuration of the prototype has been simulated with care.The field map of the
prototype RPC, calculated using two numerical models, namely, Finite Element
Method (FEM) and Boundary Element Method (BEM), has shown a distortion
near edge spacer, button spacer and the corner region of the RPC [15]. Calculation
of signal amplitude as well as timing properties has been done to find out the effect
of those special regions on the RPC response. The value of signal amplitude has
been found to reduce as one approaches the edge spacer and the button spacer and
so as the timing performance (see figure 5(b)).

Another attempt has been made to observe the effect of an artifact, such as sur-
face asperities of the bakelite plates, on the detector performance. The change due

to the roughness of the plates has been studied through numerical evaluation of
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the electric field using a model based on real measurements of the bakelite surface.
The surface profile of two grades of bakelite (P-120 and P-3) plates, with and with-
out applying silicon oil has been analyzed using ContourGT-K optical microscope.
Also AFM measurements have been carried out with the same samples. The data
have been analyzed using MATLAB [16] R2009b to find out the asperities and
used to model the surface roughness. The inner surface of one bakelite plate has
been modeled with a few typical representative structures obtained from the data
analysis of the measurements, such as, box and pyramid and wave-like periodic
structures and the electric field map has been computed [17]. The calculations
have been done using both neBEM and COMSOL Multiphysics® [18] v5.2, a FEM
based software. The effect of these structures on the RPC response, if any will be
found out next.

The field calculations using COMSOL Multiphysics® has been performed in a
DELL workstation having 56 GB RAM and Intel® Xenon® 2 GHz processor run-
ning Windows 10 Professional. Calculations using Garfield has been performed in
Linux based servers of HP and DELL. The HP blade server with 16 GB RAM and
Intel® Xenon® 2.0 GHz processor runs in Scientific Linux 6 and the DELL server

having 252 GB RAM and Intel® Xenon® 2.2 GHz processor runs in CentOS 7.

0.4 Studies on MRPC

Numerical calculations have been performed on a standard 6-gap MRPC geome-
try [19] to observe the advantage over present single-gap RPC in its timing perfor-
mance. The dependence of the signal amplitude and the timing response on the
applied voltage and the used gas mixture has been computed for this case following

the same numerical methods as have been used in case of the single-gap geome-
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try. To understand the effect of various geometrical parameters, several cases have
been simulated with reduced gas gap width, increased number of gas gaps etc.
The results have been compared with the experimental data, available from other

sources.

0.5 Related issues

0.5.1 Large area bakelite plates

In view of the requirement of large area coverage and unavailability of large dimen-
sion bakelite plates, it has been found useful to explore the possibility of fabricating
them by joining smaller units and using them to produce the RPC gas chamber [4].
In this context, the electrostatic field map near the joint has been produced numer-
ically using the FEM and BEM to explore the effect of any imperfection created
along the joint. A model of composite RPC has been created by joining four plates
of dimension 30 cm x 30 c¢m using a glue (dielectric constant = 4.69) of variable
width (40 pm - 200 gm). The model parameters in the numerical simulation have
been chosen on the basis of the measurements done using Olympus MX 51 optical
microscope of one of the modular bakelite plates. The distortion in the electric
field due to the presence and the variation of width of the glue has been found out

which is expected to affect the RPC response at and around the joint.

0.5.2 Eco-friendly gas mixture

Preliminary calculations have been done to check the potential of using an eco-
friendly gas mixture for the avalanche-mode operation of the RPC. Along with

some basic experiments, the signal generated from RPCs operated with several
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argon-CO, based gas mixtures has been calculated numerically, as a first step. By
comparing the results of the signal simulation for both of the standard and the
proposed gas mixtures, it has been found that the RPC may be operated at lower
voltage in case of argon based mixture to get a similar performance. One bakelite
RPC has been operated with those mixtures and their voltage versus current char-
acteristics has been obtained which has indicated the onset of avalanche at lower
voltages for the mixtures with higher amount of Argon. However, the growth of
the avalanche is much more controlled in CoHsF, based mixtures with respect to

the Argon based one.

0.6 Summary

The performance of an RPC has been studied in detail using experimental as well
as numerical tools. A comparison between them has been made to understand the
basic physics of the working of the RPCs which is important for its application in
INO-ICAL setup. The shapes of the signal and its rise time from the numerical and
experimental data match quite well. The value of intrinsic time resolution found
from calculations are less than what we get from experiment, which is expected as
the effect of electronic jitter or any other component beyond the detector, which
may introduce extra fluctuation in the signal shape has not been considered in the
numerical calculations.

A few RPC prototypes have been fabricated using bakelite plates and related com-
ponents. A better method of painting the bakelite plates using a liquid graphite
paint mixed with thinner has been adopted to ensure uniform resistivity of the
coat. The RPC prototypes have been tested with different CoHyFy based gas mix-

tures and their timing performance have been studied. The detector has shown
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to become faster at a higher voltage, and also, its time resolution has improved.
Introduction of SFg¢ by a small amount to restrict streamer production, has made
the detector slower.

Systematic numerical calculations have been performed to understand the dynam-
ics of the signal production. The detailed electrostatic field map has been calcu-
lated using FEM and BEM and the results have been found to match within 0.5%
for a regular region. However, a deviation in their values has been found near
some geometric components like edge spacer, button spacer, and the corner of the
detector. BEM is known to be more precise in calculating the electrostatic field
values even at those critical regions due to its method of calculating field directly
from the charge distribution. On the other hand, in FEM, more error is introduced
due to its calculation by interpolating or extrapolating values from neighborhood
points. Although from both of the calculation methods, it has been observed that
the presence of these components affects the field distribution near them.

The numerically calculated signal amplitude has been found to increase exponen-
tially with the increase in the applied field and its value has reduced with the
increase in SFg amount. Also, the timing performance of the detector has been
found to improve with the increase in applied field, however, has deteriorated with
the amount of SFg. The affected field map near edge spacer and button spacer has
influenced the signal as well as the timing parameters adversely.

The presence of artifacts in the detector components such as the rough structures
on the RPC plate has been found to affect the nearby field map which is expected
to influence the RPC response also.

The value of timing parameters obtained from the simulation of an MRPC has

proved that the time resolution can be improved in moving to the multi-gap geom-
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etry from the single-gap one and the resolution further improves with the increase
in applied field.

The electrostatic field near the joint of the modular plates to form bigger RPCs,
has been found to be distorted due to the presence of the glue which is likely to
affect the detector response.

The preliminary study to find an alternative gas mixture for avalanche mode op-
eration of the RPC has shown a large avalanche production for Argon based gas
mixtures which has made it possible to operate the detector at a lower voltage.
The probability of streamer production in Argon based gas mixture is an important

factor that needs to be considered for stable avalanche mode operation of RPC.

0.7 Future Plan

The value of RPC signal and timing parameters near the button spacer and the
corner region of RPC will be found out numerically. It is also planned to find the
effect of plate roughness on the RPC performance. As RPCs made of glass have
been primarily chosen as the active detector element for ICAL, it has been planned
to repeat the calculations for a typical glass RPC prototype [20] and compare the
results with the available experimental data. In the ICAL setup the RPCs will be
operated under the constant exposure of a high magnetic field. It is planned to
repeat the calculations in presence of a constant magnetic field of 1.3 T, to find
its effect on RPC timing performance, if any. Finally, the effect of variation in the

timing properties of individual RPCs on the physics goal of ICAL will be studied.
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Introduction

The thesis begins with an introduction to a branch of physics that deals with an
incredible particle, the neutrino, in section 1.1 with brief discussions on its pro-
posal and discovery, its sources and the elusive puzzles rendered by it, that led to
the discovery of the phenomenon of neutrino oscillation. Section 1.2 describes a
magnetized Iron Calorimeter (ICAL) [1] to be commissioned at an underground
facility, namely, the India based Neutrino Observatory (INO) [2], designed to ad-
dress several outstanding issues of neutrino physics. One of the gaseous detectors,
namely, the Resistive Plate Chamber (RPC) [3], opted as the detection element
in the calorimeter, is introduced in this context. Finally in the section 1.3, the

motivation of the present thesis work is explained briefly.




Chapter 1. Introduction

1.1 Neutrino Physics

According to the Standard Model (SM) [4-7| of particle physics, neutrinos are
electrically neutral massless fermions that occur in three distinct types or flavors,
namely, electron neutrino (v.), muon neutrino (v,) and tau neutrino (). Al-
though, they are the second most abundant particles in the universe after the
photons, they are notoriously difficult to detect because they interact only via
weak subatomic force. Due to the very short range of weak force, neutrinos typ-
ically pass through normal matter unimpeded and undetected, at a speed nearly
equal to that of light. They do not possess any charge and hence can not ionize the
matter and thus remain unobserved. The two types of interactions with matter
they participate in, are electric charge changing reactions or, namely, the charged
current (CC) interaction and electric charge preserving reactions or, namely, the
neutral current (NC) interaction. However, the discovery of neutrino oscillations
in recent time provided experimental evidence for neutrino flavor conversion mech-
anism implying non-zero neutrino masses which in turn makes the SM description
of the leptonic sector inadequate. In addition, it also implies that the neutrinos
interact via gravitational interactions which may affect their role in astrophysics
and cosmology. All these new findings make the neutrino physics one of the fastest

evolving fields in physics today.

1.1.1 Proposal and discovery of neutrinos

The neutrino was first postulated in 1930 by Wolfgang Pauli [8] to explain the en-

ergy spectrum of nuclear beta decay where a radioactive nucleus was transformed
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into a lighter nucleus with the emission of an electron. The electron was found to
be emitted with a continuous spectrum of energy in contrary to a constant value
as predicted by the kinematics of two body decay. Pauli theorized an emission
of a neutral particle (hence undetected) along with the electron that carried off a
share of the constant energy expected for the electron alone. In the following year,
Pauli’s suggestion was corroborated by a theory of beta decay presented by Enrico
Fermi.

Neutrinos were first decisively detected by Frederick Reines and Clyde Cowan in the
inverse beta decay reaction experiment performed at the Savannah River nuclear
reactor [9]. The electron neutrinos from the reactor interacted with the protons
of the nuclei of water molecules in a large tank they set up and produced a neu-
tron and a positron. The annihilation of the positron produced two back-to-back
gamma rays and another gamma ray was emitted after few micro seconds by the
cadmium nuclei of the cadmium chloride, dissolved in the water, due to neutron
capture. The coincidence of these two gamma signals confirmed the inverse beta
decay process.

The muon neutrino was discovered in 1962 at the Brookhaven National Labo-
ratory by Leon Lederman, Melvin Schwartz and Jack Steinberger [10] using the
Alternating Gradient Synchrotron (AGS). The experiment used a beam of the
AGS’s energetic protons to strike a Beryllium target and produce a shower of pi
mesons or pions which were allowed to travel a distance (~ 21 m) before hitting a
thick steel shield (~ 13 m). On the way, some of the pions decayed into muons and
neutrinos and only the latter particles could penetrate the shield to reach a neon
filled spark chamber containing a series of parallel aluminum plates. The impact

of neutrinos on the aluminum plates there produced muon spark trails that proved
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the existence of muon-neutrinos.

In 2000, the first evidence of tau neutrino was found by the DONuT experiment
at Fermilab [11|. Using Fermilab’s Tevatron accelerator, an intense neutrino beam
was produced by smashing high energy protons into a large metal block or beam
dump. Neutrinos, that resulted from the decays of particles created in the collisions
of the protons in the metal block, escaped while rest of the particles produced in the
dump were absorbed by the material. The emerged neutrino beam containing tau
neutrinos was allowed to cross an emulsion target made of iron plates interleaved
with layers of emulsion sheets for recording the charged particle tracks. Among
the neutrino interactions located in the emulsion target, several were observed to
produce the 1 mm long tell-tale track of tau lepton with a bend at the end indi-
cating its decay into other charged particle.

In order to explain the results from LSND experiment [12], a fourth type of neu-
trino having no SM interaction was proposed and named as sterile neutrino. But

none of the experimental attempts yet could confirm its existence.

1.1.2 Neutrino sources

The neutrinos are produced with a varying energy range by different natural as
well as artificial sources as shown in figure 1.1. A brief discussion of the major
neutrino sources follows next.

Cosmological neutrinos : They are the most intense natural neutrinos avail-
able to us from the nature. Cosmological neutrino background is a relic of the Big
Bang and hence the neutrinos are often termed as relic neutrinos. According to

the Big Bang theory, they are large in number (about 330 neutrinos per cm?) and
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Figure 1.1: Predicted neutrino flux from different natural sources.

decoupled after the first second of the birth of the Universe. But they are hard to
detect because in addition to their weakly interacting nature, their kinetic energy
is also too low (~ 0.1 meV) to initiate any process. So far, no experiment was able
to detect them.

Solar neutrinos : The Sun is a source of electron type neutrinos (v, 7). Ac-
cording to the Standard Solar Model (SSM) [13-16], the Sun consists of hydrogen
plasma and produces high intensity electron neutrino flux while converting hydro-
gen to helium through two sets of nuclear fusion reactions. Most of the neutrinos
are produced in proton-proton (pp) chain reactions and carbon-nitrogen-oxygen
(CNO) cycle is the other production mechanism. They were first detected in 1970
by Homestake experiment [17] which successfully detected and counted the solar
neutrinos. A discrepancy between the predicted and measured rates of neutrino
detection was observed and later corroborated by the neutrino flavor oscillations.
Supernova neutrinos : During the supernova explosion, a huge number of neu-

trinos and photons are produced. The massive star radiates almost all of its binding
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energy in the form of neutrinos. Because they interact weakly with matter, they
escape from the star before light is generated. The source of light that comes out of
the supernova explosion is the core collapse which causes shock wave front to move
outward and explode as it reaches the surface. This generates a burst of photons
which follows a burst of neutrinos. The neutrino signal can therefore give infor-
mation about the very early stages of core collapse. This is why massive neutrino
detectors, such as, Borexino [18], Daya Bay [19,20], KamLAND |[21], LVD |[22],
IceCube [23|, Super Kamiokande [24] etc. are considered as parts of a SuperNova
Early Warning System (SNEWS) [25] which forecasts a possible supernova explo-
sion and prepare the astronomers to look for photon signals. The detection of 24
neutrinos worldwide within a time window of 12 seconds in 1987 from supernova
1987A confirmed the production of electron neutrinos in supernova.

Terrestrial/Geo-neutrinos : They are electron anti-neutrinos which are pro-
duced in the radioactive decays of unstable, radioactive elements inside the Earth.
A quantitative measurement of the geo-neutrino flux may help in understanding
the radioactive nature of the Earth. They were first observed by the Kamioka lig-
uid scintillator antineutrino detector (KamLAND) experiment in 2005 [26]. The
experiment measured the geo-neutrino flux with the observed energy spectra con-
sistent with the expectation of **U and 23?Th decays in the Earth.

Atmospheric neutrinos : They cover a wide range of energy with a large varia-
tion in their flux as can be seen from the figure 1.1. These neutrinos are produced
in the collision of primary cosmic rays consisting of mostly high energy (~ GeV)
protons with the nuclei in the upper atmosphere which produce hadron showers,
mainly of pions and kaons. These hadrons decay into muons and muon neutrinos

and the muons further decay into electron, electron neutrino and muon neutrino
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while passing through the atmosphere. The atmospheric neutrinos were first ob-
served by underground experiments in the mines of Kolar Gold Fields (KGF) in
India |27] and in South Africa [28|. The atmospheric neutrino flux, which is ap-
proximately 10%/m?2-s, peaks just below a GeV and falls thereafter faster than
1/E?, E being the energy.

Astrophysical neutrinos : Astrophysical sources like Active Galactic Nuclei
(AGN), Gamma Ray Burst (GRB), are believed to be a source of high energy neu-
trinos. The flux of the neutrinos reaching the earth is low and therefore they require
large volume neutrino telescope to be detected. The IceCube experiment [29] de-
tected 37 neutrino events with energy ranging from 30 TeV to 2 PeV.
Reactor/Accelerator neutrinos : The man made nuclear reactors and parti-
cle accelerators serve as sources of neutrinos. The reactor neutrinos are mainly
anti-neutrinos produced by the beta decays of the fission products. On the other
hand, the accelerator neutrinos are produced by the decay of charged pions or
kaons generated from the bombardment of high energy protons on a fixed target.
The energy of neutrinos from accelerators can go up to 100 GeV and the reactor

neutrino energy is around 10 MeV.

1.1.3 Neutrino puzzles

A few elusive observations about the neutrinos that acted as the principal impetus

behind all the past and present neutrino researches are discussed next.

Solar neutrino puzzle - The experimental study of solar neutrinos was first done
by R. Davis in 1960’s [17] in the well known Homestake experiment. It was a radio-

chemical experiment in which v, interacted with Chlorine to produce Argon. The
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experimental set up consisted of a huge tank containing liquid tetrachloroethylene,
CyCly, a clearing detergent, which was placed in Homestake gold mine at 4400 m
underground in order to reduce cosmic ray background. The radioactive Argon
(*"Ar, 712 ~ 35 days) atoms were collected for several months and their number
was counted from the observed electron capture decay to 3"Cl. It was found that
the number of neutrino capture events measured was only about one third of the
theoretical value predicted by Bahcall [30]. The puzzle was solved by the Sudbury
Neutrino Observatory (SNO) [31] which could detect the neutrino oscillation phe-
nomenon. It was a 1000 ton heavy water (D2O) Cherenkov detector which was
sensitive to both the CC and NC interactions. As a results, it could measure the
fluxes of the electron neutrino as well as that of other flavors from the Sun. The
measured electron neutrino flux was found to be less than that of all the active
flavors [31]. But the total neutrino flux via NC measurement was found equal to

the SSM prediction.

Atmospheric neutrino anomaly - From the production of atmospheric neutri-
nos, as presented in section 1.1.2, the ratio of the number of muon neutrinos (and
anti-neutrinos) to electron neutrinos (and anti-neutrinos) was predicted to be 2
with 5% uncertainty in the GeV energy range. But the measurements carried out
by the early water Cherenkov detectors like Kamiokande [32], IMB [33], reported
smaller values of the ame indicating deficit of u like events. Super-Kamiokande [34]
which was a 50 kton ring imaging water Cherenkov detector, reported deficits in
the muon fluxes with respect to Monte Carlo (MC) predictions while the v, (7)
distributions agreed with MC values. It also showed that the muon deficit was a

strong function of zenith angle or equivalently the neutrino flight distance [35].
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1.1.4 Neutrino oscillation

The idea of neutrino oscillations was proposed by Bruno Pontecorvo in 1957, ac-
cording to which the neutrino produced with one flavor has a non-zero probability
of transition in flight to a different flavor by virtue of its non-vanishing mass which
is beyond the scope of the SM. If, however, neutrinos have mass and furthermore,
the neutrino flavors are mixtures of mass eigenstates of different masses, then the
quantum mechanical evolution of these flavor states makes neutrinos to oscillate.
The admixture of mass eigenstates in a given flavor state are parametrised by a
set of mixing angles. Pontecorvo predicted possible variations of the solar flux on
the Earth due to neutrino oscillations [36]. Subsequently, the experimental ob-
servations of the deficit in the number of solar neutrinos as well as atmospheric
muon neutrinos could be accounted for on the basis of the neutrino oscillation phe-
nomenon which was the first direct and unambiguous evidence for physics beyond
the SM. So far, many experiments on solar, atmospheric, reactor and accelerator
neutrinos clearly indicated that the neutrinos undergo flavor oscillations. The re-
sults of these experiments constrained the extent of mixing as well as the difference
between the squared masses. Although, the absolute masses are not constrained
by such observations, the data indicated that at least two of the neutrinos must
be massive and have different masses, estimated to be very small (of the order of
eV or even smaller).

For the propagation of the neutrinos in vacuum, the Hamiltonian from the Schroedinger
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equation of the time evolution of the mass eigenstates is given by,

E, 0 0
H, = 0 E, O (1.1)
0 0 FEs

where F; are the energies of the neutrino mass eigenstates, m; for ¢+ = 1, 2, 3. Since
E; ~ p; +m [2p; (1.2)

If the neutrinos have non-zero masses, the flavor eigenstates, v, (o = e, pu, 7), are
linear combinations of the mass eigenstates, v;, with mass, m; (i=1,2,3), via the

elements of the unitary mixing matrix, U,;, as shown below.

Vo) = ZUai‘Vi> (1.3)

The matrix, U,;, is known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing

matrix [36]. In the conventional parametrization, it can be expressed as follows.

1 0 0 C13 0 8136_Z5 C12 S12 0
U= 0 C23 S93 0 1 0 —S12 c12 0
0 —s93 €93 —8136716 0 C13 0 0 1
(1.4)
—id
C12C13 512€13 513€
= _ - 0 o 0
C23512 — 523513C12€ C23C12 — 523513512€ 523C13
_ i _ id
$23S512 — €23513C12€ 523C12 — €23513512€ C23C13

where ¢;; = cosb;;, s;; = sinb,; and 6;; (0 < 60;; < ) are three mixing angles and

9 denotes the CP violating (Dirac) phase. The probability of detecting a neutrino

10
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produced in flavor, o and energy, F as a neutrino with another flavor, # with same

energy after traveling a distance, L is,

AmZ L
Paﬁ == (5aﬁ —4 Z Re [U;ZUﬁzUa]UEJ} Sin2 ( ml] )

i>] 1B
1.5
* o (AmGL =
+2) " Im [U,UsUa;U3;] sin o
i>]

where Am?; = m7 — mj, are the mass squared differences. It follows from the

equations 1.1 - 1.5 that the neutrino oscillation depends on six independent pa-
rameters: two mass squared differences, Am2, = m3 - m? and Am32; = m3 - m2,
three mixing angles, 615, 613 and a3, and the CP violating phase, §. The (1-2)
sector is identified with oscillations at the solar scale and (2-3) sector with that at
the atmospheric scale while the (1-3) sector concerns the nuclear reactors.

The oscillation experiments are not sensitive to the absolute mass of neutrinos.
Since they can measure only the mass squared differences, the experimental data
can provide two possibilities for mass ordering. From the solar neutrino exper-
iments, the sign of Am3, is already measured and it is known that my > my
(Am3, > 0). But the sign of Am2, is yet unknown. That leave open two possible
mass orderings: mg > my > m; (normal mass hierarchy when Am3, > 0) and
ms3 < my < my (inverted hierarchy when Am2, < 0), as shown in figure 1.2. It
represents the present status of masses and their mixing as obtained from a com-
bined analysis of the experiments on solar, atmospheric, reactor and accelerator
neutrinos assuming normal mass hierarchy. However, the present data set does not
distinguish between two possible mass orderings - normal or inverted.

In the matter, the propagation of the neutrinos can be significantly modified by

the coherent forward scattering from particles they encounter along the way. As
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Figure 1.2: The normal and inverted hierarchy along with the present status of
masses and their mixing as obtained from the experiments on solar, atmospheric,
reactor and accelerator neutrinos.

a result, the oscillation probability changes from what it is in vacuum (equation
1.5). The flavor changing mechanism in matter is known as Mikhaev-Smirnov-
Wolfenstein (MSW) mechanism [37-39]|. The v, can have both CC and NC elastic
scatterings with electrons, while v, or v, undergo only NC interactions with the
electrons. As a result, the effective Hamiltonian gets an additional potential term

which is diagonal in the flavor basis and is given by,

V., 00
Vi=| 0 0 0 (1.6)
0 0 0

Here, V, = +v2GpN., is the effective matter potential where G, is the Fermi
weak coupling constant and N, is the electron density. The positive (negative)
sign applies to the electron neutrinos (anti-neutrinos). The NC components of
other flavors do not affect the oscillation probability. As a result, in the matter,

both the mixing angle and the mass squared difference, respectively, get modified

12



Chapter 1. Introduction

as follows.

. sin 20, ;
Sin 292]7” = C J
Amfjm = CAmfj

(1.7)

where C' = \/(cos 20;; — A)? +sin 20,;° and A = 2V./Am;. These equations put

forward a few important consequences of the MSW effect, such as, (a) the neces-

sity of long baseline or high matter densities to observe significant matter effects,

(b) different oscillation probabilities for neutrino and anti-neutrino due to matter

effects, (c) under the resonant condition, cos26;; = A, oscillations can be signifi-

cantly enhanced even if the vacuum oscillation probability is small, (d) the resonant

condition may be utilized to determine the neutrino mass hierarchy as it depends

on the sign of mass squared difference.

The current values of neutrino oscillation parameters obtained from the global

analysis of existing neutrino data are summarized in table 1.1 [40,41]. xWith

Table 1.1: Neutrino oscillation parameters

Relative 1o

Best-fit . .
Parameter 30 ranges precision
values .
(in present)
7.5 x 107° [7.0, 8.1] x 107 o (Ams,) = 2.4%

Am3, (eV?)
2

AmZ, (eV?) | 2.46 x 1073 (NH) |[2.32,2.61] x 1073 (NH) | o (Am2,) = 2.0%

Am2, (eV?) | -2.45 x 1072 (IH) | -[2.59, 2.31] x 1073 (IH) | o (Am2,) = 1.9%
sin? 01, 0.3 [0.27, 0.34] o (Asin?0y) = 4.4%
sinfy3 | 0.45 (NH), 0.58 (IH) [0.38, 0.64] o (Asin®fy) = 8.7%
sin? 03 0.022 [0.018, 0.025] o (Asin?03) = 5.3%
Scp (°) 306 [0, 360] -

the advent of experimental techniques and new data sets, the increasingly pre-

cise measurements of neutrino mass and mixing matrix parameters are sought to
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achieve new limits in the observations which set the aims of the neutrino oscillation

experiments as mentioned below.

e To observe the oscillation pattern over at least one full period.

e To obtain unambiguous evidence for matter effects and determine the sign

of Am32, = m3 —m2.

e To determine if #,3 is maximal, if not, to explore how well its octant can be

determined.

e To determine whether ¢ is non-zero, and if so, to obtain some measure of its

magnitude, provided, 63 # 0.
e To determine whether sterile neutrinos exist.

e To look for any non-standard effects beyond neutrino oscillations.

The proposed ICAL experiment at INO is designed to address many of these issues.
It is contemplated as both a detector for atmospheric neutrinos and as a future

end detector for a neutrino factory beam.

1.2 ICAL at INO

INO is an underground facility proposed to be built in order to augment the neu-
trino research activities in India where ICAL will be a major experimental setup.
It is a magnetized calorimeter dedicated for unambiguous and precise determi-

nation of the parameters of neutrino oscillation using atmospheric neutrinos. It

14
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will be commissioned in the underground cavern of INO with at least 1 km rock
overburden in all directions to allow only high energy cosmic ray muons and the
weakly interacting particles such as neutrinos to reach the detector. The cosmic
ray muons contribute significantly to the background of the neutrino events. But,
since the vertices of the most of the neutrino events originate inside the detector,
the atmospheric muon events can be separated out using the event topology. In
order to fulfill the goals of the neutrino oscillation experiments, mentioned in the

earlier section, the ICAL detector should have the following features.

e [t requires a large target mass to achieve a significant statistics of neutrino

interactions within a reasonable period (~ 5 years).

e Reasonably good energy and angular resolutions to measure L/E with an

accuracy better than half the period of modulation.

e Determination of the electric charge of muons to distinguish between neutrino

and anti-neutrino interactions.

The necessary determination of the direction of the neutrinos will be done by
measuring the same for the muons produced from CC interaction while the energy
will be estimated from that of the muons and hadrons. The ICAL should therefore
have good energy and angular resolutions to accomplish these measurements. The
(up/down) direction of the muons, necessary to estimate the distance, L traversed
by the neutrinos, is determined from the measurement of time of flight of the
muons. It demands good time resolution along with high efficiency for the ICAL
as well. The primary mechanism of detecting neutrinos utilized in ICAL is via

detection of muons produced in CC interaction of neutrinos with matter. The
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ICAL will have layers of iron interleaved with position sensitive detector elements
which are RPC and an approximately uniform magnetic field of 1.5 T which will
facilitate charge discrimination of the muons. The charge identification capability
of ICAL can also be used to measure the charge of the cosmic ray muons and
hence measure the charge ratio of the muons. The study of the charge ratio and
its variation according to the energy of the particles helps in understanding the
atmospheric neutrino flux, the composition of cosmic rays, the hadron interaction

in the atmosphere etc.

1.2.1 Design of ICAL

The ICAL has three modules of size 16 m x 16 m, each having 151 layers of 5.6
cm thick magnetized iron plates, leading to a target mass of 50 kton. They are
interleaved with 4 cm gaps to house the RPC as the detection unit. The area of

the RPC in each module will be 2 m x 2 m. The total area of the calorimeter thus
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Figure 1.3: (a) Schematic view of ICAL setup consisting of 3 modules and the
current carrying coils to produce magnetic field, (b) the scheme of 3D tracking of
particles in ICAL in presence of the magnetic field.
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reaches 48 m x 16 m and its height 14.5 m. Supports of iron spacers will be placed
at a separation of 2 m along the horizontal (X) and transverse (Y) directions of
the setup. Roads of width 2 m along the Y direction will enable mounting and
dismounting of RPC units. Each module of the ICAL will bear two vertical slots
for accommodating copper coils winding around for passage of current. It will
make the iron plates magnetized with a strength of about 1.5 T and at least 85%
of the detector volume with more than 1 T. The schematic view of the proposed
modular ICAL detector with the magnet coils on the top is shown in figure 1.3(a)
and the scheme of 3D tracking of muons in presence of the magnetic field in figure
1.3(b). The design specifications of the ICAL along with that for the RPC unit

are tabulated in table 1.2.

Table 1.2: Specifications of the ICAL detector

ICAL
No. of modules 3
Module dimension 16m x 16 m x 145 m
Detector dimension 48 m x 16 m x 14.5 m
No. of layers 151
Iron plate thickness 5.6 cm
Gap for RPC trays 4.0 cm
Magnetic field 1.5 T

RPC
RPC unit dimension 2m X 2m
Read-out strip width = 2.8 cm, pitch = 3 cm
Total number of RPCs ~ 29,000
No. of electronic read-out channels ~ 3.9 x 10°

RPC Performance

Detection efficiency > 90%
Position resolution ~ 1 cm
Time resolution ~ 1 ns
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1.2.2 RPCs in ICAL

The position information from all the RPCs in the ICAL stack will help in re-
construction of the tracks of the muons passing through it which is essential for
determining the momentum or energy of the muons from the curvature of the track
in the applied magnetic field and the sign of their charges as well. The timing in-
formation from the RPC will be utilized to distinguish the up-going muon tracks
from the down-going ones which is necessary for determining the path length of
the neutrinos. These lead to a requirement of a spatial resolution of the order of 1
cm and time resolution of about 1 ns of the RPC. A stable and long term operation
of the RPC with an efficiency about 90 - 95% is also an important requirement for
the entire experiment.

The RPC will be made up of a pair of 3 mm thick resistive glass plates of area 2 m
X 2 m with a separation of 2 mm maintained by plastic edges and spacers. A filling
gas of R-134A (CyHoFy) of 95.5% volume mixed with isobutane (i-C4Hjo) and a
trace amount of sulphur hexaflouride (SFg) will continually flow through the RPC.
A high voltage of about 10 kV will be applied to the glass electrodes by means
of a conductive graphite coating to operate it in avalanche mode. A high energy
charged particle, passing through the RPC, will leave signals that will be read by
orthogonal pickup strips of width about 3 cm laid along the X and Y-directions, on
each side of the RPC. This will allow a 2D position read-out of the event detected
in the RPC. The layer number will provide the Z-coordinate to complete the 3D
information. Thus, each RPC will be read out by 64 strips along the X-direction
(2 m) and 512 strips along the Y (16 m). The detailed technical specifications of

the glass RPC to be implemented in ICAL are mentioned in table 1.2.
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Phenolic paper laminates, commonly referred to as bakelite, is considered as an-
other option for building the RPC of ICAL detector owing to several advantages
as follows. (a) The surface planarity of bakelite coated with melamine with glossy
finish is comparable to that of glass, (b) it is more flexible and less fragile than the
glass, (c) its bulk resistivity can be controlled by adjusting the ratio of the phenol
and melamine. Apart from these technical reasons, a few more advantages, such as,
the bakelite is cheaper than the glass and is locally available in large dimensions,

make it a viable cost effective solution for making large area RPC.

1.3 Present Work

The present thesis work attempted to envisage the device physics of the RPC in
general through detailed numerical and experimental investigations. RPC being
the active detection element of ICAL requires a thorough understanding of its
working principle which is necessary for optimizing its design and operation suited
for its application in the ICAL experiment as well as predicting and analyzing
the experimental data. Numerical simulation may be an useful tool in this regard
which can emulate the RPC dynamics by computing the physics processes that
take place inside a gaseous detector as a result of passage of a particle. That can
be complemented by measured performance of the RPC to develop a comprehen-
sive understanding about its functioning. The exercise may thus help to build a
robust tool which can be useful to explore various aspects of the RPC, for example,
the dependence of the device performance on various design parameters and ma-
terials including their imperfections, the effect of operating conditions etc. which

may lead to an efficient utilization of the device.

19



Chapter 1. Introduction

The present thesis work carried out a systematic investigation on the bakelite RPC
for its optimized application in the ICAL. For measuring the device performance,
a few prototypes of bakelite RPC were fabricated and operated in avalanche mode
using the typical R-134A (CoHyF,) based gas mixture. Several experiments were
performed to study the effects of applied voltages and gas mixtures on the detector
response. On the other hand, a detailed numerical simulation was carried out for
computing the dynamics of the RPC beginning from the primary ionization of the
filling gas molecules due to the passage of muons through it till the generation of
a signal on its read-out electrodes. The simulated response of the bakelite RPC
for different operating conditions, such as, applied voltage, mixing proportions of
the gas components etc., were compared to the experimental data. The effects of
different design parameters and their imperfections, like, spacer components, use
of composite bakelite plates, their surface roughness etc. on the electric field were
investigated numerically which were otherwise difficult to measure experimentally.
A special care was taken in performing the field simulation in this work as the
electric field plays an important role in all the physics processes inside the device
except the primary ionization. Two numerical methods, namely, Finite Element
Method (FEM) and Boundary Element Method (BEM) were used for this purpose
and the results obtained from them were compared to ensure high level of accu-
racy. These results were utilized to assess the change in the detector performance
caused by various parameters and simulate the detector response.

To accomplish high precision measurement of neutrino oscillation parameters, a
reasonably good timing resolution of the order of 1 ns for the RPCs of the ICAL
is one of the major requirements, as discussed earlier. In this context, the timing

performance of the bakelite RPC as the detection unit of ICAL turns out crucial.
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The present work put an emphasis on this aspect by carrying out thorough nu-
merical simulation and experimental measurements. In this connection, the effects
of design parameters and operating conditions on the timing performance of the
detector were studied in detail.

Apart from stand-alone response, the performance of the bakelite RPCs in the
ICAL setup was explored by calculating the effect of the applied magnetic field on
their characteristic responses. An estimate of the charge identification efficiency of
the ICAL was obtained on the basis of their timing performance within the ICAL
setup. Based on the results, a guideline towards the optimization of the RPC de-
sign could be realized for achieving better efficiency through an improvement in the
timing performance. in this context, a numerical study was performed to explore
several design modifications of the RPC in order to assess their implications on its
timing performance.

While investigating the basics of the RPC responses, the effect of constraining the
time fluctuation by dividing the entire flight path into smaller lengths was explored
by carrying out numerical simulation of a standard multi-gap RPC (MRPC) [42].
The results of both the geometries were compared to investigate its advantage in
timing measurements over the single gap RPC. In the process, the effect of several
design parameters, such as, the gap width and the number of the gaps were studied
to indicate the optimized configuration for better timing performance.

An important issue that was addressed in the present work is the exploration for an
eco-friendly gas mixture to operate the RPCs in the ICAL. In the present context
of the Kyoto protocol on global warming [43], the existing CoHoFy based gas mix-
ture with average global warming potential (GWP) of about 1400 is unacceptable.

A study was initiated to investigate the qualification of a mixture of argon and CO4
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in operating the RPC in avalanche mode without compromising the objectives of
the ICAL. In this connection, a few numerical calculations and some preliminary
measurements were carried out.

The arrangement of the thesis is made as follows. Chapter 2 discusses about the
RPC in general and its application. The details of the fabrication of bakelite RPC
prototypes for the present work and some related issues are discussed in chapter
3. The characterization tests of these prototypes and their results follow in the
same chapter. Chapter 4 is dedicated to introduce the physics processes involved
in RPC functioning and also the tools used to simulate them. Chapter 5 discusses
the numerical simulation of the electric field configuration of the RPC along with
the details of the geometrical models considered for this work. In the Chapter 6,
the simulation of the RPC responses in terms of its current signal and timing are
described along with their dependence on various parameters. Chapter 7 includes
a discussion on the performance of RPCs in the ICAL setup under the action of
the applied magnetic field. The charge identification efficiency of the ICAL with
the present RPC performance is also presented here. A systematic study on the
multi-gap geometry is presented in Chapter 8 as a solution for improving the tim-
ing performance of the RPC. Chapter 9 discusses the studies carried out to qualify
an eco-friendly gas mixture for the ICAL RPCs. Finally, the thesis ends with in

chapter 10 with the summary and future outlook of the present work.
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Resistive Plate Chamber

The RPC is used in many high energy physics experiments for both triggering and
tracking purposes as the device can provide excellent time and position informa-
tion. The added advantages of simplicity and robustness in its design and low
budget construction make it a viable option for many large scale experiments like
the ICAL at INO facility. The present chapter discusses about the detector in gen-
eral starting with its evolution in the timeline of the gaseous detector development
in section 2.1. The next two sections, 2.2 and 2.3, describe its design and choice
of gas mixtures. The working principle of the detector is dealt with in the section
2.4. Several variants of the RPC and their application in different experiments are

presented in the sections 2.5 and 2.6, respectively.
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2.1 Genesis of RPC

The RPC descended in 1980’s from Parallel Plate Counter (PPC) that was de-
vised in late 1940’s |44] to address the improvement in timing resolution of the
then gaseous detectors having wire like anode configuration. The PPC consisted
of a pair of metallic electrodes with a gaseous medium confined between them. The
chamber worked on the same principle of any gaseous ionization detector where
an electronic signal was induced on suitable read-out electrodes due to movement
of charges within the gas volume under the action of a strong electric field applied
across the detector. The charges were generated from ionization of the gaseous
molecules initiated by a passing charged particle that grew into an avalanche of
electrons by subsequent ionizations while moving in the strong field. In PPC, the
application of suitably high voltage transformed the avalanche to a streamer where
additional ionizations were caused by the photons produced from de-excitation of
gaseous molecules. Eventually, this grew into a conducting plasma filament con-
necting both the electrodes which led to a spark and the electrodes were discharged.
The rapidly growing anode current was transformed into a voltage signal through
a resistor and this signal indicated the arrival of the charged particle. This mode of
operation made the time fluctuation in charge collection less due to rapid growth
of the streamer. It offered a time resolution of the order of 1 ns in comparison to
100 ns obtained with the Geiger Muller Counter type wire chamber used at that
period of time. However, the use of PPC faced a challenge when an increase in
the electrode dimension led to large discharges that resulted in long dead time as
well as damage of their surface. To overcome the problems, electrodes with finite

resistivity around 10° Q-cm were introduced to confine the discharge within a small
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area around the location of primary ionization. This caused the high voltage to
drop over a small area during the discharge while the rest of the area remained
sensitive for detection of charged particles. The electrodes were recharged with a
relaxation constant bigger than the typical time scale of the avalanche develop-
ment.

The first detector to implement the resistive electrodes was Planar Spark Chamber
(PSC) [45] which achieved a time resolution of 25 ps. It used a semi-conducting
glass as its anode and a metal cathode. The signal was read out using strips of
copper laid on the outer surface of anode. However, a thin gap of 0.1 mm between
the electrodes combined with a high electric field of 500 kV /cm required reasonably
good surface smoothness. Also the PSC was designed to be operated at an over-
pressure of 12 bar. Subsequently, The RPC was introduced in 1981 [3| with several
practical simplifications in the design and operation of the PSC that included use
of plastic materials instead of glass, less requirement of mechanical precision and
absence of overpressure. Together with these advantages, it achieved a time reso-
lution of 1 ns which resulted in its wide acceptability in those experiments where

large detection area was needed along with low counting rate.

2.2 Design of RPC

RPC is basically a gas filled chamber consisting of two parallel electrodes with
at least one made of highly resistive materials. Typically, glass or bakelite (high
pressure laminate) with bulk resistivity about 10° - 10*? Q-cm are used. However,
some other resistive materials, like, cellulose, melamine laminate with phenolic

plates, PolyVinyl Chloride (PVC), Acrylonitrile Butadiene Styrene (ABS) etc., are
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also utilized sometimes. The rate handling capability of the detector depends on
the bulk resistivity of the electrodes. The charge, (), deposited on the electrode in
the process of signal generation, disperses in a time, 7, called the relaxation time,

following the exponential expression,

Q(t) = Qoexp(—t/7) (2.1)

where @(t) is the charge at any instant, ¢. The relaxation time, 7 can be found out

from the electrode resistance, R, and parallel plate capacitance, C, as follows [46],

- () ()
e e (2.2)

= Pe€e€o

where, p. is the bulk resistivity of the electrode, ¢ is the absolute permittivity
and €., the relative permittivity of the electrode while d, and A, are the depth
and area of the electrode. Typical values of p, for bakelite (with e, = 5) and glass
(with €, = 14) are 10'° Q-cm and 102 Q-cm, respectively, which yield the value of
7 for the bakelite and glass RPC as 5 ms and 1 s. This shows why bakelite RPC
is preferred for high rate experiments over the glass one. During this relaxation
period, the charges accumulated on the electrodes cause the high voltage and hence
the electric field to drop around the location of the event, making this part of the
detector inactive locally till the field is restored.

A uniform electric field in tens of kV /cm is generated across the gap filled with a gas
mixture by supplying high voltages to the electrodes. A thin layer of graphite coat
with appropriate surface resistivity is applied on the outer surface of the electrodes

to distribute the voltage. The value of surface resistivity should be small enough

26



Chapter 2. Resistive plate chamber

to allow uniform spreading of the voltage, but not too low to shield the induction
of a signal due to the charge movement in the gas volume on the read-out strips,
capacitively coupled to the gas gap. The typical surface resistivity of the graphite
coat is about 1 MQ /0. Also, it is desirable to have a uniform value of resistivity
all over the surface to avoid any possible non-uniform response from the detector.
A set of parallel metallic read-out strips are mounted on the external surface of the
electrodes insulated from the coated surface of the electrode using a mylar sheet.
Usually, two different sets of read-out strips oriented in orthogonal direction to
each other are used on either sides of the chamber to obtain position information
of the event along the two directions. They are kept at ground potential. Since
the resistive electrodes are transparent, signal is induced on the read-out strips
following Shockley-Ramo theorem [47, 48| (discussed in section 4.1.6, in detail).
The read-out strips behave like transmission lines having characteristic impedance

typically around 50 €2. The schematic diagram of an RPC is shown in figure 2.1.

Read-out strips (Y)

Insulator
Resistive plate
Conductive Gas chamber I\ T
coating Button spacer
Resistive plate

Read-out strips (X) Edge :spacer

Figure 2.1: Design of a typical single gap RPC.

A proper gas mixture is flown through the gas chamber maintaining atmospheric

pressure.
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2.3 Choice of Gas Mixture

The very basic requirement of a gaseous detector working in proportional mode is
the production of sufficient primary ionization by the incident particle or radia-
tion in order to achieve a subsequent large signal via multiplication of the primary
charges. Noble gases having lower ionization potential are the best choice for this
purpose and used widely as the principal fill gas in most of the gaseous detectors.
In the process of interaction of the charged particle with the gas molecules, the
excitation of the molecules can lead to the emission of visible or ultraviolet photons
which may initiate spurious avalanche processes through photoelectric interactions
at other locations away from the actual site of primary interaction. This can lead
to a loss of proportionality as well as a deterioration in position resolution. Photons
can also be produced in the process of recombination of electrons and ions. So, the
gases capable of absorbing the ultraviolet photons are required for proper opera-
tion of the detector which are often called quench gases. Usually, the polyatomic
gases in small amount are opted to suppress the effect by absorbing the photons in
a mode that does not lead to further ionization. In addition, a very small amount
of highly electro-negative gases are added to restrict the avalanche production in
order to prevent the streamer development through the mechanism of electron
attachment and reach a stable operating condition. The following gases are com-
monly used in RPC operation. The detector characteristics can vary considerably
depending upon the specific choice of the gases and their relative percentages in

the mixture.

Argon (Ar) : This noble gas is a popular choice because of its easy availability,

low cost and good stopping power for incident radiation. A high ionization cross-
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section of this gas allows production of large number of primaries that leads to

bigger avalanches.

R-134A (CyH,F,) : It is a variant of freon, however, is comparatively less haz-
ardous to the environment. Along with a large primary ionization cross-section, it
has a property of controlling the avalanche generation due to its slightly electro-

negative nature.

Iso-butane (i-C4H;jg) : It is used as a quencher that can absorb the energy of the
photons in its vibrational states. Since it is a combustible gas, its concentration

in the gas mixture is always kept below the flammability limit.

Sulpher hexaflouride (SFg) : It is a strongly electro-negative gas that helps in
arresting the avalanche development through electron attachment. This leads to

an effective reduction in the formation of streamers.

2.4 Principle of Operation

The functioning of RPC follows the basic working principle of a gaseous detec-
tor. When an energetic charged particle or radiation passes through the RPC
gas chamber, it imparts its energy partially to the molecules of the gas mixture,
causing their ionization or excitation. In presence of an electric field, the electrons
and ions, created in the primary ionization of the gas molecules, move towards
the anode and the cathode, respectively. At lower values of the electric field, the
electrons and ions may get lost due to processes like recombination, attachment,
electron capture etc. When the electric field is sufficiently high, the electrons may

gain enough kinetic energy to ionize other molecules when they collide with them,
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liberating more electrons and ions, a process termed as secondary ionization. De-
pending upon the kinetic energy gathered by the electrons, they can cause further
ionization even after the secondary level until their energy falls below the ionization
potential of the molecules. The ions, being very heavy, generally move slower and
the probability of secondary ionization by the ions is quite less usually. If ng is the
number of primary electrons in a cluster produced at any particular point inside
the gas volume, the total number of electrons generated by the primary electrons

through Townsend avalanche after traversing a distance x is,

n = ngel® P2 (2.3)

where, « is the first Townsend coefficient which is the number of ionizations per
unit length and ( is the attachment coefficient which is the number of electrons
captured by the electro-negative gas molecules per unit length. Then, the gain of
the detector is defined as,

G=" (2.4)

o
The value of G characterizes the RPC operation in two modes, namely, avalanche
and streamer, which are strongly dependent upon the applied voltage and the fill

gas.

2.4.1 Avalanche mode

As explained earlier, the passage of an energetic particle or radiation through the
gas medium of the detector gives rise to primary electrons and ions which lead to

further ionizations while moving under the action of the applied electric field. The
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movement of all the charges thus produced in a cascade of ionization, commonly
called as avalanche, induces a current on the read-out strips. The steps of signal

generation from RPC in avalanche mode is shown schematically in figure 2.2. In

Figure 2.2: Steps of signal production in RPC : (a) primary ionization by the
incident particle, (b) movement of the charges create more charges via sec-
ondary /tertiary ionizations, (c¢) production of electron avalanche.

this mode, the RPC functions in proportional region where the produced charge is
directly related to the primaries through a multiplicative constant which is the gas
gain, GG. For a small GG, the amount of charge generated in the gas volume is less
and there is no significant space charge effect to alter the operating condition of
the RPC. Thus, the amplitude of the generated signal is small and an amplification
stage is generally required to produce detectable signal for acquisition. The typical
average charge produced is about 1 pC.

It also makes RPC capable of handling fast influx of particle as the produced charge
is small in magnitude. Since an RPC with localized discharge can be considered
as a collection of large number of independent discharge cells, the area of a single

discharge cell can be expressed as follows,

_@d

A
Eov
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where @) is the total charge deposited over the area, A when a voltage, V' is applied
across a gap, d. It explains the importance of the total charge, ) in the detection
rate of that the RPC can sustain. For smaller (), the area of the discharge cell is
smaller which leads to higher rate capability.

To operate the RPC in avalanche mode, a mixture of CoHoF,, i-C4H1¢ and SFg is
used as the fill gas. Here, CoHyF, acts as the main ionizing medium (~ 95% by
volume) owing to its large ionization cross section. In addition, its high electron
affinity becomes useful to arrest the development of streamer. A very small amount
of SFg (< 0.5%) is also used for the same purpose. i-C4Hio (5%) acts as a quencher

in the mixture.

2.4.2 Streamer mode

With the increase in the applied voltage, the gain, G rises and at certain value,
photons start to contribute to the avalanche development and cause a spread of
the avalanches. When the total charge in the avalanche corresponds roughly to the
charge density at which the space charge field becomes comparable to the applied
field, a plasma channel is formed between the electrodes and a spark is created at
this stage. This leads to the discharge of a local area on the electrodes due to their
bulk resistivity and the electric field drops around the spot. The value of the total
charge is found to be an universal one in parallel plate geometry at pressures close
to or larger than 1 atm and is known as the Raether limit [49]. The exact value
of Raether limit depends on the particular design and also on the gas mixture and
pressure. In this mode of operation, the generated charge is about 50 pC to few

nC, much larger than that of the avalanche mode. This eliminates the requirement
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of subsequent amplification stage. However, the dead time is larger in this mode
and so the detector can operate only in low count rate condition.

To operate RPCs in streamer mode, a mixture of argon and CoHoF, is used as the
major components of the mixture with a small amount of i-C4H;y as the quencher

component.

2.5 Types of RPC

A lot of variations can be implemented in the design of RPCs depending on their
utility. Based on the use of different resistive and/ or metallic electrodes, read-
out panels and gas gap configurations, RPCs can be classified into several types,
namely, single gap RPC, double gap RPC, multi-gap RPC, hybrid RPC, micro

RPC etc. The two designs relevant for the present work are described below.

2.5.1 Single gap RPC

In this configuration, two resistive electrodes are used to form a single gas gap
between them, usually with a height of 2 mm. This happened to be the design
opted for building the first RPC with bakelite electrodes [3]. Due to excellent
mechanical stiffness and surface quality, the glass RPCs are also widely used in
many high energy physics experiments [1,50]. The schematic of a typical single
gap RPC is shown in figure 2.1. These RPCs are operated both in avalanche and
streamer mode. They provide more than 95% detection efficiency for atmospheric

muons and a time resolutions of about 1 - 2 ns independent of the operating mode.
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2.5.2 Multi-gap RPC

A considerable fluctuation of time in the RPC response is produced due to the
statistical nature of the avalanche process and the fairly large distance traversed
by the charges from the interaction point to reach the electrodes. A novel design
in the form of Multi-gap RPC (MRPC) was introduced in 1996 [42]| to alleviate
this problem. In this configuration, the total gas volume is subdivided into many
smaller volumes using resistive plates. The schematic of a typical 6-gap MRPC is
shown in figure 2.3. Based on the experimental purposes, the individual gas gap

Read-out strips (Y)

Insulator
Resistive plate
Conductive N /Gas
coating x gap
. ——
. . T
Floating ; Button
plate ~
= spacer
Edge Resistive plate
spacer

Read-out strips (X)

Figure 2.3: Design of a typical 6-gap MRPC.

may vary from 0.2 mm to 1 mm. The uniformity of the gaps is maintained using
button spacers of proper height. High voltages are applied on the conductive layers
coated on the external surfaces of the two outermost plates and the intermediate
plates are kept electrically floating. Read-out strips are mounted on the external
surfaces of the stack to collect the induced signals. The resistive plates are trans-

parent to the fast signals generated by the avalanches (or streamers) inside each

34



Chapter 2. Resistive plate chamber

gas gap. The sum of the individual avalanche (or streamer) pulses gives the total
induced pulse on the read-out strips. This design helps to restrict generation of
large signals and also allows the application of higher voltage which in turn im-
proves its timing properties. The MRPCs provide time resolutions up to 20 ps and

an efficiency of 99% [51,52].

2.6 Application of RPC

Based on their design and usage, RPCs can be broadly classified into different
categories, as (i) trigger and (ii) timing RPC. The trigger RPCs are generally
single or double-gap with 2 mm gap width and used for tracking and triggering
purposes in the experiments. They need to have a very good detection efficiency (>
98%) when operated in avalanche mode and provide a moderate time resolution
(~ 1 ns). The timing RPCs, on the other hand, are designed with a smaller
gap of 0.2 to 1 mm and used in multi-gap configuration to deliver a very small
time resolution (~ 50 ps) with high efficiency (~ 99%). The timing RPCs are
vastly implemented in Time-Of-Flight (TOF) technique [53] where precise timing
measuremnt is necessary.

The timing characteristic of RPC in its single gap configuration is comparable to
that of plastic scintillator but with a lower cost per channel. They are well suited
for detecting Minimum Ionizing Particle (MIP) like, muons, by utilizing its trigger
and timing information. But, they can not provide reliable energy information of
the incident particle. However, a stack of RPC layers in presence of a high magnetic
field can be used to obtain the energy of the incident radiation by observing the

curvature of path and the passage of time. Due to their good time resolution,

35



Chapter 2. Resistive plate chamber

Table 2.1: List of past and present experiments which are using RPC

No. | Gap Mode

Experiment | Application| Arga Electr?de of | width of
(m) | material gaps| (mm) | operation
BaBar Trigger 2000 | Bakelite 1 2 Streamer
BELLE Trigger 2200 Glass 2 2 Streamer
ALICE-Muon Trigger 140 | Bakelite 1 2 Streamer
ALICE-TOF Timing 150 Glass 10 0.25 Avalanche
ATLAS Trigger 6550 | Bakelite 1 2 Avalanche
CMS Trigger 4000 | Bakelite 2 2 Avalanche
STAR Timing 60 Glass 6 0.22 Avalanche
PHENIX Trigger - Bakelite 2 2 Avalanche
OPERA Trigger 3200 | Bakelite 1 2 Streamer
BESIII Trigger 1200 | Bakelite 1 2 Streamer
YBJ-ARGO Trigger 5600 | Bakelite 1 2 Streamer
HARP Timing 10 Glass 4 0.3 Avalanche
HADES Timing 8 Glass 4 0.3 Avalanche
FOPI Timing 5 Glass 6 0.3 Avalanche
CBM-TOF Timing 120 Glass 6 0.22 Avalanche
NeuLAND Timing 4 Glass 3 0.3 Avalanche

detection efficiency and moderate position resolution along with ease of fabrication,
robustness and long term stability, they are now a popular choice for many high
energy physics experiments. For their capability in generating fast trigger for
muons, TOF measurements and tracking of particles, they were successfully used
in BELLE [54], BaBar [55|, BESIII |56] and in some of the Large Hadron Collider
(LHC) experiments, such as, ALICE [57|, ATLAS [58], CMS [59] etc. Table 2.1

shows a list of past and present experiments that employ RPCs of different types.

36



Prototype Fabrication & Characterization

A bakelite based prototype of a single gap RPC was fabricated and characterized to
accomplish the experimental investigations of the present work. The observations
were later used along with the numerical simulation to develop a comprehensive
understanding of the RPC dynamics. The mechanical design opted by the ICAL
collaboration was followed in building the gas chamber of the prototype. This
chapter deals with the description of the fabrication procedure and the character-
ization of the bakelite RPC prototype. The details of the fabrication of various
components along with some of the related issues are discussed in section 3.1. Fol-
lowing its fabrication, the prototype was subjected to several characterization tests
to study its performance. The details of the test setups used for the characteri-
zation and their results are discussed in section 3.2. The supporting systems for
carrying out these measurements, such as, gas mixing and delivery unit and the

data acquisition system are discussed in sections 3.3 and 3.4.
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Chapter 3. Prototype fabrication & characterization

3.1 Prototype Fabrication

The task of prototype fabrication involves construction of three major components,
(a) the gas chamber, (b) the resistive electrodes and (c) the read-out panels, to
be followed by their assembly. Each of these steps are discussed separately in the

following.

3.1.1 Fabrication of gas chamber

The following steps describe the building of the gas chamber of the prototype with
a height of 2 mm which acted as the active volume for detection. The mechanical
structure of the gas chamber with all the components is schematically shown in

figure 3.1.

Read-out strips
Insulating layer

Gas nozzle

Button spacers

Resistive
electrodes

Edge spacer

Figure 3.1: Schematic diagram of a Resistive Plate chamber.

e The two resistive electrodes of the dimension of 32 cm X 22.5 cm were ma-

chined from a 3.2 mm thick sheet of P-120 grade bakelite (density = 1.22
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g/cc, bulk resistivity = 3.67 x 10'? Q-cm), manufactured by Bakelite Hylam,
India [60]. All the four corners were chamfered thereafter to accommodate

the provisions of gas flow through the gas chamber.

e Four pieces of straight edge spacers along with four corner pieces with a
width of 8 mm and a height of 2 mm, same as that of the gas chamber,
were fabricated using polycarbonate material. They were used for enclosing
the gas chamber between the electrodes and holding the bakelite plates at a
separation of 2 mm. Five polycarbonate button spacers of diameter 1.1 cm
and thickness 2 mm were made in addition which were fixed inside the gas
chamber to maintain the uniformity of the gap between the bakelite plates.
A specific arrangement (as shown in figure 3.1) was followed to place them in
order to maintain a proper gas flow. In figure 3.2, all the spacer components

used to build the gas chamber are displayed along with their mechanical

drawings.

Figure 3.2: The spacer components used in fabrication of the gas chamber along
with their mechanical drawings : (a) edge spacer, (b) corner spacer, (c¢) button
spacer, (d) corner spacer with gas nozzle.
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e Two gas nozzles of diameter 2 mm, made from the same polycarbonate, were
fixed onto two opposite corner spacers for flowing the gas in and out through

the gap (figure 3.2(d)).

e All the edge and corner spacers were joined together to form a frame using a
glue prepared by mixing Dobeckot 520F resin with the hardener 758 (make:
Elantas Beck India Ltd. [61]) in 10:1 ratio. This particular ratio allowed

ample time for application of the glue owing to its fairly long curing period.

e Following proper cleaning of the bakelite plates with isopropyl alcohol, a thin
layer of silicone oil (Metroark 211 silicone grease) was applied on the inner

surface of the plates by gently rubbing with a piece of cotton. This was done

(2) " (@)

Figure 3.3: Steps of prototype fabrication : (a) bakelite plates kept under moderate
heat after silicone oil treatment, (b) gluing of the button spacers, edge spacers, gas
nozzles with one of the electrodes, (c) two plates kept under pressure for curing
after gluing them with the spacers, (d) fabricated gas chamber with high voltage
connections on its graphite coated surfaces.

to ensure surface planarity of the bakelite plates which might otherwise cause

local field perturbation due to their roughness. The coated plates were kept
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under a light source with moderate heating for uniform spreading and curing

of the oil (figure 3.3(a)).

e The spacer frame and the five button spacers were glued to one of the bakelite

plates and left for 24 hours to cure (figure 3.3(b)).

e The other plate was then glued to the frame and the button spacers and
kept under pressure for 24 hours again (figure 3.3(c)). This completed the

fabrication of the prototype gas chamber.

3.1.2 Preparation of resistive electrodes

In the following, the steps to prepare the resistive electrodes of the prototype are
described. The bakelite plates were converted to electrodes by coating them with

conductive layers in order to supply high voltages to them.

o After cleaning the outer bakelite surfaces of the gas chamber with isopropyl
alcohol, they were coated with a semi-conducting layer using the graphite
either in the form of dust or a paint mixed with a suitable thinner. These
two coating processes are discussed below. A band of width 1 cm along
the edge of the bakelite plates was kept free from coating to avoid electric

discharges (figure 3.3(d)).

Rubbing graphite dust : Graphite powder of grain size 74 pm (-200
mesh) was rubbed all over the surface of the bakelite plates using a cotton
cloth. The surface resistivity was measured periodically and the process was

continued until the required value of surface resistivity was achieved. The
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measurement, procedure and the results are discussed in the section 3.2.2.

Spraying graphite paint : Nerolac® graphite paint mixed with a thinner
in 1:1 ratio was sprayed on the surface using a spray gun. It was then left
for a few hours to cure and the surface resistivity was measured thereafter.
Like the previous process, the measurement and the painting were repeated
until an appropriate value of the resistivity was achieved. The section 3.2.2

discusses the details of the measurement procedure and the results.

e Copper tapes with conductive glue were pasted on the coated surfaces of
both the bakelite electrodes for connecting high voltage supply and secured
for insulation with kapton tapes. A picture of the prepared gas chamber with
the high voltage connections on its resistive electrodes is displayed in figure

3.3(d).

3.1.3 Fabrication of read-out panels

Two read-out panels were constructed which were laid in orthogonal directions
outside the two electrodes. Each panel contained several parallel strips, each of
width 2 c¢m, separated by 1 mm from each other, made from a ribbon cable with
15 strands of wire. The strands were soldered together and connected to a 50 ohm
coaxial cable through a 16-pin connector. The top and bottom panels had 10 and
14 read-out strips, respectively. On the outer side of each read-out panel, there
was a grounded aluminum plate, fixed by double sided adhesive foam tapes. The

picture of a read-out panel is shown in figure 3.4.
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Figure 3.4: The read-out panel used with the prototype.

3.1.4 Assembly of prototype

The fabricated gas chamber was sandwiched between two mylar sheets of thickness

100 pm for insulating the read-out panels from the resistive electrodes. The read-

Figure 3.5: A complete prototype with arrangements for gas flow and high voltage
supply placed within an aluminum box.

out panels were placed on either sides of the gas chamber orthogonal to each other
so as to provide position read-outs along two perpendicular directions. The whole
assembly was kept within a sealed aluminum box to keep it isolated from the

ambient fluctuations. Figure 3.5 depicts a complete prototype placed inside the
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box. The gas mixture was circulated through the prototype by connecting the gas
supply with the inlet nozzle of the chamber. A bubbler filled with liquid (diffusion
fluid DC-704) was used at the outlet to set and monitor the gas flow rate. The

details about the mixing and circulation of the gas are discussed in section 3.3.

3.2 Characterization of Prototype

The prototype was subjected to several tests for its characterization preceded by
a leak test to check the quality of the gas chamber and a subsequent measurement
of surface resistivity of the electrodes. The characterization procedure starts with
its V-1 response and then continues with the measurements of its efficiency, timing

response and charge collection.

3.2.1 Leak test of gas chamber

Test setup : The fabricated prototype was tested for leak by holding an excess
pressure inside the chamber. A U-tube water column manometer was designed and
fabricated for this purpose. Figure 3.6(a) shows the arrangement for the leak test.
The outlet of the prototype was connected to the lower arm of the manometer
and an weight was placed on the chamber as a safety measure to prevent popping
up of the button spacers due to incidental high pressure. By blowing air through
the inlet, a pressure of 15.8 mbar over the atmosphere was built up inside the
chamber that caused a rise of the water level by 16.1 cm in the manometer. The

inlet was then isolated using a blocker and the height of the water column was
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noted periodically. The atmospheric pressure was monitored using a piezoelectric
sensor (APR 262) and a controller (TPG 261) (make: Pfeiffer Vacuum) having a

resolution of 0.1 mbar.

Test results : In the first go, the prototype was found to have a large leak,
resulting in reduction of water column to its equilibrium value within a few minutes.

Following a repair, the test was repeated with success. A variation of over pressure

16—

15

- -
w .

Y
N

o\\l\ll\\\‘\l\\

Excess pressure (mbar) —

ol b b b by b b b by by baa i 1y
20 40 60 80 100 120 140 160 180 200 220 240
Time (min) —

(b)

-
—

Figure 3.6: (a) Leak test of the prototype using water column U-tube manometer,
(b) plot of the variation in excess pressure within the prototype with time.

in the gas chamber with time is plotted in figure 3.6(b) which shows that the leak
rate was 1.5 x 107* mbar/s at 13 mbar. The test was performed at much higher
pressure than the one at which the RPC was later operated to ensure the gluing is
proper and the chamber can comfortably sustain the expected gas pressure during
its operation. The measured leak rate gave an upper limit of leak that is possible
if the RPC is operated at very high pressure. The measured value of leak rate is

well within acceptable range as was found in similar R&D programs [62].
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3.2.2 Measurement of electrode surface resistivity

Test setup : The surface resistivity of the coated electrodes was measured with
a jig having a bridge shaped structure with two parallel V-shaped arms of length

5 cm, separated by 5 cm (figure 3.7(a)). Both the arms were wrapped with alu-

(b)

Figure 3.7: (a) The jig used to measure surface resistivity of the coated electrodes,
(b) setup for the measurement.

minum sheets for making a good contact with the coated electrode surface. The jig
was connected to a digital multimeter (model: Mastech M8G09) for measuring the
resistance between its arms when placed over the surface. The value of resistance
divided by the area of the jig gave the surface resistivity in the unit of MS/OJ
which was independent of the dimension of the jig. The test setup of measuring

the surface resistivity along with the jig is shown in figure 3.7(b).

Test results : The electrodes were prepared using two different methods as de-
scribed in section 3.1.2. The results for these two types of electrodes are separately

presented below.

Rubbing graphite dust : The surface resistivity was measured along two or-

thogonal directions (parallel to the length, H, and the breadth, I, respectively, as
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Figure 3.8: Surface resistivity (M€2/0) of P-120 bakelite along the (a) H-direction
and the (b) I-direction.

0 5 10

15 20 25 30
X (cm) —

(a)

Figure 3.9: Surface resistivity (M/0) of bakelite P-3 along the (a) H-direction
and the (b) I-direction.
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Figure 3.10: Surface resistivity (M/0) of G-10 plate along the (a) H-direction
and the (b) I-direction.
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displayed in figure 3.11) of the bakelite electrode. The surface plots of the mea-
sured resistivity along the H and I-directions are shown in figure 3.8. Nevertheless,
the measured values of the resistivity were close to each other for the measurement
done along any specific direction, a significant difference was observed in the av-
erage values along the H and I-directions as is evident from the figure 3.8. In the
measurement along the H-direction (figure 3.8(a)), an average resistivity of 1.25
M/O was found, whereas, along the I-direction (figure 3.8(b)), the value was
0.29 MQ/0O. To investigate the reason for the difference, the test was repeated for
another bakelite grade, P-3 and a G-10 (fiberglass laminate) plate coated in the
same manner. The surface plots for the resistivity of these two plates are shown

in figure 3.9 and 3.10, respectively. The average values of surface resistivity along

Table 3.1: Average surface resistivity for different plates.

H-direction | I-direction
Grade MQ/O) | (Mo/D)
Bakelite P-120 1.25 0.29
Bakelite P-3 1.32 0.04
G-10 1.23 1.88

the H and I-directions for all the plates are tabulated in table 3.1 where a similar
trend in the resistivity values along the two directions could be observed for the
P-3 plate. However, values were found to be close for the G-10 plate. To further
the investigation, the surface of these three plates was examined closely. Figure
3.11 displays the images of the surface of the plates as observed through a digital
microscope Olympus MX 51, fit with a digital camera Olympus DP 25 with 5X
magnification where a similar groove like pattern in the surface texture could be
observed in both the bakelite plates (P-120 and P-3) while that for the G-10 plate
was found completely different. Following all the measurements, it was concluded

that the difference in the resistivity found along two orthogonal directions (H and
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(a) (b) (c) (d)

Figure 3.11: Surface images of (a) bakelite P-120, (b) bakelite P-3 and (c¢) G-10
plate obtained with a digital microscope (Olympus MX 51, fit with DP 25 with
5X magnification), (d) placement of jig in H (above) and I position (below).

I) was caused by the surface texture of the concerned plate. Due to the presence
of groove like micro structures found on the surfaces of the P-120 and P-3, coating
with the graphite grains by hand caused a preferred alignment of the dusts and
thus a better conductivity along the direction of the grooves in I-direction, reduc-
ing the value of surface resistivity in turn. This was found to be corroborated by
the measurements for P-120 and P-3 grades as shown in figures 3.8 and 3.9, respec-
tively. For the G-10 plate, as there was no such groove like structure present on
its surface, no directional alignment crept in. So a comparatively little difference

in the average resistivity along the H and I-directions was observed (figure 3.10).

Spraying graphite paint : The directional preference in the surface resistivity
of the bakelite electrodes was found to be absent when the coating was done by
spraying the graphite paint. It was concluded that the applied paint produced
a layer thick enough to cover all the groove like micro structures on the bakelite
surface, thus making the value of surface resistivity uniform along all directions.
Figure 3.12 shows the plots of resistivity values of the P-120 plate coated by spray-

ing the graphite paint on its surface. The average values of the resistivity measured
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Figure 3.12: Surface resistivity (MQ/0) of bakelite P-120, coated by spraying
graphite paint measured along the (a) H-direction and the (b) I-direction.

along the H and I-directions are 0.86 M2/C] and 0.83 M /J, respectively. In the
present work, the second method was followed to coat the electrodes to avoid non-
uniformity in the surface resistivity which might in turn give rise to non-uniform
distribution of voltages over the electrodes leading to non-uniform performance of

the device.

3.2.3 V -1 characterization

Test setup : The assembled prototype placed within the aluminum chamber

(figure 3.5) was supplied a gas mixture of CoHoF, (95%) + i-C4Hyo (5%) flown

CAEN N471A

—

~ @@
ChB

—— @@

Figure 3.13: Schematic diagram for the measurement of V-I characteristics of the
prototype.
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through it by a mixing and delivery system discussed in section 3.3. High voltage
of opposite polarities were applied on the two bakelite electrodes using 2-channel
CAEN N471A capable of a maximum supply up to 8 kV with current 8 pA. The
leakage current through the prototype was monitored using the same module hav-
ing current measurement resolution of 1 nA. The test setup is schematically shown

in 3.13.

Test results : The variation of leakage current with the applied voltage is dis-

played in figure 3.14(a). The plot shows two different slopes connected by a “knee”

6OOf_Mixture: CoHoFy (95%) + i-C4Hig (5%) &
F [e ch-A(HVA)
F | s ch-B(HV4)
500: — Linear fit
14001
g I Rgas gap
§300; K H.V. S § 1%spacer
- s
200: ..n'.‘ Zgas gap
100/-
0:‘ TR T N ST SN N T S  ANNR AN A N |
2 4 6 8 10 12
V (kV) -

(a) (b)

Figure 3.14: (a) Leakage current versus applied voltage measured for the prototype
operated with CoHoFy (95%) + i-C4Hyg (5%), (b) the electrical equivalent circuit
to explain the typical V-I curve.

region around high voltage of 9 kV (— 4.5 kV on ch-A and + 4.5 kV on ch-B)
across the electrodes. The typical nature of the V-I curve could be explained using
an electrical equivalent circuit of RPC as shown in figure 3.14(b). Rpate, Rspacer
and Rgas gap denoted the resistances offered by the bakelite plate, the spacers (edge
and buttons) and the gas gap, respectively. At lower voltages, the gas acted as

a perfect insulator, whereas after reaching a certain threshold voltage, it started
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conducting. The conduction increased with the rise in voltage leading towards
breakdown of the medium. This gradual process of reaching the breakdown was
represented with a simplified model using a reverse biased zener diode (Zgas gap)-
Vin was considered as a threshold value of the applied voltage at which the gas
became conducting. For voltages less than the threshold value (V < Vi), the gas
was not conducting and so offered a very high resistance (Rgas gap — 00). As the
spacers offered much greater resistance than the bakelite plates (Repacer => Rplate),

the dynamic resistance of the prototype could be estimated as follows.

av

ﬁ = Rspacer + 2 x Rplate =~ Rspacer

So, the slope of the V-I curve at lower voltages could be scaled as the conductance
of the spacers. When the voltage was raised above the threshold (V > Vi), the
gas started conducting (Rgas gap — 0) and the resistance offered by the prototype

was,

Z—‘]/ = 2 X Rplate

So, at higher voltages, the slope of the curve represented the conductance of the
bakelite plate. The two different regions of the V-I curve were fit with two straight
lines and the bulk resistances of the bakelite plate and the spacers were found
from their slopes which were Rpjate = 3.95 G2 and Rgpacer = 37.7 GS2. The value
of the bulk resistivity of the bakelite plate was calculated using the formula R =
p%, where R and p were the resistance and resistivity of the material, respectively,
while [ and A represented its length and area. The resistivity of the bakelite sample

was found to be pplate = 10 X 10" Q-cm which agreed closely to the value of 5.5

x 1012 Q-cm of P-120 grade bakelite sample found from direct measurement [63].
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3.2.4 Measurement of efficiency and singles rate

A cosmic muon telescope arrangement using three plastic scintillators coupled to
Photo Multiplier Tube (PMT) for converting the scintillation light to an electrical
signal was set up. The telescope was used to measure the efficiency of the prototype
in detecting the cosmic muons with respect to the scintillators. The details of the

setup and the results are discussed below.

Test setup : A photograph of the experimental setup and the schematic diagram

of the electronic connections are shown in figure 3.15. Three plastic scintillators

SINGLES
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w AND)

4F

ORTEC C04020

CAEN N979

AMPLIFIER

Am-2CcOon

CAEN N1145
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PS 708

(b)

Figure 3.15: (a) Experimental setup for the measurement of efficiency, singles rate
of RPC, (b) schematic diagram of the electronic connections.

(SCy, SCy and SC3) were used to confirm a muon event from their coincidence. A
finger scintillator (SC;) of dimension 17 cm x 4 cm, wide enough to cover a single
read-out strip of the prototype, was placed just above one of the strips to ensure
simultaneous detection of the same muon event by both of them. The other two
paddle scintillators (SCy and SCj3) of dimensions 93.5 cm x 19.5 cm and 82.5 cm
x 19.5 cm were placed below the prototype (RPC). Thus, the geometry of the
setup provided a telescope window of area 17 cm X 4 cm for accepting the cosmic

muons in the prototype. The SCy and SC3 were biased at - 1.7 kV using 2-channel
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power supply ORTEC 456 and SC; was given a supply of - 1.1 kV by CAEN N470.
The signal from the prototype was collected from the read-out strip on the top
side overlapped by the SC; and amplified 10 times with a fast amplifier CAEN
N979. All the signals were converted to NIM level logic pules (width = 40 ns) by a
leading edge discriminator PS 708. The threshold for each of the channels in PS 708
was adjusted individually to reject the noise. For the prototype and the SCy, the
threshold level was kept at -10 mV (owing to their small signal strength) while that
was raised to -0 mV for the SCy and SCj3 as the generated signal amplitudes were
higher for them. The typical signal shapes from the scintillators and the prototype
are displayed in figure 3.16(a). The logic pulses from the discriminator were used
to produce 3-fold (3F) and 4-fold (4F) coincidences through AND operation among
the pulses done by a logic unit ORTEC C04020. A trigger window with width 100

ns for the efficiency measurement was generated according to the following logic.

3F = SCy - SCy - SCy

The required coincidences were achieved by inserting proper wire delays in the
right channels. The coincidence between the three scintillator signals to produce
the 3F signal is shown in figure 3.16(b). The presence or absence of the prototype
signal within the window of the 3F coincidence determined its detection efficiency.
The 4F coincidence among all the detectors was produced through AND operation
between the 3F and the prototype (RPC) following the logic equation as stated

below.

4F = SC; - SCy - SC3 - RPC
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Figure 3.16: (a) The raw signals from the three scintillators and the prototype,
(b) digitalized scintillator signals in coincidence to generate the 3F signal.

A counter CAEN N1145 was used to record the number of events over a fixed
duration for 3F and 4F logic pulses individually and compared to estimate the
efficiency of the prototype. The singles rate of the prototype was determined from
recording its read-out signal. The gas mixture used for operating the prototype
was CoHoFy (95%) + i-C4Hyg (5%). A very small amount of SFg (< 0.5%) was in-
troduced in some cases replacing the same amount CoHsFy, and will be mentioned

when applicable.

Test results : For a fixed gas mixture and a constant applied voltage, the effi-
ciency was calculated by dividing the 4F count by the 3F count for a fixed duration.
The singles from the read-out strip were divided by the area of the strip and the
duration of data acquisition to produce the singles rate in Hz/cm?. The variation
of efficiency and singles count rate of the designated read-out strip with the ap-
plied voltage is shown in figure 3.17 when the prototype was operated with the
gas mixture CoHoFy (95%) + i-C4Hyg (5%). The efficiency increased with the ap-

plied voltage and reached about 80% when the voltage supply to the prototype was
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Figure 3.17: Efficiency and singles rate versus the applied voltage measured for
the prototype operated with CoHoFy (95%) + i-C4Hyo (5%).

raised to more than 12 kV (£ 6 kV). The presence of gaps in between the prototype
and the scintillators along with the mismatch in the widths of the finger scintillator
(4 cm) and the read-out strip (2 cm) requires a correction to be included in this
measurement which is expected to raise the value of efficiency at all the voltages.

The singles rate was found to increase with the rise in the voltage.

3.2.5 Measurement of timing characteristics

The ability and the precision of timing measurement of the prototype were stud-
ied using the same cosmic muon telescope arrangement with a small addition of
necessary electronics. The effect of several operating parameters on the timing
performance of the prototype was also investigated. The test setup and the results

for the same are discussed below.
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Test setup : The experimental setup which was used to carry out the measure-

ments is shown in figure 3.18. In fact, the same setup was used for simultaneous
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Figure 3.18: Schematic diagram of the experimental setup used for the measure-
ment of timing and charge collection of the prototype.

study of charge collection of the prototype. However, the discussion on the charge
measurement is presented in a separate section (section 3.2.6). The 3F signal was
generated by coinciding the three scintillator signals, such that only the time reso-
lution of the finger scintillator decides the time resolution of the coincidence signal.
The coincidence signal was stretched to produce a master trigger of width 100 ns
and its presence ensured the passage of a muon through the setup. The master
trigger was used as a START signal of the Time to Digital Converter (TDC) mod-
ule, PS 7186 and the prototype signal from the discriminator, PS 708, as the STOP
signal after adding a proper delay to it. A typical case of appearance of these two
signals acquired by the oscilloscope (model: Tektronix MSO 4104B) is shown in
figure 3.19. The time difference between the falling edges of the two was stored
using a CAMAC based data acquisition system, LAMPS [64], developed in BARC,

57



Chapter 3. Prototype fabrication & characterization

RPC signal e

4F signal

Figure 3.19: The START and STOP signals for the TDC. Displayed 4F signal was
used to trigger the oscilloscope.

India. The data acquired by LAMPS was represented in terms of channel number.
The calibration of it was done in terms of known time periods which is described

in section 3.4.

Test results : The time difference between the START and STOP of TDC was
filled in a histogram for many events. Some typical TDC spectra are shown in
figure 3.20 for different applied voltages and gas mixtures. The main peak of each
spectrum which contained most of the events, was fit with a Gaussian function, as
shown in the inset for each setting in figure 3.20. The mean of the fit was defined
as the average signal arrival time. Its standard deviation was subtracted by the
intrinsic time resolution of the finger scintillator (1.98 ns), in quadrature, to get the
time resolution of the detector. It could be observed that the timing performance
of the prototype improved with the increase in the applied voltage as can be seen
from figure 3.21(a) and 3.21(b). There were some events on the lower time scale
(left side of the main peak) whose position relative to the main peak remained
unchanged at different voltages and gas mixtures. They appeared probably due to

the noise in the trigger signal. The number of events appeared in higher time scale
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Figure 3.20: TDC spectra of the prototype operated with different voltage supplies
(9.8 kV and 10.6 kV) and with the gas mixtures containing CoHoFy4, 5% i-C,Hyq
and variable amount of SFg. Gaussian fit of the main peak is shown in the inset
for each spectra.
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Figure 3.21: Variation of (a) average signal arrival time and (b) time resolution of
the prototype with the applied voltage, for the gas mixture CoHyF, , 5% i-C,Hy
and variable amount of SF.
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(right hand side of the peak) of each spectrum increased with the voltage which
indicated the setting in of the streamer events. The same trend was observed in
earlier experiments [65,66| although for different gas mixtures. It was also evident
that with the inclusion of small amount of SFg (0.3%), the effect was found to be
suppressed. To study the effect of SFg on the timing performance of RPC, another
prototype was operated at a supply voltage of 12 kV (£ 6 kV) with a gas mixture
of CoHoF, and 5% i-C4H;g containing different percentages of SFg. The variation
of average signal arrival time and time resolution of the prototype with the SFg

percentage is shown in figure 3.22. The timing performance of the RPC was found
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Figure 3.22: Variation of (a) average signal arrival time and (b) time resolution of
of the prototype with different percentages of SFg in the gas mixture of CoHyFy
and 5% i-C,Ho, when operated at 12.0 kV.

to deteriorate with the increase in SFg percentage. A similar effect of SFg on the
timing performance of a glass RPC was observed in an earlier measurement [67].

A detector with lower signal arrival time is always preferred provided the elec-
tronics can handle it, as it results in a fast operation and data collection from the
whole setup. The presence of connecting wires and electronic modules introduce

an additional delay to the value of arrival time.
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3.2.6 Measurement of charge collection

The charge content of a single read-out strip of the prototype was measured. The
data were useful to monitor and assess the contribution of the streamer mode in
the prototype performance. Since the avalanche mode operation of the prototype
was the objective of this work, monitoring the streamer in the prototype was an
important aspect to be studied. The details of the test setup and the results are

discussed in the next.

Test setup : The charge measurement was done using the Charge to Digital
Converter (QDC) module, PS 7166, as shown in figure 3.18. The master trigger
was used as the GATE of the QDC and the raw amplified prototype signal as the
input pulse. The prototype signal was delayed properly to contain it completely
within the master trigger window. Figure 3.23 displays a typical case of the signals

in the oscilloscope for the charge measurement. The signal shape contained within

4F signal

Figure 3.23: A typical case of appearance of prototype signal within the window
of master trigger which is required for QDC measurements. Displayed 4F signal
was used to trigger the oscilloscope.

the GATE was integrated by the QDC module and the corresponding charge was
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recorded in using the data acquisition software, LAMPS. The calibration of the

LAMPS to convert the channel number unit into the charge necessary for the

measurement is discussed in section 3.4.

Test results :
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The charge spectra of the prototype are shown in figure 3.24
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Figure 3.24: QDC spectra of the prototype operated with different voltage supplies
(9.8 kV and 10.6 kV) and gas mixtures, containing CoHyFy, 5% i-C4H;¢ and variable

amounts of SFg.

when the prototype was operated with two different supply voltages and with two

different gas mixtures. For both the gas mixtures, the amount of charge production

within RPC increases with the applied voltage. Inclusion of SFg reduces the charge

generation by a significant amount. The mean of each distribution, defined as the

average charge content is plotted with the applied voltage in figure 3.25 with and
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Figure 3.25: Variation of average charge content in each event of RPC with the
applied voltage for different amounts of SFg in the gas mixture containing CoHsF,

+1-C4Hy (5%).

without any SFg in the CoHoFy + i-C4Hyy (5%) gas mixture. The peak of the
spectra appears around 1.2 pC. With the increase in voltage, more number of events
with higher charge content start appearing. So, the mean of the distribution shifts
towards right. Variation of the mean of charge spectra with the applied voltage is
shown in figure 3.25, for two different amounts of SF¢ in the mixture. It is clear
from the figure that inclusion of 0.3% SF¢ in the operating gas mixture kept the
charge production at lower value for a wide range of voltages and the curve rises
slowly. So, the presence of SFg helps to operate the detector in avalanche mode.

But the less signal production in this condition may reduce the detector efficiency.
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3.3 Gas Mixing and Supply

A mixture of three gases, CoHoFy, i-C4Hy¢ and SFg, at various proportions was
used for operating the prototype. The mixing and delivery unit [68] used in the
measurements is shown in figure 3.26 which is explained schematically in figure

3.27. The mixing and delivery system was capable of handling four channels from

Figure 3.26: The gas mixing and the delivery unit.

different gas cylinders which were connected to the system through standard pres-
sure regulators and Quick Connector (QQC) valves in each. The gases, after passing
through drying columns containing active silica gel and 0.5 pm filters, flew through
Three-Way Valves (TWVs) and normally closed Electromagnetic Valves (EV). The
alternate ports of the TWVs were used for gas purging and evacuation of the inlet
side to maintain the purity. The gases entered the stainless steel Mixer Volume
(MV) through the Non-Return Valves (NRV) which were also provided for safety,
reliability and stability of gas flow. The auto lock feature of the QC valves kept

the system isolated from the ambience when the input line was disconnected. The
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Figure 3.27: Schematic diagram of the gas mixing unit.

gas components were premixed in MV having 10 cascaded volumes, interconnected
to enhance mixing while flowing through an elongated path. A Pressure Monitor
(PM) (make: Waaree EN 837-1) was fixed with it to monitor the chamber pres-
sure. The mixture was supplied through the detector using stainless steel tubes
and flexible Tygon” tubings wherever required. One of the TWVs in the output
line of the MV connected it either to the prototype through the manual Control
Valve (CV) and QC or to a vacuum pump for evacuation of the system which was
needed when the gas mixing ratio was changed. The prototype was operated in
flow mode with the flow rate being monitored by recording the number of bubbles
(10/min ~ 2 Standard Cubic Centimeter per Minute) in the bubbler filled with
diffusion pump fluid (DC-704). A uniform flow rate was maintained throughout

the operation.
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3.4 Calibration of LAMPS

The 12-bit TDC module PS 7186 with its full scale selected at 100 ns and the 12-
bit QDC module PS 7166 with full scale range of 512 pC were used for the timing
and charge measurements, respectively. The LAMPS scale with 1024 channels was
used for both the measurements. So, it was expected to have a resolution of 0.098
ns/channel and 0.5 pC/channel for the time and charge scale respectively. As the
modules are known to develop an offset with time it was necessary to calibrate
them before using.

The charge time generator module, PS 7120 was used to calibrate the scales of the
LAMPS program. This module delivered a fast analog pulse with fixed amplitude
as well as NIM pulses of variable width with an adjustable time delay between
them. These two digital pulses from the PS 7120 were connected to the START
and STOP inputs of the TDC module PS 7186, respectively, and the time difference
between them was recorded in the GUI of LAMPS in terms of channel number.

This method was repeated for several time differences to obtain a correspondence

START START

s — 5 © 0
@ | TIME AD). c @ | TIME ADJ D
Clsror START g Olsrop ¢ g

- S [ - B
©) Qout STOP CAMAC G Qout GATE CAMAC
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Ol Gare Cleae @

PS 7120 PS 7186 PS 7120 PS 7166
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Figure 3.28: Schematic diagram showing the use of charge time generator module
to calibrate the LAMPS channel number for (a) timing measurements and (b)
charge measurements.

between the time delay and the channel number. The calibration was used in the
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timing measurements of the prototype to translate the measurements in terms of
channel numbers to a time scale. The measured data are plotted in figure 3.29(a).
A straight line fit to the data produced the calibration formula to convert the

LAMPS channel number into time as,

Time (ns) = 0.1002 x Channel number + 18.66 (3.1)

Similarly the charge calibration was done by using the analog signal from the
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Figure 3.29: Calibration curves of LAMPS for the (a) TDC, (b) QDC.

PS 7120 as the charge input to the QDC module PS 7166 and a digital signal,
which contained the charge signal completely, as the GATE. The amplitude of
the signal was varied and the corresponding charge was measured. The channel
number from the LAMPS corresponding to the fixed charge was noted for different
settings. Figure 3.29(b) shows the calibration curve for the charge measurements.
After fitting the curve with a straight line, the following calibration of the channel

number and the charge content was obtained.

Charge content (pC) = 0.5173 x Channel number + 0.5575 (3.2)
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Detail Simulation of RPC Dynamics

The dynamics of a RPC was simulated by taking care of different physics processes
which contribute to the production of a signal due to passage of an incident charged
particle through it. The involved physics processes are described in section 4.1.
The numerical tools used for the simulation of different steps are described in

section 4.2.

4.1 Physics Processes

A gas detector consists of a closed volume filled with a proper gas mixture in
presence of an electric field. When a particle /radiation passes through this volume
it ionizes or excites the gas molecules producing electrons, cations and photons,
collectively known as primary ionization. These newly produced particles lose their

energy in the gas mixture through various mechanisms to produce more charges
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in the chamber. If the electric field is strong enough, the electrons are highly
accelerated and they may further ionize/excite the gas molecules. The created
electrons and cations increase in number and their drift towards the electrodes
gives rise to an electrical signal, which is collected using proper arrangement.

In the present case, the atmospheric muons are the only incident particles which
can interact with the gas mixture of RPC and produce electrons, positively charged
ions (cations) and photons whose movement within the detector volume generates
the signal. The energy loss mechanisms of the different particles and the process

of signal induction are described below.

4.1.1 Interaction of charged particles

Electrically charged particles, while traveling through matter, lose energy by ion-
ization or excitation of the atoms/molecules of the material and by the emission
of bremsstrahlung when they scatter off in the Coulomb field of a nucleus or an
electron. Particles heavier than electrons lose part of their kinetic energy primarily
through the inelastic collisions, causing an ionization or excitation of the atom/
molecule. For the electrons, the bremsstrahlung starts to dominate above 10 - 100
MeV. The energy loss of different particles in the PEP4 TPC [69] containing argon
and CHy in 80 : 20 ratio under 8.5 atm pressure is shown in figure 4.1. It can
be seen that the nature of the curves for particles heavier than electron is similar
but they are very different from that for electron. The mechanism of energy loss
of heavy charged particles (m > m,) traversing a medium can be found out the-
oretically from the Bethe-Bloch formula [70,71| which gives the mean energy loss

(dE) per unit distance (dx) for a moderately relativistic charged particle through
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Figure 4.1: Energy deposit measurements for different particles in the PEP4 TPC
(185 samples, 8.5 atm Ar-CH, 80:20).

the process of ionization and is given by,

dE Z 221, 2 232~2T, )
. d_ _ Kp—z— ZIn meC B Y L maz _62 o (/8’7)
X

AR |2 12 2 (4.1)

Where, K = 47N r’m.c®> = 0.307075 MeV-cm? /g

p - density of absorbing material

Z, A : atomic number and atomic weight of absorber medium
z : atomic number of incident particle

d(By) : density effect correction

2m.ec?f2~2

Trnaz © Maximum transferable kinetic energy = ; T Ty Fr

I : mean excitation potential, material dependent

The formula is valid under the following assumptions:
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e The incident particles interact with the atomic electrons which are assumed

to be free and initially at rest.

o After the collision, the incident particles are assumed to be essentially unde-
viated from its original path. The formula can not be applied to electrons as

this condition is not valid for them.

Even for heavy particles, the following two corrections are needed at extreme energy

ranges.

e The density effect which becomes important at high energy.

e The shell correction which becomes important at low energy region.

4.1.2 Interaction of photons

Interaction of a photon in a medium is a single localized event. A photon travel-
ing through a material can undergo three different interactions depending on its

energy. These are described in the following.

Photo-Electric effect : The low energy photons lose their energy dominantly
through the process of photo-electric conversion. A photon of energy, FE, is ab-
sorbed by an atomic electron followed by the emission of an electron with a kinetic
energy, Eyi, = Ey - Egpen, Where Egpe is the binding energy of the shell to which
the electron belongs. This effect can occur for all the electrons in the atom, but
the probability of interaction is higher for the electrons of the inner shell. The
emission of the photo-electron leaves a vacancy in the shell it belongs to. This

vacancy can be filled by one of the three mechanisms, as described below.
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e The fluorescence - The vacancy is filled by an electron from an outer shell
and the energy equal to the difference of binding energies of the two shells,

is liberated in the form of X-rays of characteristic energy.

e Auger electron - The shell vacancy is filled through a rearrangement of several
electrons from the higher shells ending up with the emission of an Auger
electron. The energy of the Auger electron is approximately equal to the
difference of binding energies of the initial and final shell vacancies minus

the binding energy of the Auger electron.

e The Coster-Kronig transition - It involves the rapid transition of an electron
between two adjacent levels within the same shell with the excess of energy
being removed through emission of another electron, from a higher energy
state. It is similar to the Auger emission, but the initial and final vacancies

belong to the same shell.

Compton scattering : When the photon energy rises well above the highest
atomic energy level, Compton scattering begins to be the dominant process. In
this interaction, a quantum of photon interacts with an electron inelastically. The
photon gives part of its original energy to the electron and the rest is carried off
by it. If the transferred energy is larger than the electron binding energy, the
electron is ejected from the atom. The maximum transferred energy is given by

the following expression where E, is the photon energy |72].

AEpe = E e (4.2)
mazx Y 1 + 3522 .
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Pair production : In this process, a positron and electron pair is created from a
single photon. The process requires minimum 1.02 MeV of energy and remaining
energy of the photon appears as the kinetic energy shared between the electron
and the positron. Thus, the pair production occurs for a photon energy higher

than twice the electron mass.

4.1.3 Loss of free charges

It is important for the electron-ion pairs created through ionization to remain in
free state long enough to be collected or induce the detector signal. Two processes,
in particular, hinder this operation: (a) recombination and (b) electron attach-
ment.

In absence of any other force, ion-electron pairs will generally recombine under the
force of their electric attraction and emit a photon. The rate of recombination
depends on the concentration of the positive and negative ions. Assuming equal
concentration for electrons and ions in the detector, the number of ions present at

any time, ¢ can be given by [73]:

no

P — 4-3

where ng is the initial concentration at ¢t = 0 and b is a constant dependent on the
type of gas.

The electron attachment involves the capture of free electrons by electronegative
atoms to form negative ions. These are atoms having an almost full outer electron

shell so that addition of an extra electron results in the release of energy and the
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negative ion formed is consequently stable. Some well known electronegative gases
are Oq, HyO, CO4, CCly and SFg. The noble gases He, Ne, Ar, on the other hand,

show just the opposite effect.

4.1.4 Transport of charges

For ionization detectors, the motion of the charges influence the operating char-
acteristics of the detector. This motion can be roughly described by the kinetic
theory of gases. Two phenomena are of particular interest which are (a) diffusion

and (b) drift in presence of an electric field.

Diffusion : In the absence of an electric field, the electrons and ions produced
in the primary ionization diffuse uniformly outward from their point of creation.
In the process they lose energy through multiple collisions with the gas molecules
and come into thermal equilibrium with the gas and eventually recombine. The
velocity of the charges are described by Maxwell distribution which gives a mean

speed,
8kT

— (4.4)

v =

where k is Boltzmann’s constant, T', the temperature and m, the mass of the
particle. Obviously, the average speed of the electrons (~ 10° cm/s at room tem-
perature) is much greater than that of the positive ions (~ 10* cm/s). After a
collision, ions retain their direction of motion to some extend as their mass is com-
parable to the mass of gas molecules. They diffuse very little in a typical drift field
within a gas detector. Electrons, on the other hand, scatter almost isotropically

and their direction of motion is randomized after each collision.
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Assuming uniform diffusion in all directions and considering a point-like charge
cloud drifting (drift velocity = vy) along Z direction at ¢y = 0 from z = 0, it
can be shown that after a time t, the density distribution is a three-dimensional
Gaussian function centered at (0,0,u4t). At a distance r from the cloud center, the

density n(r) is given by

n(r) = <4wgct>3/2 P (_4;);) (4:5)

with a mean squared deviation o? = 2D.t in any direction i. D, is the diffusion

constant. Using the average energy of the drifting particles € = (1/2) mu? and

their mobility, u = (e/m) 7, one can obtained

9
o2 =2 (i“) t = 92Dt
3e

(4.6)

2€
= D.=—
3e

The average time elapsed during the drift of the cloud over a distance L is t =

L/ (nE). Substituting the value of ¢ in equation 4.6 one obtains:
3eE (4.7)

where, D is the diffusion coefficient, given by

D= \/Bi:; (4.8)
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In the thermal limit, ¢ = (3/2) kgT. Then the diffusion coefficient becomes a
decreasing function of the applied field and independent of the gas type.

2kgT

D=
el

(4.9)

The diffusion of charges is different along the direction of the applied field from the
one perpendicular to it. So, in general, two coefficients, namely the longitudinal

(D;) and transverse (D;) diffusion coefficients are used.

Drift : In presence of an electric field, the charged particles produced in the
primary ionization accelerate along the field lines. This motion is interrupted
by random collisions with other gas molecules which may change the direction
of the particle and also limit the maximum average velocity that it can attain.
The average velocity with which the particle moves in this condition is known as
drift velocity and is superimposed upon its normal random movement. During
their transport the charges may multiply depending on their kinetic energy. The

process of charge multiplication and the related parameters are described below.

4.1.5 Charge multiplication

If a charged particle moves with sufficient kinetic energy it may transfer part of its
energy to other gas molecules via collision and ionize it. This secondary ionization
mechanism can keep on repeating until the energy of the colliding particles fall
below the minimum energy required for ionization. This results in formation of an
avalanche. As the electrons move in opposite direction to the ions with a much

higher velocity, the avalanche is produced in the form of a liquid-drop shape with
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the electrons grouped near the head and the slower ions trailing behind. This
process of charge multiplication depends on the applied electric field along with
the medium.

If ng is the initial number of particles which start moving under the influence of

an electric field, the total number of particles after a distance x becomes,

n = npe*’ (4.10)

where « is the first Townsend coefficient defined as the number of ionizations per
unit length. If A is the mean free path of the electron, then o = 1/\. In general,
when the loss of charges due to processes like recombination and attachment is

involved, the equation 4.10 is written as,

n = ngel@ M (4.11)

where 77 denotes the number of electrons lost per unit length and is known as the
attachment coefficient. The ratio M = n/ng is known as the gas gain. The theory
of charge multiplication, as discussed above, remains valid for gas gain M < 108
which is known as Raether limit [49]. Beyond the limit, the space charge created
by the charges can distort the local electric field and the detector deviates from

the exponential nature of charge multiplication.

4.1.6 Pulse formation

A proper gas mixture is used in RPC so that an incident particle can produce

sufficient ionizations. Application of a high electric field ensures the drift of the
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charges and consequent avalanche production. The movement of all these charges
induces a current on the conductive read-outs strips, coupled to the detector.
The current induced on a read-out strip due to the movement of charge, ¢ with an

instantaneous velocity ¥ (t) is given by Shockley-Ramo theorem [47, 48]
. —
i(t) = q U (t).W(Z (1)) (4.12)

where, W/(Y(t)) is a time and position dependent weightage factor, called weight-
ing field vector whose value depends on the detector geometry and the choice of
read-out. For a particular readout, its value at any location within the detector is
calculated as the value of electric field produced at that location when the read-out
of choice is at unit potential and all other read-outs are grounded. The shape of
this transient current signal gets modified due to the presence of resistive compo-
nents in its way to read-out strips. The voltage drop formed by the current signal

across an impedance is fed to the electronics for further operations.

4.1.7 Time response

Two parameters are used to define the timing properties of an RPC like gas de-
tector which can be defined as (a) signal generation time and (b) intrinsic time

resolution.

Signal generation time : The time required by a detector to produce a de-
tectable signal after arrival of the incident radiation is defined as the signal gen-
eration time. As the involved processes are statistical in nature, an average signal

generation time is generally defined to measure the fastness of the detector. Due
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to the transient nature of the signal, the value of average signal generation time
depends on the value of set threshold. The average signal arrival time in an exper-
iment is the sum of average signal generation time in the detector plus the delays

introduced by the used electrical modules and connecting wires.

Intrinsic time resolution : The fluctuations in signal production sum up to
produce a distribution in the timing measurements which is measured by time res-
olution. The intrinsic time resolution is the limiting value set by the detector due
to its primary signal generation processes. This adds up with the electronic jitter

to worsen the resolution further.

4.2 Simulation Tools

The different events contributing to the production of signal from RPC can be
divided into three main steps : (a) primary ionization by the incident parti-
cle/radiation, (b) avalanche production by the moving charges, and (c¢) induction
of current due to moving charges. The applied electric field, used gas mixture and
the geometry of the detector play crucial roles in this process. In the present work,
the Garfield simulation framework |74, 75| was used to simulate the signal from
RPC. It provides interfaces to software packages like High Energy ElectroDynam-
ics (Heed) [76,77| and Magboltz [78,79] for simulating primary ionization and gas
transport properties, respectively. The detailed electric field map for the geometry
was calculated using nearly exact Boundary Element Method (neBEM) [80,81] , a
BEM based toolkit and COMSOL Multiphysics® [82], an FEM based commercial

software. A short description of the framework and the different toolkits used in
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calculating the sub processes are discussed below.

4.2.1 Assumptions and approximations

Although, the main processes governing the operation of a gaseous detector are
well-known, still it is difficult to model all of them within a single framework
either due to the complexity in modeling them or due to lack of computational
resources. The numerical calculations for the present work were done under certain

assumptions and approximations which are listed below.

e The detector was assumed to be at a constant ambient condition i.e., at 1
atm pressure and 27°C. No humidity was present to influence the properties

of the gas mixture or the electrodes.

e The geometry was modeled using perfectly smooth objects, unless mentioned

otherwise.

e The gas mixture within the detector was uniform all over its volume. The
effect of gas flow which may give rise to some dead regions was not considered

in the calculations.

e The chemical properties of the gases were assumed to be consistent at every

location and at all the time.

e The dynamic modification of the electric field due to space charges was not
considered for the present case. Instead, the electrostatic approach was fol-

lowed.
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The resistive nature of the electrodes was not considered as it does not have

any significant effect for the present studies [83].

The incident muons did not follow any special spectrum and their energy
vaied between 0.5 GeV to 10 GeV randomly. The angle of acceptance was

restricted to 6 = 10° to match the present experimental arrangement.

The produced positive ions were assumed to move with a constant mobility
(= 1.33 x 1075 cm?/us V) giving rise to a constant ion velocity for a fixed
value of applied field. Also the positive ions were assumed not to produce

any secondary ionization owing to their slow movement.

The physics of streamer generation is still not well understood and was com-
pletely ignored in the present calculations. Though an artificial limit existed
within the framework to cut the signal when the process crossed the Raether

limit [49] which indicated the appearance of streamer.

4.2.2 Geometry modeling

The Garfield provides an efficient 2D and 3D geometry modeler. Different 2D

(infinite equipotential plane, tube) and 3D (box with right angles, box with a

cylindrical hole in center, cylinder, thin-wire, sphere etc.) elements are defined

inside the software. A specific detector geometry can be modeled with the help of

these elements. The description of the specified chamber can either be in polar or

in Cartesian coordinates and consists of a listing of the position, dimension and

the boundary conditions in the form of potentials.

In the COMSOL®, the geometry was built using its built-in basic 3D blocks like
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box, cylinder etc. Complicated geometries can be modeled using its Boolean, trans-
formation and partitioning geometric operations, some of which were used while

creating different structures on the electrode surfaces (section 5.5.2).

4.2.3 Calculation of physical and weighting fields

Calculation of electric field map in presence of dielectric materials is not very
straight forward. Introduction of a complex geometry further increases the prob-
lem. In case of a gas detector the appearance of charges may distort the local
electric field which may affect the other processes dependent on the value of elec-
tric field. So, the knowledge of dynamic electric field is necessary for gas detector
calculations. In the present work, following a naive approach, only the electro-
static field map was calculated. Although, the analytic calculation of electrostatic
field map is straight forward for a simple parallel plate geometry, but to find the
detail map for the finite geometry of RPC is not very trivial. FEM and BEM
were used for this purpose which will be discussed in detail in chapter 5. It may
be noted that same computations were carried out by replacing the bakelite with
glass electrodes. This modification did not lead to any significant change in the
electrostatic configuration within the RPC except the field value due to the differ-
ence in their relative dielectric constants (e, = 5.4 for bakelite, €, = 13.5 for glass).
The weighting fields (W), responsible for the device response were also calculated

for various geometrical models as a prerequisite of simulating RPC signal which

will be discussed in the same chapter.
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4.2.4 Calculation of primary ionization

The amount of ionization deposited in the sensitive volume of a detector provides
information about the charge and velocity of the traversing particle. To simulate
the signal in a gas detector, it is necessary to use a program that gives the distri-
bution of the individual ionizations along a particle track and their energies. The
HEED |76, 77] was used to calculate the initial positions of the electrons, their
initial energy and their number at the locations of ionizations. It is a Monte-
Carlo Simulation package based on the Photo-Absorption Ionization model (PAI)
of W.W.M. Allison and J.H. Cobb [84|. The HEED program calculates the pri-
mary ionization parameters by simulating the atomic relaxation effects (by the
emission of fluorescence photons and Auger electrons) and by tracking the emerg-
ing d-electrons. It can simulate the ionization effects such as the cluster density,
the primary electron distribution etc. inside the gas chamber.

The primary ionizations created by 2 GeV muons while passing through 2 mm
gas chamber containing 95% CoHyF,, 5% i-C4H; were calculated using the HEED
and the distribution of different related parameters are displayed in figures 4.2 -
4.4. The spatial distribution of the clusters within 2 mm gas chamber is displayed
in figure 4.2(a) which shows an almost uniform probability for cluster generation
along the track of muon. From the distribution of number of ionizations per cluster
(figure 4.2(b)) it can be seen that there is always production of only 1 electron-ion
pair per cluster. 5000 muons of 2 GeV energy were passed through the gas chamber
and distributions of total number of clusters and total energy deposit per event
was found out and are shown in figure 4.3(a) and figure 4.3(b), respectively. Both

the distributions of figure 4.3 were fit with Landau function and its most probable
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Figure 4.2: Distribution of (a) cluster positions along the thickness of RPC gas
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Figure 4.3: Distribution of (a) total number of clusters per event and (b) amount
of energy deposit per event for passage of 2 GeV muons in a 2 mm gas chamber
containing 95% CoH,F4 + 5% i-C4Hy.

value (MPV) were considered as the average number of clusters and average energy

deposit per event, respectively, for this specific gas mixture. The calculations were

performed by passing muons of varying energy through different gas mixtures and

the variation of average energy deposited by muons was plotted with the energy of

the muon for two different gas mixtures containing different amounts of SF¢ (with

5% i-C4Hyo and rest CoHoFy), which is shown in figure 4.4. No significant change

84



Chapter 4. Detail simulation of RPC dynamics

0.7

—0.0% SF,
—0.5% SF,

0.6

0.5

0.4

0.3

Energy deposit per unit length (keV/mm) —

0.2 | | | | | | | | | | | | | | | | | | | | |
-1-050 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10
Muon energy (GeV) —

Figure 4.4: Plot of energy deposit per unit length vs the muon energy as calculated
by HEED for the mixture containing 5% i-C,H,q, CoHoF, and SF.
in energy deposit was observed for the gas mixtures relevant for this work. The

nature of the curve was similar to the one expected from Bethe-Bloch formula.

4.2.5 Calculation of charge transport

The transport properties of the electrons were calculated using Magboltz program.
It was developed to calculate the transport parameters of electrons drifting in the
gases under the influence of electric and magnetic field. The program computes
electron transport parameters by numerically integrating the Boltzmann transport
equation. By tracking the electron propagation, the program can compute the drift
velocity, the longitudinal and transverse diffusion coefficients and Townsend and
attachment coefficients in various gases. By including a magnetic field, it can
also calculate the Lorentz angle. The collision types involve elastic and inelastic

collisions, attachment, ionization and super-elastic collisions. The collision angu-
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lar distributions are also introduced in it. The program contains, for 60 gases,
electron cross-sections for all relevant interactions with atoms and/ or molecules.
The Boltzmann transport equation solved in the initial version of Magboltz used a
solution for the energy distribution function which was an expansion in Legendre
polynomials. The standard solution of the Boltzmann transport equation trun-
cates the energy distribution expansion after the first two terms of the Legendre
polynomials, whereas the Magboltz program uses an expansion upto the third Leg-
endre polynomials. This was found to be useful in improving the computational
accuracy of the drift velocity with errors less than 1%. At large magnetic fields,
the Magboltz predictions for some gases were found to be inaccurate. This loss of
accuracy was found to be caused by some of the approximations used in the Mag-
boltz program. In order to improve the simulation and also maintain the desired
accuracy, the Monte Carlo integration technique was applied to the solution of the
transport equations in the more recent versions of the code.

The difference of Townsend coefficient («) and the attachment coefficient (),
termed as the effective Townsend coefficient (a.fr = « - 1) denotes the proba-
bility of secondary ionization by the electrons per unit distance. The variation of
aerp and drift velocity of electrons (V) with the applied field is displayed in fig-
ure 4.5 for different CoHoFy, i-C4Hyo (5%) based gas mixtures containing different
amounts of SFg. The curves of aesy indicated that the probability of secondary
ionization increased with the rise in applied field. Inclusion of SFg in the gas
mixture restricted this process. Also, the electrons moved with higher velocity at
the higher fields. The variation of longitudinal (D;) and transverse (D) diffusion
coefficients of electrons with the applied field for the same gas mixtures is shown in

figure 4.6. D; seems to enhance at higher fields, but the value of D; reduced which
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Figure 4.6: Variation of longitudinal (D;) and transverse (D,) diffusion coefficients
of electrons with the applied field for different gas mixtures.

is expected to introduce less fluctuation in electron drift paths at higher fields.

4.2.6 Calculation of signal generation

The Garfield was used to compute the induced signal, with other toolkits to com-
pute different auxiliary components relevant to the detector dynamics as discussed
in sections 4.2.2 - 4.2.5. Tt is a widely used program for detailed simulation of 2D

and 3D drift chambers. The schematic diagram of the framework is shown in fig-
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ure 4.7. In order to perform the detailed simulations, the knowledge of the electric
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Figure 4.7: Schematic diagram of the Garfield simulation framework.

field vector at each point of the trajectories of the charged particles is mandatory.
Garfield has its own library to analytically calculate the electric field when the
detector geometry can be decomposed in equi-potential planes, wires and tubes
without intersections. For more complicated geometries, the program provides in-
terfaces with different field solvers. Considering only the electrostatic fields, the
trajectory of an electron or ion would be such that the position as a function of
the time, r(t), should obey the following differential equation

d*7(t) o
= eE(r(t)) (4.13)

Me
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where m, and e are the mass and the electric charge of the electron. As a first
order of approximation, Garfield implements the Runge-Kutta-Fehlberg method
to numerically solve this differential equation to determine the trajectory of the
electrons or ions. Since they are extremely light, the electrons in a real gas abruptly
change their direction of motion in collisions with the atoms. As a result, the
trajectories obtained by the above equation do not provide a real parametrization,
although they can be viewed as the paths traveled on an average by the electrons.
In order to correctly simulate the drift of the electrons in real gases, Garfield
has other integration methods which employs Monte Carlo calculation that takes
diffusion into account. On the other hand, the ions, due to their higher mass, follow
the trajectory with very small thermal fluctuations. This method was adopted by
Garfield to drift ions in real gases, given their mobility as function of the electric
field for calculation of the time of drift. Finally, Garfield simulates the signal
induced on the read-out electrodes resulting from the passage of a charged particle
through the chamber. The electron pulse is computed by following the avalanche
process along the electron drift line. The current induced by the avalanche ions is
also computed according to a simplified model.

Muons of energy randomly varying between 0.5 - 10 GeV were passed through the
detector in randomly varying directions restricting the range of incidence angle
(0) within 0° - 10°. The movement of all the electrons and ions created in the
gas mixture through the avalanche process were tracked by the Garfield and the
current induced on the pickup strip due to their movement was calculated at an

interval of 100 ps.
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Electric Field Map

The electric field configuration of the RPC is a key factor for operation of the
detector as the entire cascade of physical processes starting from the movement of
primary charges to signal induction on the read-out strips is critically dependent
on it. From Shockley-Ramo theorem (equation 4.12), the induced signal depends
on the amount of moving charges, their drift velocity and the weighting field. For
the device under consideration, the total amount of charge contributing to the
signal generation is created through avalanche multiplication which depends on
the charge transport properties in the gas mixture. Transport properties, like,
Townsend, attachment, diffusion coefficients and the drift velocity of the charges
depend on the value of applied field along with the properties of gas mixture. The
value of weighting field at any point for a specific read-out is calculated by finding
the value of electric field at that point keeping the read-out of interest at unit

potential with all other read-outs grounded.
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The efficiency of the device response simulation depends on the accurate knowledge
of electric field map and the value of weighting field within the device. Both of them
were calculated in detail using different numerical methods which are described in
section 5.1. The results from the two methods are compared for different cases.
One of the cases dealing with the calculation at a uniform region is presented in
the same section. Although an appropriate approach for these calculations should
have been to calculate the dynamic electric field as the space charges created in
the avalanche process tend to modify it [85], in the present work all the field cal-
culations were performed without considering the presence of any charge. While
the structure of an RPC is of simple parallel plate geometry, the field calculation
is not straightforward as the plates have finite bulk resistivity which introduces a
time dependence of the electric field. Also the semi-conductive components will
result in a time-dependent weighting field for the read-out strips of finite dimension
as shown in [83]. However, the present calculations treat those layers as perfect
dielectrics with zero conductivity.

As a uniform response from the whole detector is an important requirement for
large area coverage in ICAL, several critical regions in the active area of the cham-
ber like near edges, corners and spacers need close inspection where the field, which
is otherwise uniform, will be perturbed due to the presence of these geometrical
artifacts. In most of the regions within an RPC, the effect of these geometrical
non-uniformities on electric field may be less than that due to the space-charge
build up in an avalanche. However, in the critical areas mentioned above, the
effect of geometrical non-uniformities calls for a careful study. For example, in
different R&D works with ICAL prototype, a loss of efficiency was observed only

at the corners and, possibly, around the spacers [86,87|. The effect of different
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design parameters on the electric field is presented in section 5.4.

The resistive plates of the RPC are generally fabricated using glass or bakelite
which are known to develop some asperities on its surface in the process of pro-
duction and handling. The long term operation of the RPCs may also lead to an
increase in the roughness by affecting the surface through various chemical pro-
cesses. Presence of asperities on the inner surfaces of the gas chamber of a Resistive
Plate Chamber (RPC) is likely to distort the electric field locally which may give
rise to spark, dark current etc. and thus lead to gradual degradation of the detector.
Earlier experiment [88| on bakelite RPCs has shown increase in counting rate and
decrease in efficiency with time for the RPCs made of bakelite plates without any
surface treatment. Performance of the RPCs improved significantly after treating
the inner surfaces with a suitable fluid. Study of the bakelite surfaces, modeling of
the asperities and their effect on the electric field is studied and will be presented

in section 5.5.

5.1 Numerical Tools

The electrostatic field map within the gas chamber of a single gap RPC was calcu-
lated by solving the Poisson equation for the given geometry using Finite Element
Method (FEM) and Boundary Element Method (BEM). Both the methods follow

some general steps to solve a problem as discussed below.

e The geometry or the domain of the problem is constructed.

e Required material properties are declared for different parts of the domain.
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Certain boundary conditions are imposed for the problem.

e The geometry is broken into very small elements. Boundary conditions are

applied to all the smaller elements.

e The value of the dependent variable whose value needs to be solved for the

problem, is evaluated for the smaller elements.

e The value for all points of the geometry is found out from the values at each

element.

The two numerical methods and the related toolkits used for field calculation are

described in the following.

5.1.1 FEM

In the FEM approach, the volume of the given geometry is broken into a number
of smaller 3D elements which are connected at the nodal points. The governing
equations are satisfied at the nodal points. The set of equations are solved numeri-
cally producing potential at the nodal points which is interpolated or extrapolated
following a polynomial (generally of low order) to determine values at non-nodal
points. The field at any point is determined by differentiating the polynomial used
to represent the potential. Theoretically, any partial differential equation class of

problem can be solved using FEM. Some advantages of using FEM are :

e It is highly flexible in theory and in its implementation.

e [t can handle complex geometries quite easily.
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e Boundary conditions can be very easily imposed in this method.

FEM calculations have some drawbacks due to its way of handling any problem,

which are listed below.

e The value of field at any point is calculated by differentiating the polynomial
used to describe the potential at that point which leads to representation
of the field by a lower order polynomial. As a result, the estimated field is
not very precise, especially at regions where electrostatic properties change

rapidly.

e (Calculation for a variable at a non-nodal point is done by interpolating or
extrapolating its value from the nearest nodal points, which introduces an

error in the value.

e Also it is computationally expensive to use FEM when there is a wide vari-
ation in dimension (between pm and m), which is very common for gaseous

detectors.

The COMSOL® [82] was used for the present study which is a GUI based multi-
physics software where all the steps from geometry building, meshing and solving
the problem can be performed. COMSOL v5.0 was used in a 64-bit Windows 7
workstation having 16 GB RAM.
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5.1.2 BEM

The BEM solves field problems by solving an equivalent source problem. In the
case of electric fields, it solves for equivalent charge, while in the case of magnetic
fields, it solves for equivalent currents. In the BEM approach, the boundaries of
a given geometry are discretized into two dimensional elements, each carrying an
unknown charge distribution. These charge distributions are determined following
Green’s function technique, satisfying the given boundary conditions. Then the
potential and electric field at any point are determined from these charge distri-
butions following the same Green’s function technique. BEM also uses an integral
formulation of Maxwell’s Equations, which allows for very accurate field calcula-
tions. Unlike FEM, the electric and magnetic fields are computed directly from
the source, which results in very high accuracy which is difficult to attain using

FEM. The advantages of BEM technique in comparison to FEM are the following.

e Once the charge distribution on the geometry is solved accurately, the po-
tential or field at any point can be evaluated directly without taking resort
to polynomial representations. These helps BEM to solve a problem with

better accuracy.

e The boundary conditions at infinity is automatically satisfied. It is not nec-
essary to artificially terminate the physical boundary of a problem and to

devise appropriate boundary conditions at an artificial edge.

Despite the above advantages, the usual BEM suffers from several drawbacks that

have resulted in its relative lack of popularity. The most important ones are
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mentioned below.

e [t is assumed that a surface distribution of singularity density on an element

can be represented by a nodal arrangement based on a chosen basis function.

e [t is assumed that the satisfaction of the boundary condition at a predeter-
mined point (or, through the use of known shape functions) is equivalent to

satisfying the same on the whole element in a distributed manner.

e While BEM can solve nonlinear problems, the nonlinear contribution requires
a volume mesh. Putting a volume meshing begins to diminish the benefits

of BEM listed above.

The former assumption leads to infamous numerical boundary layer due to which
the near-field solution in regions close to an element becomes erroneous. Thus,
in the context of electrostatics, the estimation of potential and field in near-field
region close to the boundaries and surfaces by usual BEM is found to be inaccu-
rate. This also leads to complications in solving problems involving closely spaced
surfaces such as degenerate surfaces, edges, corners and other geometrical singu-
larities.

The neBEM solver was used for the present calculations, which is based on a novel
formulation of the BEM and was able to remove some of the major drawbacks of
usual BEM. Here, the use of analytical solutions of the potential and electric field
influenced by a uniform charge distribution over a rectangular or triangular bound-
ary element [89] allows nominally exact estimation of potential and field within the
device. The analytic closed form expressions of the potential and electric field for

a single boundary element are obtained from symbolic integration of the Green’s
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function due to uniform charge distribution over an element. For the present study,

neBEM v1.8.16, interfaced with the Garfield was used in a 64-bit SL6 workstation

having 16 GB RAM.

5.2 Geometrical Models and Discretization

The RPC geometry used for the calculations and the method of decomposing the

geometry into smaller parts, required by the numerical tools are described below.

5.2.1 Geometrical models

A schematic diagram of the geometrical model considered for the numerical study

is shown in figure 5.1(a) which was modified according to the scheme of different

calculations for obtaining physical and weighting field distributions. The gas cham-

04

0.3

0.2

0.1

z (cm) >
o

-0.1

-0.2

0.3

-041-

| Conductive

(U]

Read-out striﬁs iii iRi
Insulator /

Resistive electrode (E)

coating

©

Button spacer (B)ﬂ Gas chamber (6) | Edge L

spacer

®

Resistive electrode (E)

Insulator
0}

Read-out strips (X) (R)
| | |

-20 -1

5 -10 -5 0 5 10 15 20
X (em) —

(a) (b)

Figure 5.1: (a) Schematic diagram of RPC geometry used in simulation, (b)
schematic diagram of button spacer along with the lines of data export.

ber (labeled as “G”) was created by two resistive plates (“E”) and four edge spacers
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(“S”). One of the button spacers (“B”) used to maintain a uniform gap between the
plates is indicated at the center. The shape and dimension of the button spacer
are identical with the one used in the prototype. The schematic diagram of the
button spacer with the dimension of its different parts is shown in figure 5.1(b).
This typical shape for the button spacer was chosen as it helps to increase the lin-
ear distance between the electrodes which will help to reduce the leakage current
compared to the value expected from using a uniform cylindrical shape. The edge
spacers were taken in the shape of rectangular blocks so that four planar surfaces
face the gas chamber. In the prototype, specially designed corners were used to
hold the edge spacers. However in the model, no such structure was used and the
corners were modeled by simply extending and joining the rectangular blocks. A
conductive coating (“C”) was applied on the outer surfaces of the plates to apply
voltages of opposite polarity for generating electric field within the gas chamber.
Two read-out panels (“R”), aligned in orthogonal directions (X,Y), were used to
collect the signal induced by the moving charges. Each of the read-out panels was
made of eleven strips along X direction for the lower read-out panel and along Y for
the upper one. An insulator (“I”) was provided to separate the read-out panel from
the conductive coating. The dimensions and material properties of the components
are specified in table 5.1. The notations x, y and d denote their dimensions along
X, Y and Z directions, respectively. The length and width of a component are
denoted by [ and w, respectively. The radii of the stem (thinner) and the pedestal
(wider) parts of the button spacer are represented by r; and ro, respectively, while
dy and dy denote their thickness. The relative dielectric constant of the materials
are expressed by e,.

The geometry of the RPC where readout strips are located outside the chamber
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Table 5.1: Physical properties of RPC components

Component Material ) )
Dimensions
name (€)
gas chamber air (1.0006) r=y=29 cm,d=2mm
resistive plate bakelite (5.4) r=y=230cm, d=2mm
conductive coating | graphite (12.0) r=y =29 cm, d=20um
edge spacers mica (5.4) d=2mm, w=>5mm
button spacer mica (5.4) r1 = 5.1 mm, ro = 5.5 mm,
di = 1.4 mm, dy = 0.3 mm
insulating layer mylar (3.2) r=y=29cm, d=0.1 mm
read-out strips copper [=30cm, w=25cm,d=0.2mm

necessitates to implement two different models for computing the physical electro-
static field and the weighting field. Also, a new unified model was proposed for
carrying out both the calculations and investigated for its suitability. The three

models that were used for different calculations are described below.

Model-P : This model was used to calculate the physical electric field within
the RPC gas chamber. Here, the components outside the coating “C" of the figure
5.1(a) were not considered since the presence of any charge beyond the high voltage
planes should be shielded by the conductor. This has in turn reduced the amount

of computation.

Model-W : To calculate weighting field, the Model-W has to include all the com-
ponents as shown in figure 5.1(a). The semi-resistive bakelite plates were treated
as perfect insulators with infinite resistivity. The graphite layers were considered
as dielectrics with €, = 12. The particular strip for which the weighting field would

be calculated was kept at unit potential while all others were grounded.
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Model-U : It is the proposed model for unification of the above mentioned two
different models, that was used for carrying out the calculation of physical and
weighting fields separately. The Model-U used the same configuration as that of
the Model-W when the weighting field was calculated. As a result, they produced
identical weighting fields. However, when the physical field was calculated, it is

the readout strips where the high voltage was applied in a virtual sense.

5.2.2 Discretization/ meshing of geometry

The numerical methods required decomposing the whole geometry into smaller
parts, popularly known as “meshing” for COMSOL Multiphysics®, and “discretiza-
tion” for neBEM. In COMSOL®, most of the geometry in Model-P was meshed
successfully using free tetrahedral elements of order 2 with straight sides. How-
ever, the conductive coating needed special treatment. Due to very large aspect
ratio (29 cm/ 20 pum) of the coat, the automatic meshing scheme lead to a large
number of elements beyond the computational capability of the machine. Here,

free triangular elements were used to mesh the surface of the coating region which
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Figure 5.2: (a) RPC geometry meshed in COMSOL®, (b) RPC geometry dis-
cretized using Garfield and used by neBEM.
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was then swept through its volume. The total number of elements thus dropped
down to about 2 x 10°. Similar special method of meshing was adopted in case of
read-out strips for Model-W and Model-U. The surface of a strip was meshed using
free triangular elements which was then swept through all read-out strips and the
gap between them. Figure 5.2(a) shows a part of the RPC typically meshed in
COMSOL®. In case of neBEM also, the conductive coating region needed special
attention due to its very small thickness and was discretized to have minimum four
elements along its thickness. Figure 5.2(b) shows a part of the RPC discretized in
Garfield and was used by neBEM.

5.3 Comparison of FEM and BEM

To compare the performances of the two solvers, different parameters related to the
computational requirements for a specific case of calculating the physical electric
field of a simple RPC model is shown in table 5.2. The third column of the table

Table 5.2: Comparison of performance of FEM and BEM solvers in calculating the
physical electric field

Total Time to | Convergence M
.. emory
Solver number solve criterion/ .
. ) consumption
of elements | (minutes) | relative error
FEM
(COMSOL®) 2 x 106 20 1074 ~7GB
BEM 3 -7
(neBEM) 25 x 10 70 6.2 x 10 ~ 10.2 GB

shows the time taken to solve the whole problem after the optimized meshing

scheme was found out for COMSOL®, which itself is a rigorous process. neBEM
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can calculate the field very precisely even near edges (see section 5.4) on the expense
of computational time for all the cases. The fourth column shows the criterion of
convergence for COMSOL® and the relative error for neBEM. The convergence
criterion for COMSOL® was calculated by taking the relative deviation between
the last two iterations of the calculation. This value can be made smaller by using
finer meshes which will cost additional computational time. The relative error for
neBEM was calculated by taking the largest difference between the initial values
(present as boundary condition, supplied by the user) and the values calculated
at the collocation points from the charge distribution on all the elements. Lower
value of relative error can be achieved by proper discretization of the geometry.

The voltage application scheme of RPC results in the Z-component of the electric
field to contribute most significantly in the total field. So, the Z-components of
electric field (F,) and the weighting field (W) are studied in detail for different

configurations and are presented below.

5.3.1 Physical electric field

The physical electric field along the thickness of the RPC (Z) was calculated and
the variation of F, with Z is depicted in figure 5.3 for the two solvers when voltages
of £ 6 kV are applied on the conductive coats. The values at the center of the

chamber as yielded by two methods agree within 0.5%.
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— neBEM

— comsoL

Figure 5.3: Comparison of FEM and BEM for variation of Z-component of physical
electric field along the thickness of RPC at a regular point for applied voltage =
+ 6 kV.

5.3.2 Weighting field

The weighting field for all the strips of the RPC was evaluated numerically using
neBEM and COMSOL® following the Model-W. The results were compared to
the analytic solution derived for an infinitely long read-out strip in a plane con-
denser with three homogeneous layers [90]. MATLAB [91] was used to calculate
the analytic integral representation of the weighting field for the given geometry.
Figure 5.4 shows the variation of the Z-component of weighting field (W) along
the X-direction at the center of the chamber (z = 0 mm) for the strips numbered
from 0 to 5 (starting on the left edge), as obtained from both COMSOL® and
neBEM. Solving Model-W with Garfield required a huge computational power (in-
version of a 56000 x 56000 matrix). This issue was resolved by solving a miniature
model consisting of five read-out strips on each side with the middle one coincid-
ing with the button spacer. The nature of the variation of weighting field for the

left-extreme strip is shown as for strip 0 and the nature for the middle strip is
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Figure 5.4: Weighting field for read-out strips numbered 0 to 5 (starting from an
edge) as calculated using (a) COMSOL® and (b) neBEM. The analytic result for
the strip 5 is shown by the solid red line.

shown as for strip 5 in figure 5.4(b). The effect of edge spacer on the weighting
field distribution of the strip 0 at the end may be noticed from both the plots.
The effect of button spacer can be seen from the weighting field of strip 5, the
(X,Y) co-ordinate of whose center coincides with that of the uniform cylindrical
button spacer. The analytic result for the strip 5 in absence of the button spacer
was included in the figures, shown by the solid red line to compare. It can be seen
that for the value of weighting field at the center of any strip, without considering
presence of any spacer, the neBEM results agree more closely to the analytic value
(calculated at the same location) with relative deviation of about 2%. On the

other hand, COMSOL® has yielded field values with relative deviation of about

3% with respect to the analytic.

5.3.3 Calculation using Model-U

The Model-U was proposed to calculate both physical and weighting field using

the same geometrical configuration, however, with different electrical boundary
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conditions. Physical electric field as calculated following the Model-U was com-
pared with that found from Model-P to test the efficacy of this newly proposed
model. The variation of E, along X-direction at z = 0 mm is shown in figure 5.5

as obtained using Model-P and Model-U. The value of electric field from Model-U

435 —— Z=0.0mm (Model-P) —— Z=0.99 mm (Model-U)

—— Z=0.0mm (Model-P) ——— Z=0.99 mm (Model-U)

—— Z=0.0mm (Model-U) —— Z=-0.99 mm (Model-U)
—— Z=0.0mm (Model-U) —— Z=-0.99 mm (Model-U)

41.5 M5

E, (kY/cm) —
\‘\I\\‘\\\\T\\\\‘\\I\\\\I

E, (kV/cm) —
\‘\I\\‘\\\\T\\\\\\\I\‘\\I

Figure 5.5: Variation of E, with strip position from Model-U and its comparison
with the values from Model-P using (a) COMSOL®, and (b) neBEM.

was found to be lower than that from Model-P because of the inclusion of extra
dielectric layers between two conductive planes in the Model-U. This implies that
use of Model-U for further calculations will need scaling up the applied voltage
to produce the required field, expected from Model-P. The same figure shows a
modulation in the value of E, at the position of the gaps between the consecutive
strips in the calculation with the Model-U for the obvious reason that the gaps
are made of air and have no potential on them. They are marked by dashed red
lines in both the plots. The fall in the value of E, evaluated using the Model-U at
the center of the chamber (z = 0 mm) in reference to the Model-P was found to
be 2.3% in case of COMSOL®. It was about 4.8% at the gaps. In neBEM, it was
2.3% and 3.6%, respectively. The fall in the value of E, due to the gap between

adjacent strips is lower for a plane close to the upper bakelite plate (z = 0.99 mm)
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and increases as one approaches towards the plane of pickup strips, as can be seen
for the planes at z = 0 mm and z = —0.99 mm. Similar kind of field distribution
was observed for the other read-out plane (along Y-direction) as well in the cal-
culation of Model-U. The surface plot of the field distribution at the central plane
(2 = 0 mm) is displayed in figure 5.6, as generated using COMSOL®. It shows

Surface: Electric field, z component (kV/cm) o
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Figure 5.6: Surface plot of E, from Model-U at z=0 plane showing the effect of
the gaps between the read-out strips.

the perturbation caused by both the read-out planes on the physical electric field

distribution if calculated by the Model-U.

5.4 Effect of Design Components

To show the effect of geometrical components on the physical electric field, the
same was computed at several critical regions and compared to that evaluated at

a regular location which retains the typical parallel plate nature. The surface map
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of E, over a part of the X-Y plane passing through the center (z = 0) of RPC, as

calculated by COMSOL®, is shown in figure 5.7. The value of E, is about 43.6
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Figure 5.7: Surface map of E, over z = 0 plane, as obtained from COMSOL®.

kV/cm at the regular region, whereas it drops down to 10 - 25 kV /cm at locations

near the edges, corners and spacers.

5.4.1 Field near edges and corners

The variation of the electric field as one moves away from the edge and corner is

shown in figures 5.8(a) and 5.8(b) respectively, calculated using the two solvers.

The plots show that the field tends to approach the value at a regular point as

one goes away from those critical regions.

The relative deviation AFE,, of the

field values, as defined below, at few locations with respect to the regular one, as
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followed from COMSOL® and neBEM, is provided in table 5.3.

~ E, at regular region — F, at that location

AFE, x 100%

E., at regular region

In the last column, relative deviation of the value from COMSOL® with respect

5= 45
F sof-
40— =
F 35
TasE- Taob
§E r Easf
Sso —— neBEM S E —— neBEM
x 20
wibsf- —— COMSOL uftsE —— COMSOL
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20— E
E SE
C 1 P T S R R E P IR BT U R
5 5 2 0 0 1 1.5 2 2.5
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Distance from edge (cm) — Distance from corner {(cm) —
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Figure 5.8: Variation of Z-component of electric field with (a) distance from
edge, and (b) distance from corner of the RPC gas chamber from neBEM and
COMSOL®, when the applied voltage is + 6 kV. The lines of data export are
shown schematically above the corresponding plots.

to that from neBEM is quoted for different locations where a preceding “+” sign
indicates the value from neBEM being greater than that from COMSOL® and a
“—” sign indicates the opposite. The table shows that the values from the two
solvers are comparable at regular region, but may deviate by about 70% at the

regions close to the geometrical artifacts.
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Table 5.3: Relative deviation of F, values as provided by COMSOL® and neBEM

AFE, from AFE, from | Relative deviation of
Location COMSOL® neBEM COMSOL® from
(%) (%) neBEM (%)

Regular 0 0 + 0.46

200 pm inside edge 42.86 48.84 — 11.16
1 mm inside edge 25.56 22.13 + 4.84
200 pm inside corner 69.48 82.25 — 71.20
1 mm inside corner 49.20 50.01 — 1.17

5.4.2 Field near button spacer

The field map around a button spacer was studied closely and found to be distorted
due to its typical shape. In figure 5.9, variation of value of F, along the X direction
is plotted at three different locations (z = 0, 0.7 and 0.9 mm), as indicated in figure

5.1(b). These results show that the value of E, decreases from its value at a regular

80_ 60_
50— 50—
Taof- T 40~
gk . T r -
+ —z-=0 I + —z=0 )
\>('~) C mm (special) § C mm (special)
Z30- Z30-
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20 — Z-07mm 20 — Z=07mm
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-2 -1.5 -1 -0.5 0 05 1 15 2 -2 -1.5 -1 0. 0 0.5 1 15 2
X (cm) — X (cm) —

Figure 5.9: Variation of E, along X direction at different positions near a button
spacer as obtained from (a) COMSOL® and (b) neBEM. The special case refers
to the calculation with a uniform cylindrical spacer with r; = ro = 5.5 mm.

point as one approaches near the button spacer at its pedestal region. For any point

lying within the boundaries of pedestal and stem regions (5.1 mm < | X| < 5.5 mm
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indicated by dashed blue lines) near their junctions (z = + 0.7 mm), the value
of E, was found to be higher (neBEM maximum 114% , COMSOL® maximum
129%) than the value at a regular region. On close inspection of the plots, it may
be revealed that the sudden rise in the field value occurred near the corners of the
junctions of the pedestals and the stem which is evident from the surface plots
of F, around the button spacer at different X-Y planes as shown in figure 5.10.

The sharp corners at the outer edge of the pedestals have caused the maximum
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Figure 5.10: Surface plot of E, around button spacer at the planes (a) z = 0 mm,
(b) z = 0.7 mm and (¢) z = 0.9 mm. The planes of data export are shown for
individual case, just above the plot.

perturbation in the field. It can also be noticed that the change in the field value
has reversed as one moves inside the pedestal region and close to the bakelite
plates. Few typical values have been quoted in table 5.4 where a minus sign before
a value indicates that the value at that location is higher than the regular one.

As a special case, the effect of a button spacer having a uniform cylindrical shape,

i.e. 1y = ro = 5.5 mm, was studied. The variation of E, for this case was included
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Table 5.4: Relative deviation of E, from COMSOL® and neBEM around button
spacer

Relative
AFE, from | AFE, from deviation of
Location COMSOL®| neBEM COMSOL®
(%) (%) from neBEM
(o)
1 cm away from the boundary 0 0 + 0.46

of stem of button spacer

(z =0 mm)
1 mm away from the boundary 15.31 15.17 + 0.62
of stem of button spacer

(2 = 0 mm)
1 mm away from the boundary 17.62 13.34 + 5.38
of stem of button spacer

(z = 0.7 mm)
30 pm away from the boundary — 27.24 —9.18 — 16.01
of stem of button spacer

(z = 0.7 mm)
20 pm away from the boundary 29.35 40.02 — 17.30
of stem of button spacer

(z = 0 mm)
20 um away from the boundary 50.34 43.17 + 13.02
of pedestal of button spacer

(z = 0.9 mm)

S~ Contour: Electric field, z component (kV/cm) SO = contour: Electric field, z component (kV/cm)
7 , A Tl 9 ——

! / % o

(a) | (b)

Figure 5.11: Contour plot of E, around button spacer from COMSOL® (a) for the
button spacer of typical shape, (b) for uniform cylindrical button spacer.
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as well in both the plots of figure 5.9 (shown in green line). The field was found
to gradually drop without any localized fluctuation as it approached the boundary
of the spacer. This nature of variation was observed to remain same for any X-Y
plane within the gas chamber. The contour plots around the button spacer for

these two types of shapes are shown in figure 5.11.

5.4.3 Field near joints of a composite RPC

The unavailability of bakelite plates of large area (2 m x 2 m), for building the
ICAL RPCs necessitated to explore the possibility of fabricating large composite
electrodes by joining smaller pieces. In this context, a few prototypes of smaller
dimension were made with composite electrodes to study their performance [92].

One of such electrodes is shown in figure 5.12(a). The electric field map near the

Glue (80 um)

(-30, 30) (30, 30)

T y =50 um
————————— SAEEEE
>_

Bakelite
plate
(-30, -30) X (cm)— (30, -30)
(a) (b)

Figure 5.12: The composite RPC (a) in its physical form, and (b) its model con-
sidered in the simulation, along with the lines of data export.

joints was calculated using the neBEM and the COMSOL® and the results from

them are discussed below.
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Numerical model : A composite electrode was inspected under a digital micro-
scope Olympus MX 51, fit with the camera Olympus DP 25 and the pictures of

some of the joints are shown in figure 5.13. The width of the glue at the joint was

(b)

Figure 5.13: Width of the glue (a), (b) along the joining of two plates, (c) at the
joining point of the four plates.

found to vary with an average of 35 ym. To solve the problem numerically, an
RPC was modeled with electrodes, made by joining four 30 cm x 30 c¢m bakelite
units of thickness 2 mm with a glue (¢, = 4.69) of width 80 pm. The larger width
of the glue was considered to avoid some technical problem with the discretization
of the geometry. One of the electrodes, used in the numerical model is displayed

in figure 5.12(b).

Result : The problem was solved using both the COMSOL® and the neBEM. The
value of the Z-component of electric field, FE, was found to be marginally lower at
the location of the glue. The variation of E, in the center of the RPC gas chamber
along various lines in X-direction is shown in figures 5.14 and 5.15, as calculated
by the COMSOL® and the neBEM, respectively. The line y = 0 passed along
the joint while the line y = 15 cm ran parallel to the joint, except at the point
x = 0, It crossed the perpendicular joint. It could be observed from the figures
that the field was affected at the position of the glue. and the effect was higher at

the region where four plates met. The results from the two solvers matched within

113



Chapter 5. FElectric field map

37.94
37.92—
1 37.9—
=3
Sa788
> <
= -
Lv37.86— .
- —— y=0umline
37.84— ,
= I — y =50 um line
37'82; — y=15cmline
878 . .
—20 ~10 0 10 20
X (cm) —

Figure 5.14: Variation of F, in the center of the bakelite RPC gas gap with the
composite electrode along various lines in X-direction from COMSOL®.

0.12% and showed a fall of about 0.2% in the field value at the position of the glue.
For 80 pm wide glue, the affected field extended to about 500 pum on both sides
of the junction which was speculated to reduce the signal amplitude leading to a

local non-uniformity in the detector response.
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Figure 5.15: Variation of E, in the center of the bakelite RPC gas gap with the
composite electrode along various lines in X-direction from neBEM.
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5.5 Effect of Electrode Imperfections

The inner surfaces of the used electrodes for RPC fabrication was observed to
contain rough structures of variable sizes and shapes. The structures were modeled
using some basic geometries and their effect on the field map was calculated using
both the neBEM and the COMSOL®. The relevant observation and analysis of
the electrode surface are described in the next followed by their modeling and

calculation of their effect on the electric field.

5.5.1 Analysis of surface roughness

BRUKER ContourGT-K 3D optical microscope was used to image different sam-
ples of a bakelite P-120 plate. Several samples were made at various locations with
scanning area of dimension 640 ym x 480 pm. One 2D image of a sample scan

is shown in figure 5.16(a). The different parameters used by the microscope to

s W \U/

Figure 5.16: (a) 2D surface profile of P-120 bakelite sample using ContourGT-K
3D optical microscope, and (b) measurement of roughness parameters in 1D case.

quantify the unevenness of the surface are roughness average (R,), RMS rough-

ness (R,) and total profile height (R;). For an 1D uneven surface profile (figure
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5.16(b)), if the distances of randomly chosen n points are measured and Y; denotes
the distance of the i*® point from the mean line (an imaginary line above which the
total area of the profile equals to that below it), then the parameters are defined
as,

R, — EYn7 R, — EYn?7

n n

R; = height of the largest peak — depth of the deepest valley

The 3D scans of the samples are shown in figure 5.17 along with the related rough-
ness parameters. It was found out from the data that the average roughness of

the surface varies between 150 - 300 nm while the range (distance between the

-
Rg=98.61 nm, R;=389.24 nm, Rq=158.15 nm, R;=204.73 nm,
. .
Rt=4.14 pm R¢=1.73 pm
.

Rq=191.14 nm, R;=254.84 nm,
Rt=5.29 pm

R | "’ %, e I
| \ - oo Kﬁ . ! e

b 8 e =
58 & & &

Figure 5.17: Typical 3D surface profiles of P-120 bakelite samples using
ContourGT-K 3D optical microscope along with the roughness parameters, R,,
R, and R;.

(©)

Figure 5.18: 3D images of different parts of bakelite sample showcasing different
building blocks of the surface: (a) spikes of different heights and widths, (b) ridges
made of boxes and prism-shaped blocks, (c) spikes sitting on a wavy profile.
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peak and the valley) lies between 1 - 5 um.The surface images were further an-
alyzed using MATLAB [91]. The dimensions of different surface structures were
found out from the color scheme and then 3D images were generated keeping only
those structures whose height crosses a certain color threshold value so that the
building blocks of the surface can be seen clearly. The 3D images of some of the
measurements are shown in figure 5.18 from which the main building blocks of the
surface can be found out. From visual inspection, the following three kind of gross

structures in varying dimensions were found : (i) spike, (ii) ridge and (iii) wave.

5.5.2 Geometrical modeling of the surface structures

A simplified model of RPC with dimension 5 cm x 5 cm, consisting of only the
bakelite plates and the conductive coats were modeled to use the computational
resources economically, with the mentioned asperities distributed on the inner sur-
face of the upper bakelite plate following a definite pattern. A voltage difference
of 12 kV (£ 6 kV) was applied between the coats. The three features of the rough

surface along with their modeling scheme are discussed below.

Spike - The randomly distributed spikes were modeled using boxes of different
heights and widths although with a periodic distribution as shown in figure 5.19(a).
The small box was of dimension 1 um x 1 pum with a height of 250 nm. The height
and the width of the other boxes were increased individually (along X and Y di-
rection respectively) to a maximum limit of 1 pum and 4 pm, respectively, and then
reduced again to reach the smallest values along the respective directions. For the
series of boxes, placed along the diagonal direction both the height and width were

increased in multiples of the smallest box and reduced back to the smallest values.
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The reason behind the scheme was to study the individual as well as the combined
effect of the variation in height and width of the box in a systematic way. The
boxes were placed 8 pm away from each other as an optimum value of separation,
as closer placement required a finer mesh to resolve the geometry which in turn

increased the consumption of computational resources.

X direction
(change in height)

(b) (©)

Figure 5.19: Modeling of (a) spike-like structures using a distribution of boxes with
different heights and widths, (b) ridge-like structures using a series of triangular
prism-like blocks and (c) wave-like structure using a sinusoidal wave.

Ridge - The ridge-like structures were modeled using five triangular prism-like
blocks, each of height 5 um and a base cross-section of 25 pum x 650 um, placed
on the inner surface of the upper plate with their sharp edges facing the gas volume
as shown in figure 5.19(b). The ridges were placed parallel to each other with a

pitch of 50 pum along the X-direction.

Wave - The wave-like feature of the surface was modeled in the shape of a sinu-
soidal wave with amplitude 10 pum and a wavelength of 40 pm, as shown in figure
5.19(c). The roughness feature was incorporated on the upper bakelite plate as
mentioned earlier with the trenches of depth 10 pgm implanted on the plate mate-
rial. The mentioned rough structures of nm dimensions required very fine meshing
for proper modeling of the geometry. The Meshing of the models containing ridges

and wave-shaped profile are displayed in figure 5.20. The numerical tools was
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Figure 5.20: Meshing of (a) the ridge-like surface profile and (b) wave-shaped
profile in COMSOL®.

able to approximate the sharp edges depending on the used discretization scheme
and to find the effect of ideally sharp edges one needs to use infinitesimally small

elements in discretization.

5.5.3 Effect on the field map

Spike : The effect of the box structures having different width on the electric field
can be seen from figure 5.21(a) where the variation of E, along the Y-direction
is plotted. The calculation was performed at several locations away from the box
and compared in the figure. The following observations can be made from the plot:
(a) The field value is enhanced at the positions of the boxes, (b) The magnitude is
larger when the box is narrower in width, (¢) A sharp rise occurs along the edges
of the boxes, (d) All these effects get more pronounced in close vicinity of the
boxes. The field was found to increase by 30.5% maximum at 10 nm away and can
rise upto 42.8% at the edges while it fell close to the regular value (within 0.6%)
around 5 pum. The effect of height of the box structures can be analyzed from

figure 5.21(b) where the variation of field values calculated along the X-direction
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Figure 5.21: Results for the model representing spike-like structures, from neBEM:
(a) E, vs Y plot along lines at different heights from the tip of the smallest box, (b)
E, vs X plot along lines at different heights from the tip of the third box (height
= 750 nm) showing the effect of height of the boxes.

and at several positions away from the third box is shown. As evident from the
figure, the observations are similar to that made in earlier case. It is to be noted
that in case of the highest box (at the center of the distribution), a dip on the
line of 10 nm occurred as it cuts through the box. From these two plots it can

be concluded that the taller and narrower spikes affect the field most, though the

affected region gets stretched with the increase in width.

Ridge : The effect of the ridge on the electric field as calculated at different
distances away from the head of the ridge is shown in figure 5.22(a). The enhance-
ment in field value reduces as one goes away from the ridge structures as is evident
from the figure. The field value can change by 46.2% to 0.6% in a range from 10
nm to 50 um away from the structures. The contour plot of E, in the vicinity of

these ridge-like structures can be seen from the figure 5.22(b) as calculated using

COMSOL®.

Wave : The change in the value of E, along lines at different distances from the
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Figure 5.22: (a) E, vs X plot along the lines at different distances from the edges
of the ridges from neBEM, (b) Contour plot of E, in X-Z plane from COMSOL®.
wave peaks is shown in figure 5.23(a), calculated using COMSOL®. The effect of
this wavy structure extended upto 50 um away from the peaks where the relative
deviation in the field with respect to its normal or regular value reduced to 1.9%

only while it is 59.2% within 10 nm of the peak and - 21.2% at the troughs. Figure
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Figure 5.23: (a) E, vs X plot from COMSOL® at different distances from the
peaks of the wave, (b) Contour plot of E, from COMSOL® on the surface, 100 nm
away from the peaks of the wave-shaped profile.

5.23(b) shows the surface contour plot of the E, values 100 nm away from the

peaks as was computed with the COMSOL®.
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Calculation of RPC Response

This chapter discusses the numerical calculation of RPC response at different con-
ditions and comparison of the results to the measured values. The RPC response
due to passage of muons was calculated following the methodology discussed in
section 4.2.6. The computed signal shapes were analysed in Root data analysis
framework [93] to study RPC performance. The effect of a few operating condi-
tions, such as applied voltage, gas mixture etc. and on the other hand, the effect
of physical components like spacers on the signal amplitude were studied and is
presented in section 6.1. The method of calculating the timing properties of the
detector and their variation with different factors are discussed in section 6.2. The
timing properties were computed for a glass-based RPC of different dimension and
the results were compared with the experimental findings [67] in section 6.3. Fi-
nally, a qualitative discussion on the effect of operating conditions on the RPC

efficiency and its dependence on the used threshold are discussed in section 6.4.
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Chapter 6. Calculation of RPC response

6.1 RPC Signal

Some typical signal shapes from the simulation with amplitude in terms of induced

current are shown in figure 6.1 for different applied fields and amounts of SFg in
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Figure 6.1: Typical simulated signal shapes from RPC at different applied fields
(E, = 40 kV /cm, 42 kV /cm, 44 kV /cm) and amounts of SFg (0.0%, 0.5%) in the
gas mixture containing 5% i-C,Hg and rest CoHyF,.
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Chapter 6. Calculation of RPC response

the gas mixture. The amplitude of signal increased with the rise in the field
for obvious reason. The rise in the Townsend coefficient or the gain in kinetic
energy of the electrons with the field caused release of larger number of electrons
through further ionization of the gaseous molecules that contributed to the rise in
the induced current. It was also noted that the rise time of the signal improved
with the increase in the field as the electrons moved faster in higher fields as an
effect of higher drift velocity and lower diffusion. On the other hand, the effect of
addition of a trace amount of highly electronegative SFg in the gas mixture was
a reduction in the signal amplitude. This was caused due to a fall in the number
of electrons owing to their attachment with the SFg molecules. Also a larger rise
time of the signal could be observed as a result of the presence of SFg in the gas
mixture. This might be caused by the longer time of flight of the electrons due to
an increase in the diffusion. Nevertheless, for the same gas mixture, the rise time
improved with increase in the electric field due to faster movement of the electrons
as was explained earlier. To study the effects of different operating and geometrical

parameters on the induced signal systematically, the average signal amplitude was
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Figure 6.2: Distribution of signal amplitudes from the RPC operated with 0.2%
SFg at 45 kV /cm.
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Chapter 6. Calculation of RPC response

estimated for 20000 events for different cases from the mean of the distribution of
signal amplitudes. A typical distribution of the signal amplitudes at the field value
45 kV /em and for 0.2% SFg in the gas mixture is shown in figure 6.2. The results

of the observed effects are discussed below.

6.1.1 Effect of operating parameters

Electric field : The average signal amplitudes were calculated for the RPC op-
erated with CoHoF,, 5% i-C4H;¢ and small amount of SFg at different field values

and their variation as a function of the field is shown in figure 6.3. The reason
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Figure 6.3: Variation of average signal amplitude with the applied field for different
amounts of SFg in the gas mixture, containing 5% i-C,H;¢ and rest CoHoF,.

for the effect is already discussed in the previous section. This would result in a
better efficiency of the detector at higher field values. It was observed also in the

experiments, that a minimum electric field was required to get a signal amplitude

125



Chapter 6. Calculation of RPC response

crossing the set discriminator threshold.

SFg amount : The effect of SFg on the signal production can be noted from figure

6.4 where a reduction in the amplitude of signal was observed with the increase in
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Figure 6.4: Variation of average signal amplitude with the amount of SFg content
in the gas mixture CoHoFy + i-C4Hyg (5%) for several applied fields.

SF¢ amount for the reason explained in the previous section. The same trend was
observed for all the field values. A small amount of SFg was usually used in the
gas mixture to restrict streamer generation by capturing excess electrons produced

in the avalanche process.

6.1.2 Effect of design parameters

Edge spacer : Due to the distorted field map near the edge spacer of RPC [94],
the transport properties of the electrons were affected which in turn influenced the

signal production. For generating events, muons were passed through the detector
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Chapter 6. Calculation of RPC response

at different distances away from the edge spacer. The average signal amplitude at
those locations was estimated for a particular case when the applied field was 42
kV/cm and the used gas mixture was 94.8% CoHyFy4, 5% i-C4Hyo and 0.2% SF.
Figure 6.5 shows the variation of average signal amplitude as a function of the

distance from the edge spacer. The reduced signal amplitude near the edge spacer
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Figure 6.5: Variation of average signal amplitude near edge spacer of RPC for the
gas mixture containing CoHoFy + i-C4Hyp (5%) + SFg (0.2%) at 42 kV /cm.

would give rise to a lower detection efficiency or dead spaces at those regions which

was observed experimentally [86,87].

Button spacer : The field map surrounding a button spacer was less, except at a
specific region very close to it (section 5.4.2) [94]. This was expected to influence
the detector behavior at its vicinity. The variation of average signal amplitude
away from the edge of stem part of button spacer is plotted in figure 6.6. The
reduced signal amplitude very close to button spacer will cause a loss of efficiency

at that region.
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Figure 6.6: Variation of average signal amplitude from the edge of stem of button
spacer for the applied field 42 kV /cm.

6.2 RPC Timing

The timing properties of the RPC were studied by analysing the rise time of the
simulated signal. Following the basic principles of two types of discriminators,
namely, the leading edge discriminator (LED) and constant fraction discriminator
(CFD), the time corresponding to crossing a fixed value of current threshold or a
given fraction of the total amplitude on the rising edge of the signal was defined
as the time of arrival or the onset of the electronic signal. Some basic calculations
following the CFD technique are available in [95]. All the results presented in this
thesis were found using the LED method. Figure 6.7(a) explains the selection of
different signal generation times for crossing different current thresholds following
the LED principle. A distribution of arrival times was thus obtained for 2000 muon

events for different case studies. It was fit with a Gaussian function whose mean
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Figure 6.7: (a) Scheme of calculating signal arrival time corresponding to crossing
a fixed current threshold (LED principle), (b) distribution of arrival times for 2000
events and its fit with a Gaussian function.

and the standard deviation were defined as the average signal generation time and
the intrinsic time resolution of the detector, respectively. An example of a typical
distribution of signal arrival times to cross a threshold of 10 nA current along with
its fit using a Gaussian curve is shown in figure 6.7(b). The value of average signal
arrival time as found from the Gaussian fit was 9.5 ns. The effects of different
operating and design parameters on the two timing parameters were studied thus

and the results are presented below.

6.2.1 Effect of operating parameters

Electric field : Figure 6.8 shows the variation of average signal arrival time and
intrinsic time resolution of RPC with the applied field for the gas mixture CoHoFy,
5% 1-C4Hyg, 0.2% SF¢. The plots are shown for various set thresholds. It can be

noted that the values of both the timing properties were reduced at higher fields
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Figure 6.8: Variation of (a) average signal generation time and (b) intrinsic time
resolution of a bakelite RPC with the applied field for different set thresholds for
the gas mixture CoHoFy + i-C4Hyo (5%) + SFg (0.2%).

implying a better timing performance of the detector. At higher values of the field,
increase in the effective movement due to higher velocity and lower diffusion caused
a faster production of the signal, thus reducing the average signal arrival time. The
improvement of time resolution at higher field values was related to lower jitter
in the arrival time owing to less diffusion. An estimate of the time resolution
was obtained from an analytic formula [96] which expressed the dependence of the
time resolution (o) on the effective Townsend coefficient, a. s and drift velocity of

electron, V, as follows,

1.28255
g = —V
OefrVsz
) , (6.1)
g X g X —
Qeff’ V.

The plot in figure 6.8(a) also showed that the value of the average signal arrival
time depended on the given threshold. The reason might be that the time taken
for the growth of charges necessary to cross the threshold increased as the thresh-
old was raised. However, the value of intrinsic time resolution was found to be

independent of the set threshold as it was related only to the fluctuation in the
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Chapter 6. Calculation of RPC response

arrival time which should be a function of the electric field.

SFg amount : The timing properties of RPC also were affected by this streamer
quenching component of the gas mixture. The variation of the two timing pa-
rameters with the amount of SFy for a bakelite RPC is shown in figure 6.9 for

three different electric fields and threshold of 10 nA. The plots indicated that its
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Figure 6.9: Variation of (a) average signal generation time and (b) intrinsic time
resolution of a bakelite RPC with the amount of SFg present in the gas mixture.

timing performance deteriorated for the gas mixture containing higher amount of
SF¢ which was observed experimentally as well [67]. The addition of SFg in the
gas mixture caused the diffusion increase which in turn made the average arrival

time longer. It also made the time resolution deteriorate due to the same reason.

6.2.2 Effect of design parameters

Edge spacer : To study the effect of the design, the average signal arrival time
and the time resolution of the bakelite RPC were estimated for a gas mixture

containing 0.2% SFg with a threshold 10 nA as a function of the distance away
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from the spacer. The reduction in the electric field near the edge spacer caused
the average signal arrival time to increase at that region which can be seen from

figure 6.10(a). It improved with the increase in the distance from the spacer as
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Figure 6.10: Variation of (a) average signal arrival time and (b) intrinsic time
resolution of a bakelite RPC near the edge spacer when operated with 0.2% SFg
for different set thresholds.

the electric field was restored. The set threshold has usual impact on the timing

properties as expected for a regular region.

Button spacer Figure 6.11 shows the variation of the two timing parameters near
a button spacer for different set thresholds. The sudden increase in electric field,
very near to the button spacer caused a reduced value of average signal generation
time for that region. The fluctuation of electron motion is very large at that
region which resulted in the very high time resolution for the region very close to

the button spacer.
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Figure 6.11: Variation of (a) average signal arrival time and (b) intrinsic time
resolution of a bakelite RPC near button spacer of RPC, for different set thresholds.

6.3 Timing Properties of a Glass RPC

Numerical calculations were performed to study the variation of the timing pa-
rameters of a glass RPC of size 2 m x 2 m with the amount of SFg. A miniature
geometry of size 16 cm X 16 cm was modeled keeping other dimensions and gas
mixtures identical with the one used for a physical prototype [67|. Here, the di-
electric constant of Asahi glass [97] was used for field calculation. Read-out strips
of width 3 cm and pitch 3.2 cm were used.

To account for the time delay and fluctuations caused by the external electronics
and wirings which were not considered in the simulation, the simulated results were
scaled by adding arbitrary values of time delay and fluctuation to match the exper-
imental values. Figure 6.12 shows the variation of the timing parameters of a glass
RPC prototype with the amount of SFg present in the gas mixture, as found from
experiment [67]. The simulated results for the applied field E, = 44.05 kV /cm are

included in the same plot following a suitable scaling by addition of a time delay
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Figure 6.12: Comparison of experimental and simulated results for the variation
of (a) average signal arrival time and (b) intrinsic time resolution of a glass RPC
with the amount of SFg present in the gas mixture.

of 54.12 ns and a jitter of 1.4 ns with the relevant parameters. The results are
included in the figure 6.12 for comparison with the experiment. It can be seen from
the plots that the experimental and simulated values of the average signal arrival
time agree quite closely. However, the variation of the time resolution from simula-
tion differed distinctly from that from the experiment. This discrepancy might be
contributed to the fact that the simulation is performed under certain assumptions
and ignoring the factors like effect of space charge and change of response due to
streamer formation. They are always present in the experiment and are expected
to modify the detector behavior. Nevertheless, the presence of SFg degraded the

timing properties in both the cases.

6.4 RPC Efficiency

Likewise the other characteristics of the RPC, its efficiency was also subjected to

a systematic study of the effects of various operating and design parameters. The
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efficiency of the detector was calculated by finding out the ratio of the fractional
number of events which was able to generate a signal amplitude more than a set
threshold. If Ny, be the total number of muons incident on the detector among
which the signal amplitude was higher than the set threshold I;, only for Ngeected

events, then the efficiency was calculated as,

N etecte
Efficiency (%) = % x 100
total

The calculation was carried out for 20000 events and the results are discussed

below.

6.4.1 Effect of operating parameters

Electric field : The variation of RPC efficiency with the change in the applied

field was calculated for different gas mixtures with a fixed threshold value of 10 nA.
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Figure 6.13: Variation of RPC efficiency with the applied field when it is operated
with gas mixtures containing different amount of SF¢ in the gas mixture containing
CQH2F4 and 5% i—C4H10 (Set threshold = 10 DA)
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The result for different amounts of SFg with 5% i-C4H;¢ and CyH,F, is displayed
in figure 6.13. Similar trend in the efficiency curve was observed in experiments
also. It can be noted from the plot that the efficiency increased with the applied
field and reached 100% value after a while. As the amount of SFg was increased, a
comparatively higher field was necessary to reach 100% efficiency by reducing the
attachment effect. So, the results indicate that the detector with higher amount

of SFg should be operated at higher voltages to achieve better efficiency.

SFs amount : The effect of increasing SFg on the efficiency is displayed in figure

6.14 for a given threshold value of 10 nA. It shows that the presence of higher
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Figure 6.14: Variation of RPC efficiency with the amount of SFg present in the
gas mixture for different applied fields. Used threshold = 10 nA.

amount of SFg in the gas mixture demands application of higher voltage to attain
the same efficiency, as already transpired by the figure 6.13. From the figure, it
can be concluded that the reduction in efficiency due to SFg can be compensated

by operating the RPC at higher field.
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Threshold : A study on the effect of different threshold was carried out for two
different field values (40 kV /cm and 42 kV /cm) and with two mixtures containing
different amounts of SFg with CoHyF, and 5% i-C4Hyg. The dependence of effi-

ciency on the set threshold can be seen from figure 6.15. The trend of the curve
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Figure 6.15: Variation of RPC efficiency with the set threshold for two different
fields for the gas mixtures containing CoHoFy, 5% i-C4H;¢ and variable amounts
of SFG

shows that too high a threshold could reduce the efficiency drastically. On the
other hand, a low threshold might give way to unnecessary noises. The plot thus
could facilitate the choice of an optimum window of threshold for achieving better

efficiency for the given condition of electric field and gas mixture.

6.4.2 Effect of design parameters :

Edge spacer : The efficiency of the RPC at regions near to edge spacer was

calculated and its variation for the field 42 kV /cm and the gas mixture, CoHyFy,
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5% i-C4Hyg, 0.2% SFg is shown in figure 6.16(a). It can be seen that the efficiency
suddenly falls to zero at a distance of about 4 mm from the edge spacer making
that region dead. The area of the dead region was found to depend on the chosen
threshold, as can be seen from the stretch in lower efficiency region in figure 6.16(a).

Button spacer : The variation of efficiency at regions close to a button spacer
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Figure 6.16: Variation of RPC efficiency (a) near an edge spacer, and (b) a button
spacer for different set thresholds.

is shown in figure 6.16(b) for different thresholds when it is operated at 42 kV /cm
with the gas mixture , CoHoFy, 5% i-C4Hyg, 0.2% SFg. In this case also, a dead
region of about 2 mm (for threshold = 10 nA) surrounding the button spacer was

found.
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The R&D work on the optimization of the RPC for its application in ICAL as
pursued by different groups of India [67,98-105| showed the dependence of RPC
performance on various operating conditions, like, applied voltage, gas mixture,
ambient temperature and humidity and also on the design parameters, like, elec-
trode materials, surface smoothness etc. In the present thesis work, similar effects
of the design and the operating parameters were observed in case of a bakelite
prototype and discussed in the chapters 3 - 6. In addition to all these stand-alone
effects, there might be some more effects when the RPCs would be subjected to
the magnetic field applied across the ICAL. The present chapter deals with a study
on the effects of the ICAL magnetic field on the bakelite RPC. The Charge Iden-
tification (CID) efficiency of the ICAL as a result of the given timing performance
of the bakelite RPCs was also investigated subsequently. Section 7.1 contains the

calculation of the responses of the bakelite RPC under the action of the magnetic
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field. A qualitative discussion on the cumulative effect of different parameters and

RPC responses as a result on the performance of ICAL is presented in section 7.2.

7.1 Effect of Magnetic Field on ICAL RPCs

The magnetic field distribution in the ICAL setup was obtained [106] by performing
a 3D electromagnetic field simulation using MAGNET 6.26 software [107]. The
magnetic field lines in the X-Y plane of a single iron plate are shown in figure 7.1.

The direction of the field is indicated by that of the arrows while its magnitude in T
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Figure 7.1: Magnetic field map in the central plate of the central module (Z =
0), as generated by the MAGNET 6.26 software. The length and direction of the

arrows indicate the magnitude (also indicated in T by the color code) and direction
of the field.

is expressed in terms of the length of the arrows as well as a color map. According
to the bias scheme of RPCs, the direction of the magnetic field, B always makes

an angle 90° with the major component (FE,) of the applied electric field. The
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magnitude of B varies depending on the position of RPC in the ICAL setup. The
effect of the magnetic field on the motion of charges which determines the detector

operation is discussed below.

7.1.1 Role of electric and magnetic field

The motion of a charged particle gets influenced by both the electric and magnetic
field. In presence of an electric field, E, a charged particle with charge, q experi-
ences a force, Frp = qE producing an acceleration a = F /m where m is the mass
of the particle. The positive and negative charges are accelerated along the field
lines towards the anode and cathode, respectively. This acceleration is interrupted
by their collisions with the gas molecules. The average velocity thus attained by
the moving charges in this process is known as the drift velocity. Because of their
lighter mass, electrons attain a much higher drift velocity compared to the ions.
The values of other charge transport properties also depend on the applied field
which were already discussed in section 4.2.5. In presence of a magnetic field, B ,
the charged particle moving with velocity, ¢ experiences a force, Fy = q(v x é) .
The motion of a charged particle under the influence of B for different conditions
is available at [108]. A special case of movement of charges under the influence of
crossed electric and magnetic field is described below which is required to follow
the operation of RPCs in ICAL setup.

The motion of the charged particle in presence of an electric field along the Z-
direction (E = kE,) and a magnetic field along the Y-direction (B = jB,) is
deduced below following the method described in [109] for a different configura-

tion. The Lorentz force acting on a charged particle, ¢, moving with velocity, v in
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the absence of any other force is given by,
F=Fg+ Fg=q(E+7x B) (7.1)

Assuming a uniform electric field, the magnitude and direction of F's remain con-
stant for the whole motion, whereas, that of Fg changes according to the velocity
of the particle. Assuming the charges are initially at rest, only F % acts on it and
moves it towards its direction. Once the particle starts moving, its motion is dic-
tated by the combined influence of Fr and Fg. The position of the particle at any
time, ¢ can be described by the vector (2(t),0, z(t)) as the Fy acts always along the
Z-direction while Fiz does not have any component along the Y-direction. There-
fore, the velocity of the particle under the combined action of both the fields is, ¢/

= (#,0, 2), where the dot indicates the time derivative.

i gk
xB=|4i 0 3|=—iB:+kByi (7.2)
0 B, 0

From equation 7.1 and 7.2, the Lorentz force acting on the charged particle is,

F=q(E +7x B) = q(kE. + kByi — iB,2) = kq(E. + B,&) — iqB,?
(7.3)

= md = m(ii + k%)

Treating the vector components separately,

—¢Byz =mi, qFE, +qB,t =m?Z (7.4)
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In absence of the E., the particle revolves with a frequency, w called the cyclotron

frequency.

Then the equation 7.4 can be rewritten as,

E
.. — . . — _Z . 7.6
Z wz, F=w <By + x> (7.6)

The general solution of equation 7.6 can be given by,

z(t) = Cy coswt + Cysinwt — (E,/B,) t + Cs -
7.7

z(t) = Cy sinwt — Cy coswt + Cy
The constants, C7, Cy, C3 and Cy can be determined from the four initial conditions
derived from the fact that the particle starts from rest (#(0) = 2(0) = 0) at the

origin (z(0) = 2(0) = 0) which produces,

E
C1=0,C3=0C,=Cy=—2 7.8
1 » O3 , Ca 4 B, (7.8)
Following equations 7.7 and 7.8, the equations of motion becomes,

z(t) = wBZy (sinwt — wt)
(7.9)

2(t) = £(1 — coswt)

wbB,

Letting R = WE—Egy and eliminating the sine and cosine terms from the equation 7.9,

one can find

(x + Rwt)* + (2 — R)* = R (7.10)
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This is the formula for a circle of radius R whose center (—Rwt, 0, R) travels in

the negative X-direction at a constant speed,

E,
and the radius, R, of the circular motion is,
E mE
R=—"=—" 7.12
wB,  ¢B; (7.12)

The particle moves as though it were a spot on the rim of a wheel, rolling down
the negative X-axis at speed, v. the curve generated thus is called a cycloid. The
ions, being heavier than electrons, move in a circle of larger radius. The general

motion for electrons and ions in this situation is shown in figure 7.2(a).

- V - Particlal 18 equally spaced points
%008 } )
%0,05 (
E, cation
e_ 0.02
o5 4 |
+ V T—)x mmmmmm i:lane: —%—c ‘I:“ 5 i ; ; xf;;&x\'s%crn?
(a) (b)

Figure 7.2: (a) Motion of charged particles in presence of a crossed electric and
magnetic field in vacuum, (b) motion of electrons in presence of gas molecules.

As an example, for the case of RPC in the ICAL with E, = 40 kV /cm and B, = 1.5

T, the radius of the electron motion can be found from equation 7.12 as,

_(9.1x1073! kg)x(40x10° V/m)
R, = (1.6x10-19 C)x(1.52 T2)  ~~ 10.1 pum
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In atmospheric pressure, the mean free path of electron in the air is a few nm.
So, the electron should face a large number of collisions during its cycloid motion
which would make it deviate from its original path at each impact point. Thus,
the presence of a medium, a gas mixture for the present discussion would largely
effect the electronic motion. In the present work, the drift paths of 10 electrons in
a parallel plate geometry containing 95% CsHsF, and 5% i-C4Hy¢ under E, = 40
kV/cm and B, = 1.5 T were simulated using Garfield and is shown in figure 7.2(b).
An overall alignment of the drift paths towards the negative X-direction could be
observed. It implied that the presence of magnetic field caused the drift path of
the electrons increase and therefore, lengthen the response time of the detector.
The transport properties, such as, drift velocity, Townsend coefficient, diffusion
etc. were studied to observe the effect of the magnetic field and its consequence on

the RPC response which are discussed in detail in the following sections.

7.1.2 Electron transport properties

The variations of the different parameters defining the electron transport properties
in a gas mixture, like the effective Townsend coefficient (a.ys), drift velocity (V,),
longitudinal and transverse diffusion coefficients (D; and D,, respectively), with
the variation in applied electric field are shown in figure 7.3 and 7.4. Two gas
mixtures containing CoHoFy | i-C4Hy¢ and SFg were subjected to the computation
of the effect of a magnetic field B, = 1.5 T and compared to the results without
any magnetic field. The effective Townsend coefficient and the drift velocity did
not exhibit significant changes under the action of the magnetic field. However, the

values of diffusion coefficients were found to change by small amount in presence
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Figure 7.3: Variation of effective Townsend coefficient (a.ss) and electron drift
velocity (V,) with the applied field for the two mixtures, CoHoFy + i-C4Hyo (5%)
and CoHoF, + i-CyHyo (5%) + SFg (0.5%), in absence and presence of magnetic
field, B, = 1.5 T.
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Figure 7.4: Variation of longitudinal (D;) and transverse (D) diffusion coefficients
of electrons with the applied field for the two mixtures, CoHsFy + i-C4Hyg (5%)
and CoHoFy + i-C4Hyg (5%) + SFg (0.5%), in absence and presence of magnetic
field, B, — 1.5 T.

of the magnetic field which might introduce some fluctuations in the electron path.
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7.1.3 Signal amplitude

The effect of magnetic field on the bakelite RPC signal generation was found out
by calculating the induced signal on one of the read-out strips due to passage of
muons of varying energy and inclination with a mixture of CoHsF , 5% i-C4H1 and
small amount of SFg with and without the magnetic field of 1.5 T. The variation
of average signal amplitude with the applied electric field with and without the
magnetic field is displayed in figure 7.5 for two different amounts of SFg in the gas

mixture. No appreciable change in the signal due to application of the magnetic

10°E [—e=E-00T,00%SF,
—4— B=15T,0.0% SF,

T102 |- B=00T,05% SF,
——B=15T,0.5%SF,
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o
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Figure 7.5: Variation of average signal amplitude with the applied field for with
and without application of magnetic field (1.5 T) for two different gas mixtures.

field was found.
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7.1.4 Timing properties

The two timing parameters, namely, the average signal generation time and the
intrinsic time resolution of the detector were calculated by analyzing the signal

shapes according to the method discussed in section 6.2. Their variations with the
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Figure 7.6: Variation of (a) average signal generation time and (b) intrinsic time
resolution of the bakelite RPC with the applied electric field for two gas mixtures,
CQH2F4 + i—C4H10 (5%) and C2H2F4 + i—C4H10 (5%) + SF6 (05%) with and
without the magnetic field of 1.5 T.

applied electric field are shown for two different gas mixtures in figure 7.6 with and
without the magnetic field of 1.5 T. A marginal increase in the time resolution was

observed for the application of magnetic field, although, no change in the arrival

time was noticed.

7.2 ICAL Performance

From different experiments and simulations, it could be established that the char-

acteristic performance of the bakelite RPC depended on several factors related to
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its operating conditions and design parameters and artifacts. It could be explic-
itly observed that the signal amplitude, efficiency and the timing properties of the
detector were affected by the variation in the applied voltage, the amount of SFg
in the gas mixture, presence of the magnetic field and several design parameters
including imperfections. A qualitative discussion of how the changes in the oper-
ating conditions and the detector design parameters might affect the overall ICAL
operation is presented below. The effect of timing performance of the RPCs on

the CID efficiency of the ICAL will also be discussed.

7.2.1 Effect of operating conditions

The RPCs in ICAL will act as the active units to detect the passing muons which
are produced through the CC interaction of the atmospheric neutrinos with the iron
present within the ICAL. The particle detection efficiency of the detector depends
on the production of a detectable signal by the incident particle. However, the
introduction of SFg in the gas mixture is done to restrict the development of the
streamer which on the other hand, reduces the signal amplitude. Consequently,
application of higher voltage is required to achieve the same efficiency for the
detector. So, in the ICAL which will employ about 29,000 RPCs, the increase of
SF¢ will result in a larger power consumption. Apart from this, SFg is known to
trap atmospheric heat and contribute towards global warming. All these facts lead

to an optimum use of SF¢ in the gas mixture which should be bare minimum.
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7.2.2 Effect of design

It was observed that the lower field values near the edges of the detector resulted
in production of smaller signal and loss of efficiency at those regions. A little
improvement of efficiency near the edges was possible by applying higher voltages
which would create a higher field at a regular region driving the detector into the
streamer mode. Thus, the effective working area of the RPC would be smaller
than its actual geometrical area. If [4..q is the length from the edge upto which
the efficiency gets affected, and [, b are the length and breadth of the gas chamber,

then the working area of the detector becomes,

Aeffective = (l - 2ldead) X (b - 21dead)

This effect is inherent to the detector geometry that can not be reduced. The rough
structures on the bakelite RPC electrodes were found to enhance the field map
significantly. This may cause field emission from the cathode and increase in the
dark current as well as the singles rate of the detector which in turn can degrade
the detector performance. The effect of roughness is generally circumvented by
using electrodes having better surface finish or coating the electrode surface with

a layer of a chemically inactive substance.

7.2.3 CID efficiency

The atmospheric neutrinos will be studied in the ICAL by tracking the charged

muons (put and ) that they produce through CC interaction with the iron nuclei.
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Muons being minimum ionizing particles leave long and clean tracks in the detector.
The muon momentum can be determined from the curvature of its track as it
propagates in the magnetized detector and also by measuring its path length. Due
to the precise time resolution of the RPCs (order of 1 ns), the up-going muons can
be distinguished from down-going ones by looking at the time stamp of the events.
This is essential since neutrinos produced in the atmosphere on the other side
of the Earth are expected to leave different oscillation signatures at the detector
owing to the earth matter effect. The charge of the muon can also be found from
the direction of the curvature of the track and this in turn can help to distinguish
v, and v, interactions. The knowledge of particle direction is very important for
right charge identification as the up-going muons will bend in the same direction
as the down-going anti-muons. Since, the time information from the RPC layers
are necessary to determine the direction, their time resolution plays a crucial role
in the charge identification (CID) measurement. In this work, the dependence of
CID efficiency on the time resolution of the bakelite RPC was studied in a naive

way. The details of the used method and the results are discussed below.

Method of calculation : The ICAL simulation framework [110], based on the
GEANT4 [111,112] platform, was used to create the ICAL geometry and propagate
the particles in presence of the magnetic field including the effects of the iron
plates and the RPCs. A typical CC interaction of v, in the ICAL setup gives rise
to a charged muon that leaves a track. On the other hand, a single or multiple
hadrons produce shower-like features. The complex algorithms required to separate
the muon tracks from the hadron showers were avoided in the present case by
considering only muon tracks originating from points near the center (0,0,0) of the

setup. For the present study, 50,000 u~, each with fixed energy, were propagated
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in upward direction from a vertex randomly located in the 21 m x 7.2 m x 5 m

volume in the central region of the central module in the ICAL where the magnetic

field was uniform. While the zenith angle was kept fixed at # = 18.2°, the azimuthal

angle was uniformly varied over the entire range —m < ¢ < +m. The subsequent

steps are described below.

The “hit” generated in each of the layers of RPC due to the passage of a muon
were recorded with (a) the assigned position coordinates, = and y-values from
the respective read-out, (b) the position coordinate, z-value from the layer

information and (c) a time stamp, ¢.
The hit information was digitized.

The track finding algorithm was used to join the hit points, following their

digitization, in three consecutive layers to construct a “tracklet”.

The adjacent tracklets were joined to form the tracks and the longest possible

tracks were constructed by iteration.

The direction (up/down) of the track was calculated from the timing informa-
tion from each of the layers which was an averaged one of timing information

along the X and Y-directions of the respective layer.

A Kalman filter [113] based algorithm was used to fit the tracks based on
their bending in the magnetic field. and the best fit to the track was achieved

through iteration.

The position of the vertex of the interaction momentum (reconstructed) at

the vertex in both magnitude and direction were found out from the tracks.
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e The reconstructed charge ID (+ve/ -ve) was compared to the actual sign of
the particle from which, the CID efficiency was calculated. If N,.., was the
number of events successfully reconstructed by the algorithm and N oqrect

was the number of events for which the charge ID was found correctly, then,

NCOT’T’@C
CID efficiency (%) = N L % 100
Result : The ratio of successfully reconstructed tracks to the total number of
events was defined as the track reconstruction efficiency. It was calculated at dif-
ferent muon energies assuming a fixed time resolution of 1 ns for the bakelite RPCs

and the dependence is displayed in figure 7.7(a). The reason for finding better ef-
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Figure 7.7: Variation of (a) track reconstruction efficiency in ICAL and (b) its
charge identification efficiency with the incident muon energy when the time res-
olution of the bakelite RPC was assumed to be 1 ns.

ficiency at higher energies of the muons was that those muons could penetrate
larger number of layers which made it easier to reconstruct its track from more

number of hits. The CID efficiency was also calculated for different muon energies

and its variation is shown in figure 7.7(b). Here also, the efficiency increased with
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the muon energy owing to the same reason.

The effect of the time resolution of the bakelite RPC on the CID efficiency was
studied by calculating it for different values of RPC time resolution ranging from
0.5 ns to 5 ns. The plot of the CID efficiency as a function of the RPC time resolu-
tion is shown in figure 7.8 which shows that a lower value of time resolution would

improve the CID efficiency significantly. It implied that the operating conditions
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Figure 7.8: Variation of charge identification (CID) efficiency of ICAL with the
time resolution of RPC for 2 GeV muons.

of the RPCs should be optimized to achieve a reasonably good time resolution for
the given condition of the ICAL. It was established that with the present configu-
ration, the glass or bakelite based RPCs could yield time resolutions around 1 - 2
ns which should be capable of providing charge identification with an efficiency of
about 80% for 2 GeV muons. This number would improve with the increase in the
muon energy. To represent the effects of both the parameters, the time resolution
of RPC and the incident muon energy on the CID efficiency, a 2D surface plot
was generated which is shown in figure 7.9. It could be noted from the plot that

the betterment of the CID efficiency (~ 75 - 80 %) for the lower energy muons (~
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Figure 7.9: Surface plot showing the dependence of charge identification (CID)
efficiency of ICAL on both the time resolution of RPC and the muon energy.

2 GeV) could be achieved through an improvement in the time resolution of the
present RPC configuration. However, at higher energy regime, the existing time

performance was sufficient to reach 90% efficiency.
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Various modifications to the basic RPC configuration were adopted to improve
its timing performance specific to the requirements of its application. Some of
them involved using an RPC geometry with smaller gap [114] which improved its
timing performance but reduced the signal amplitude. A solution to meet both
of the requirements of improved timing performance along with adequate signal
strength implemented more than one gas gaps of smaller width [42, 115]. This
configuration, known as MRPC, is a low cost solution to achieve an excellent time
resolution (~ 20 ps) [51] and hence extensively used in many TOF setups [116-118].
RPCs in multi-gap configuration with various modifications [119,120] are used in
different experiments. Numerical studies on the performance of these RPCs with
proposed gas gap modifications may provide a guidance towards a more suitable
design option for achieving better CID efficiency of the ICAL. From this viewpoint,

an attempt was made in the present thesis to produce a comprehensive guideline
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on the basis of merits or demerits of the design modifications through numerical
simulation which might be found useful for any other relevant application of the
RPC besides the future prospect of the ICAL. This chapter deals with a systematic
numerical investigation of the performance of the RPCs with a few variations in
some of the design parameters related to the gas gap, such as, its width or height,
its number, etc. The numerical models adopted for the calculation is described in
section 8.1. The effect of varying the gap width of a single gap RPC is discussed in
section 8.2. Section 8.3 is dedicated to the discussion about changing the number of
gas gaps and its effect. Finally, a standard six-gap MRPC geometry was simulated
and role of various operating conditions in its performance will be discussed in

section 8.4.

8.1 Numerical Model

To carry out the numerical work, the numerical model was constructed with the
basic single gap parallel plate geometry of an RPC. The following configurations,
tabulated in table 8.1, were studied keeping the parallel plate nature of the detector
intact.

For each of the configurations, the adopted scheme of the simulation was similar to
that used in case of bakelite RPC which was already explained in chapter 4. The
two outermost electrodes (will be referred as cathode and anode) were considered
to be made of 3 mm thick bakelite plates (¢, = 5.4) which were coated with 20 um
thick graphite layers on their outer surfaces. The simulation treated the graphite
as a dielectric layer (¢, = 12.0) for the reason explained in chapter 4. Read-out

strips of width 3 cm and pitch 3.2 cm, made of copper, were placed outside the
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Table 8.1: Specifications of the studied parallel plate geometries

Geometry Number of gaps Width of each gap
Single gap RPC 1 100 pum
Single gap RPC 1 250 pum
Single gap RPC 1 500 um
Single gap RPC 1 1 mm
Single gap RPC 1 2 mm

Double gap MRPC 2 250 um
Four gap MRPC 4 250 um
Six gap MRPC 6 250 pum

graphite layers with 100 pm thick mylar sheet (¢, = 3.2) insulating them from the
graphite. In the simulation, the bias voltages were applied on the outer surfaces of
the read-out strips to produce the required field in the gas gap following the same
scheme used earlier (vide chapter 4). In one set of calculation, the width of the gas
gap was varied between 100 pum to 2 mm and its effect on the RPC performance
was studied. In another set, the main gas gap was interjected evenly with several
500 pm thick, electrically floating bakelite plates to produce a few smaller gaps of
width 250 ym. The button spacers and edge spacers were not used in none of the
models to reduce the computational expenses.

The Garfield was used to calculate the response of the detectors. A gas mixture
containing 95% CoHyFy, 4.5% 1-C4Hyp and 0.5% SFg was used for simulating all
the configurations discussed in this chapter. The field maps were computed for a
6-gap MRPC geometry using the neBEM and was compared with the results from
COMSOL®.
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8.2 Effect of Gap Width

The change in the width of gas chamber might influence the detector operation via
two ways: (a) the production of the clusters through primary ionization changes
in their number with the gap width, (b) the growth of the avalanche and the signal
arrival time are strongly dependent upon the gap.

The effect of the gas gap width on the RPC response was studied by simulating
the cluster statistics, signal amplitude and timing properties for a variation of
the width over a range of 2 mm to 100 ym. The electric field was kept unaltered
throughout the variation of the gas gap by adjusting the potential difference across
the given gap accordingly. The distributions of number of clusters generated per
event for 5000 events with energy varying between 0.5 - 10 GeV and for randomly
varying incidence angle, § = 0° — 10°and azimuthal angle, ¢ = 0° — 360°, while
passing through the RPCs of different gap widths containing the mixture CoHoFy
(95.0%) + 1-C4Hyo (4.5%) + SFg are shown in figure 8.1. It is clear that the incident
particle created less ionization in the detectors with narrower gas gaps. Hence, for
narrow gap RPCs, the avalanche process, beginning with smaller initial charge,
would give rise to a smaller signal. The simulated average signal amplitude for
the 5000 events, calculated with variable gas gap width and a given electric field,
is shown in figure 8.2. The same calculation performed for different electric fields
are also plotted therein. The calculation was carried out for 5000 muon events
with variable energy and incidence angle # = 10°. The plot shows that the RPCs
with very narrow gap (~ 250 pm or less) were not able to produce any detectable
signal when the applied field was about 45 kV /cm as the avalanche size in this gap

was insufficient partly due to smaller primaries and chiefly the lower field strength.
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Figure 8.1: Distribution of number of clusters per event created by 2 GeV muon
while passing through RPC of different gap widths containing the mixture CoHoFy
(95.0%) + i-C4Hyp + SFg (0.5%)
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Figure 8.2: Variation of average signal amplitude with the gas gap width of a single
gap RPC at different applied fields when they were operated with CoHoF,4 (95%)
+1-C4Hy9 + SFs (0.5%).
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However, a rise in the field to 55 kV /cm could give rise to a signal in the same gap
owing to a better growth of the avalanche under the action of the higher field.

The average signal generation time and the intrinsic time resolution were calculated
as a function of the gap width which are shown in figure 8.3(a) and figure 8.3(b),

respectively, for several electric field values. It could be observed from the plots
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Figure 8.3: Variation of (a) average signal generation time and (b) the intrinsic
time resolution of detectors with the gas gap width of a single gap RPC at different
applied fields when operated with the gas mixture CoHoF,4 (95%) + i-C4Hyg + SFg
(0.5%).

that in general both the signal arrival time and the time resolution reduced with the
decrease of gas gap width. Hence, smaller gas gaps should be opted for achieving
better time resolution, however, at the cost of lower signal amplitude. This problem

can be mitigated by using the MRPC which is discussed in the next section.

8.3 Variation in Gap Number

The problem of low signal amplitude from the narrow gap RPCs can be alleviated

by using multiple gas gaps such that the passage of a particle through the detector
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produces ionization in all the gaps and the signals from each gap can be summed
up to get a total signal of larger amplitude. In the present work, the advantages
of this multi-gap configuration were studied with the MRPCs having 2, 4 and 6
gas gaps each of width 250 um.

The same events as described in the earlier section were used to calculate the
signals for all the detectors at different applied fields and its variation with the

number of gas gaps is displayed in figure 8.4. It could be observed from the plots

-
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Figure 8.4: Variation of average signal amplitude with the number of gas gaps (gas
gap = 250 pum) in the multi-gap configuration, when the detectors were operated
with CoHaFy (95%) + i-C4Hyg + SFg (0.5%) at different applied fields.

that the signal amplitude improved with an increase in the number of the gas gaps
for a given electric field.

Next, the timing parameters were calculated for these multi-gap geometries. Figure
8.5 displays the plots of the the variation of average signal generation time and
the intrinsic time resolution as a function of the number of gaps for a few given

field values. A marginal decrease could be observed in case of the average signal
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Figure 8.5: Variation of (a) average signal generation time and (b) the intrinsic
time resolution with the number of gas gaps at different applied fields and operated
with the gas mixture CoHoFy (95%) + i-C4Hyg + SFg (0.5%).

arrival time with the increase in the number of the gaps while the time resolution

exhibited an improvement by 50% maximum at the highest electric field.

8.4 Six-gap MRPC

The characteristic responses of a 6-gap bakelite MRPC were studied exclusively
to investigate the merits of the multi-gap design. The geometry of the numerical
model was prepared according to the dimensions of a bakelite prototype built in
VECC [121]. The details of different components of the detector is schematically
shown in figure 8.6(a). The two outermost bakelite electrodes were of thickness
3 mm each and the 1.5 mm gas gap between them was divided into 6 subgaps,
each of width 250 wm by placing 5 bakelite plates, each of thickness 500 um.
The X and Y read-out planes, made of copper strips, were placed outside the

electrodes, separated by a mylar sheet of thickness 100pum from the conductive
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Figure 8.6: (a) Geometry of the 6-gap bakelite MRPC used in simulation, (b)
ionization in the gas gaps caused by a passing muon.

graphite coating on the electrodes. To produce the primary ionization, muons of
randomly varying energy (E, = 0.5 - 10 GeV) were passed through the detector
with their incidence angle varying in the range 6 = 0° - 10° and varying azimuthal
angle (¢ = 0° - 360°). A typical interaction of a muon in the detector is shown in
figure 8.6(b), as found from the Garfield. The numerical results are discussed in

the following sub-sections.

8.4.1 Electric field map

Figure 8.7 displays the variation of Z-component of the electric field (£,) along the
thickness (z) of the detector for a region away from the edges. An uniform electric

field could be observed in all the gas gaps as produced by both the solvers.
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Figure 8.7: Variation of Z-component of the electric field (E.) along the thickness
(z) of MRPC from (a) neBEM, (b) COMSOL®.

8.4.2 Signal

The shape of a typical simulated signal from the 6-gap MRPC is shown in figure
8.8(a) for the field, £, = 70 kV/cm and that from a single gap (2 mm) RPC is
displayed in the inset for comparison. The gas mixture used in the calculation was
CoHoFy (95%) + i-C4Hyg + SFg (0.5%). It could be observed from the plot that
the MRPC signal was much faster in rise time as well as occurrence in comparison
to the single gap RPC. The calculation was carried out for different applied fields
and the dependence of the average signal amplitude on the field can be seen from

figure 8.8(b). The amplitude of the signal was found to increase exponentially with

the applied field.
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Figure 8.8: (a) A typical MRPC signal (in blue) and a RPC signal (green) in inset,
(b) variation of average signal amplitude from the MRPC with the applied field
for the gas mixture CoHoFy (95%), i-C4Hyg and 0.5% SFg.

8.4.3 Timing properties

The timing properties of the 6-gap MRPC geometry were calculated by analyzing
the signal shapes, following the same principle as was done for single gap RPCs

(vide chapter 6). The plot of the average signal generation time as a function of
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Figure 8.9: Variation of (a) average signal generation time and (b) the intrinsic
time resolution of the 6-gap MRPC with applied field for its operation with the
gas mixture CQH2F4 (95%) + i—C4H10 + SF6 (05%)
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the applied field is displayed in figure 8.9(a). It could be noted that the average
signal generation time could be down close to 1 ns which was 10 times better than
a single gap RPC. As the MRPCs could be operated at much higher field value (~
100 kV/em) compared to an RPC (~ 42 kV/cm) owing to its configuration, the
growth of the signal was much faster in the former case.

the variation of the intrinsic time resolution of the detector with the applied field
is shown in figure 8.9(b). It could be noticed that the time resolution improved at
higher field values as expected and a minimum value of 50 ps could be achieved at
the applied field E, = 100 kV /cm. In real experiments, the best achievable time
resolution would be always worse than the values quoted here as the “intrinsic time
resolution”, because the other detector components and the electronics would come

in to play adversely.
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Eco-friendly Gas Mixture for RPC

Operation

The proposed ICAL setup at INO will deploy about 30,000 RPCs which will be
operated with a gas mixture optimized to contain a variant of freon (CoHyFy)
called R-134A, isobutane (i-C4H;() and sulpher hexaflouride (SFg) in a volumetric
ratio of 95.5 : 4.3 : 0.2. Although freon is known to be harmful for the ozone
layer when released to the atmosphere, its variant R-134A is safe in this respect
and used in many high energy physics experiments. However, it is a greenhouse
gas which can trap heat, if present in the atmosphere and thus contribute to the
global warming. The relative measure of how much heat a gas X can trap in the
atmosphere is quantified by the parameter GWP. This is defined as the amount of

heat trapped by a certain mass of the gas X to the amount of heat trapped by the
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same mass of carbon dioxide. It is calculated over a specific time horizon (T'H) as,

Amount of heat trapped in the atmosphere by a mass of gas X

GWP (X) =
(X) Amount of heat trapped in the atmosphere by the same mass of CO,

_Jo Tax [X(1)] dt

Jo Fan [r(t)] dt

(9.1)
where ayx is the radiative efficiency due to a unit increase in atmospheric abun-
dance of the substance X and [X(¢)] is the time dependent decay in abundance of
the substance following an instantaneous release of it at time ¢ = 0. The denomina-
tor contains the corresponding quantities for the reference gas CO,. The value of
GWP correlates with a large infrared absorption and a long atmospheric lifetime.
The GWP values over 100 years for some of the gases are given in table 9.1 along
with their lifetime and Ozone Depletion Potential (ODP) which is a measure of its

potential to degrade the ozone layer. Based on the tabular values, the GWP for

Table 9.1: GWP and ODP values of different gases

Gas Atmospheric lifetime GWP ODP
(years) (100 years)
Coll,F; (R-134A) 13.8 1430 0
i-C4Hyg 774 3.3 0
SF¢ 3200 22300 0
Ar 87 0 0
No 00 0 0
COq variable 1 (reference) 0

the present CoHsF4 based gas mixture to be used in the RPCs of the ICAL comes
out to be 1430 x 95.5% + 3.3 x 4.3% + 22300 x 0.2% =~ 1410.
The Kyoto protocol [43] put an obligation in 1997 to phase out the use of those

gases having GWP greater than 150 which resulted in a world wide initiative to
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reduce the emission of greenhouse gases including HFCs and SFg. India, being a
signatory of the treaty, warrants the search for an alternative gas mixture to oper-
ate the RPCs in the ICAL. The protocol already triggered a global search for an
alternative eco-friendly gas mixture suitable for RPC operation [122-125|. Some
preliminary results using Tetrafluropropane (HFO-1234 ze) based mixtures were
obtained [122|, however, with a probability of a large streamer generation [126|
apart from being costly [125].

In the present work, some preliminary studies were initiated to explore the feasibil-
ity of using argon and carbon dioxide based mixtures for their low GWP particu-
larly and also minimal cost and ease of availability. Several numerical calculations
were performed to compare different parameters of RPC operation using the pro-
posed mixtures to that of the CoHsF, based mixture. The numerical work, carried
out in this context, will be described in section 9.1. while a few experimental mea-
surements of some of the characteristics of a bakelite RPC prototype filled with

the Ar-COy based mixtures will be presented in section 9.2.

9.1 Numerical Calculation

The mechanism of RPC operation was discussed in detail in chapter 4 from where
the crucial role of gas mixture in addition to the applied electric field in the proper
functioning of the detector could be realized. The foremost tests to choose a proper
gas mixture for a gas detector is to study the primary ionization caused by the
passage of the particle of interest (muon, for the present case). The signal of the
RPC will depend on the charge transport properties in the gas mixture which are

the next important parameters to be studied in the process. The other factors,
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like the streamer generation, limited avalanche growth due to the space charges,
also require systematic investigation in this context. In the present work, the
properties of different Ar-CO, based mixtures containing small amount of i-C4H1,
or SF¢ were studied. The GWP values of several such mixtures, subjected to the
numerical simulation, are listed in table 9.2. In the table, the mixture CoHsFy

Table 9.2: GWP values over 100 years and average energy deposit per event by 2
GeV muons in different gas mixtures

Studied gas mixture ((;1‘(7)\;133’;,::":)6 dé;ig?cg(ze(\e;lfrigri )
Ar(25.0) + CO4(75.0) 0.75 71.2
Ar(15.0) + CO4(85.0) 0.85 75.4
CO2(100.0) 1.0 81.1
C05(95.0) + i-C4Hyq (5.0) 1.115 86.1
C02(94.0) + i-C4Hyg (5.0) + SFg (1.0) 224.11 85.4
CoHoFy (95.0) + i-C4Hyg (5.0) 1359 261.7

(95.0%) + 1-C4Hyp (5.0%) was taken as a reference for comparison of different
parameters of the proposed mixtures. In the following, the numerical calculations
of the primary ionization and the transport properties of the proposed mixtures

are discussed.

9.1.1 Primary ionization

The primary ionizations created by 2 GeV muons while passing through 2 mm gas
chamber containing different compositions of Ar-CO, based gases were calculated
using HEED |76 and compared with the parameters found for the standard CoHoFy

based mixture. The spatial distribution of the clusters along the 2 mm gas chamber
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was found to be uniform as was the case with the standard CyHsF 4 based mixture.
Also, the number of ionizations per cluster was found to be 1. The distributions
of total number of clusters produced by 5000 2 GeV muons while traversing 2 mm
path in different gas mixtures are displayed in figure 9.1(a). Figure 9.1(b) shows

the distribution of energy deposited in these cases. Each of the histograms of

R-134A (95%) + -, Hy, (5%)
Ar (25%) + GO, (75%)
] Ar(15%) + CO, (85%)

R-134A (95%) + -C,H,q (5%)
Ar (25%) + CO, (75%)
EE] Ar(15%) + GO, (85%)

Y C0, (95%) + i-C,H,q (5%) R €0, (95%) + i-C H,q (5%)

e e M el
100 1500 2000 250

T80 100 120 140
Number of clusters per event Energy deposit per event (eV)

(a) (b)

Figure 9.1: Distribution of (a) number of clusters per event and (b) amount of
energy deposit per event for passage of 2 GeV muons in a 2 mm gas chamber
containing different gases.

figure 9.1 was fit with a Landau function and its most probable value (MPV) was
considered as the average number of clusters and average energy deposit per event,
respectively, for a specific gas mixture. The average energy deposited by 2 GeV
muons per unit length in all these gas mixtures are specified in table 9.2. From the
results it was found that the production of clusters through primary ionization was
lower in the Ar-COs based mixtures which resulted in smaller energy deposit in
those gases compared to the standard mixture. Increasing the proportion of CO,

in the mixture might increase the energy deposit.

172



Chapter 9. Eco-friendly gas mixture for RPC operation

9.1.2 Electron transport properties

The transport properties of the electrons were calculated using the Magboltz pro-
gram [78]. The variation of the effective Townsend coefficient and drift velocity of
the electrons with the applied field for the proposed Ar-CO5 based gas mixtures is

compared with that for the CoHsF4 based mixture in figure 9.2. The larger values
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Figure 9.2: Variation of effective Townsend coefficient (a.ss) and electron drift
velocity (V) with the applied field for different gas mixtures.

of the effective Townsend coefficient for the Ar-CO, based mixtures implied that
the probability for secondary ionization in these gases were higher compared to the
CyHoF 4 based mixture. It could also be noted that the probability increased with
the amount of argon in the mixture. Even the addition of 1% SFg to the mixture
could not lower the value much. It could be observed from the figure 9.2 that the
drift velocity of electrons in each of these new gas mixtures was higher than that
in the standard mixture. The calculation also showed that he rise in the amount
of CO5 could lead to an enhancement of the drift velocity. This trait is expected
to make the RPC faster if operated with Ar-CO5 based mixtures.

The variation of longitudinal (D;) and transverse (D;) diffusion coefficients of the

electrons with the applied field for the same gas mixtures is shown in figure 9.3.
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Figure 9.3: Variation of longitudinal (D;) and transverse (D) diffusion coefficients
of electrons with the applied field for different gas mixtures.

In the new mixtures, the values of both the diffusion coefficients of electron were
found to be higher than that for the standard mixture. This implied more fluctu-
ation of electrons in their drift path which in turn might lead to deterioration of

the detector time resolution in Ar-CO, based mixtures.

9.1.3 Response of RPC

The primary ionization caused by incident muons were found to be less for the Ar-
COy based gas mixtures compared to the CoHsF4 based mixture. But, the plot of
electron transport properties showed a higher probability of secondary ionization
for the Ar-COy based mixtures which made the new mixtures viable options for
operating the RPCs. RPC signals were calculated for these gas mixtures following
the method discussed in section 4.2.6. The variation of the average signal amplitude
with the applied field for different gas mixtures is shown in figure 9.4. It is clear
from the figure that signals of comparable amplitude were generated at much
lower field values for the Ar-CO, based mixtures and an increase in argon amount

decreased the required field. However, this situation might lead to the onset of
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Figure 9.4: Variation of average signal amplitude with the applied field for different
gas mixtures.
streamers which should be studied thoroughly for conclusive remarks about the

choice of the Ar-CO4 based mixtures.

9.2 Experimental Investigation

One 30 cm x 30 cm bakelite prototype was operated with different gas mixtures
and the variation of the leakage current with the applied voltage was measured.
Figure 9.5 shows the V - I characteristic curves of the prototype operated with the
said gas mixtures. The sudden change in the slope of the curve (“knee”) was found
to occur at a voltage at which the primary charges gained enough kinetic energy to
produce further ionizations. Consequently, the gas gap gradually converted from
the insulating phase to the conducting one. It could be observed that the “knee”

appeared at a lower voltage for the Ar-CO, based mixtures and an increase of
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Figure 9.5: V vs I plot of RPC for different gas mixtures.

argon amount changed the location of the “knee” towards even lower regime. From
the nature of the curves, it could be mentioned that the gas conduction in the
present gas mixture started to take place gradually which helped to operate the
detector in a controlled manner. But for the Ar-CO, based mixtures, the slope
after the “knee” region was very sharp indicating less stability of the detector.
These characteristics could be attributed to the higher value of effective Townsend

coeflicient for the Ar-CO, based mixtures (figure 9.2).
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Summary and Future Outlook

This is the concluding chapter of the present thesis work. A brief summary of the
entire work will be presented in section 10.1 while the next will contain the plan

of work to be pursued in future in the context of the present investigation.

10.1 Summary

The performance of a bakelite based RPC was studied in detail using experimental
as well as numerical tools to explore its viability of application in the ICAL ex-
periment at INO. In the process, a comparison of the experimental and numerical
results was made in order to understand the basic physics of the working of the
RPCs as a detector in general which was important for its optimization to lead to-
wards a precise measurement of the neutrino oscillation parameters with the ICAL

setup. The optimization study of the bakelite RPC was carried out by investigat-
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ing the role of various design and operational parameters in its performance. Both
the numerical and experimental investigations were directed towards a study of
its signal and timing responses with a special emphasis on the latter. The reason
behind this was the fact that the timing performance of this detector would play a
major role in measuring several important parameters by the ICAL related to the
neutrino oscillation.

A few RPC prototypes were fabricated using bakelite plates and other relevant
components to carry out the measurements. The issues of preparing the resis-
tive electrode were investigated and a better method of coating the bakelite plates
using a liquid graphite paint mixed with thinner was adopted to achieve a reason-
ably uniform resistivity distribution. The prototypes were characterized and tested
with different CoHoFy based gas mixtures. For various operational conditions of
different voltage supplies and gas mixtures, their signal and timing performance
were measured. The detector was found to act faster at a higher operating voltage
with a time resolution about 1-1.5 ns with a mixture of CoHoF, (95%) and i-C4Hjyg
(5%). Tts efficiency increased with the applied voltage and could reach 80% at
around 12 kV with the same mixture. An experimental study on the gas mixture
and the use of different relative proportions of its components revealed that the
introduction of SFg by a trace amount (< 0.5%) to the mixture of CoHyF, and
i-C4Hy( restricted the streamer production. However, it made the detector slower
with a deterioration in the time resolution which was more pronounced (~ 30%)
at higher voltage (~ 12 kV) for maximum percentage of SF6 (0.5%).

Systematic numerical calculations were performed to understand the dynamics of
the bakelite RPC and production of its signal due to the passage of a charged

muon. All the phases of the whole process were simulated using Garfield frame-
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work interfaced with other software packages like neBEM, HEED, and Magboltz.
The electric field having a major influence on the detection dynamics was put a
special attention for its accurate estimation. The detailed electrostatic field map
within the bakelite RPC was calculated following both of the FEM and BEM
through the use of two softwares, namely, the COMSOL® and the neBEM. The
results were found to match within 0.5% for a regular region bounded by two par-
allel bakelite plates. However, a deviation in their values was observed near some
device components, like, edge spacer, button spacer and the corner of the detector
which went upto 70%. A special formulation based on the BEM was implemented
through the neBEM solver to achieve nearly exact field values at those critical
regions due to its method of calculating field directly from the charge distribution.
It showed that the electric field in this regions could go down by 40 - 75% in the
close proximity of the components and could recover through a distance of 0.5 - 1
cm. The calculation also showed that the field dropped along the junction of the
composite bakelite plate and the effect was maximum at the crossing of the joints.
The presence of manufacturing artifacts in the detector components such as the
rough structures or asperities on the bakelite plate was found to affect the nearby
(within 10 nm) field map by 30 - 60% depending upon the shape and amplitude
of the structures. The effect was found to extend upto 50 um away from the plate
for the present grade of bakelite.

The RPC signal and timing responses were simulated using the detailed electric
field data generated by the neBEM. The shapes of the signal and its rise time as
obtained from the numerical and experimental data matched quite well. However,
the value of intrinsic time resolution estimated from the calculations was lower

than the measured value. This could be due to the reason that as the effect of
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electronic jitter inclusive of that due to cabling and other electronic modules used
beyond the detector, were not considered in the numerical calculations. The cal-
culated signal amplitude was found to increase rapidly with the rise in the applied
field and reduce with the addition of SFg amount in the gas mixture. These results
were corroborated by the measurement of the charge content of the RPC signal
using QDC which supported the fact that the addition of SFg component sup-
pressed the streamer formation. A consequent drop in the efficiency was confirmed
by the numerical calculation. It showed that the effect was more pronounced at
lower voltages. The timing performance of the detector was observed to improve
with the rise in the applied field. However, the performance deteriorated with the
introduction and increase in the amount of SFg as was corroborated by the exper-
iment. The field map that suffered perturbation near the edge spacer and button
spacer influenced the signal as well as the timing parameters adversely. The time
resolution was predicted to be deteriorated by 70 - 80% in the special regions near
the edge and button spacers. The recovery distance was found to be around 2 and
5 mm, respectively, for the present configuration of the button and edge spacers.
The efficiency was also found to fall in the vicinity. So an overall degradation in
the device response was predicted at these regions.

As a large number of RPCs will be used in ICAL, any deficiency in the perfor-
mance of each of the module will add up to set some cumulative limitations on the
performance of the ICAL. In this context, the dependence of charge identification
efficiency of the ICAL on the time resolution of the RPC units was explored in this
work. In this context, the role of the applied magnetic field in the performance
of the bakelite RPC was investigated numerically and it revealed a marginal dete-

rioration in the time resolution due to its presence. An estimation of the charge
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identification efficiency was performed for varying time resolution to indicate the
performance of the ICAL for the given RPC time resolution. It could be inferred
from the calculation that the bakelite RPCs having time resolution of about 1-2
ns would be able to give rise 80% charge identification efficiency for 2 GeV muons.
The percentage would improve either with a rise in the muon energy or further
improvement in the time resolution.

Several design modifications were considered in numerical calculation to explore for
improved timing performance of the RPC. With the decrease in the gas gap width,
the number of clusters generated in primary ionization reduced which resulted in
smaller signal size. Also, for the narrower gaps, the avalanche could not grow much
which added to the cause. However, the narrow gap RPCs could be found useful
in respect of their timing performance if operated with very high electric field.
The value of timing parameters obtained from the simulation of an MRPC proved
that the time resolution could be improved by moving to the multi-gap geometry
from the single gap one which allowed the application of high field and delivered
an excellent timing performance (~ 50 ps). The segmentation of the gas gap into
smaller regions restricted the growth of avalanche up to an optimum level without
any streamer which made the performance of the MRPC very stable.

In order to mitigate the issue of GWP of the gas mixture of the RPC, a preliminary
study to find an alternative for avalanche mode operation of the RPC was carried
out. By comparing the results of the signal simulation for both of the standard and
the proposed gas mixtures, it was found that the RPC might be operated at lower
voltage in case of argon based mixture. The measurement of V-I characteristics
with different mixtures suggested the same. However, the growth of the avalanche

was numerically found to be much more controlled in CoHsF4 based mixtures with
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respect to the argon based one. The numerical calculations indicated that careful
choice of the relative proportions of argon and CO, in addition to some quencher
might be a possible candidate. The other option might be to use the RPC with

narrower gas gap to restrict the charge production to a smaller value.

10.2 Future Outlook

The present work leaves open several issues to be addressed in future with more de-
tailed investigation that would be useful to develop a comprehensive understanding
about the functioning of an RPC. Moreover, these studies are expected to facilitate
the optimization of the device for its effective application in various experiments.
However, all these studies should be pursued using both the numerical as well as
experimental approaches which should be planned in a meticulous way. Apart from
these, there are several design and operation related issues which may be looked
into for optimizing the device. Following are some of the examples which can be

taken up for further investigations.

e The present work looks into the RPC working principle using the electro-
static approach of estimating the field which is the key factor in influencing
most of the physical processes occurring inside the device. However, the
actual electric field configuration of this device should be a time dependent
solution due to the resistive nature of the electrodes. In future, the numerical
simulation would be carried out including the effect of the resistivity so as

to produce a more realistic device dynamics.

e An important aspect that to be included in this study is the development
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of space charge which perturbs the electric field significantly at higher volt-
ages. This should be addressed with necessary modifications in the simulation

framework.

e The development of streamer is another important issue which becomes sig-
nificant at higher voltages. This should be studied with proper numerical

and experimental tools so as to envisage the operating modes of the RPC.

e The scheme of calculation could be extended to further refine the effects of
changing gas gap and multi-gap configuration on the RPC timing perfor-
mance which may be used to to suggest better configuration for improved

time resolution relevant for many timing measurement setups.

e The studies on the inherent position resolution of the RPC can be utilized
to optimize the design parameters, such as, width, pitch etc. of the read-out
strips. This study should be useful for optimizing the design for achieving
the required position resolution. This also can serve to the imaging setups
which often deploy the RPCs with a requirement of good position resolution

of a few hundreds of micron.

e The position resolution of the RPCs to be used in the ICAL setup is an
important parameter to be optimized. The cross-talk between the read-out
strips is known to destroy the position information. Dependence of RPC
cross talk for different read-out strips is an important aspect in this context

which is planned to be studied using this framework.

e [t is also planned to find the effect of plate roughness or the surface asperities
of the bakelite on the RPC performance to set an acceptable limit on the

material grade of the electrodes.
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e The numerical method to study the timing performance of the bakelite RPC
and MRPC can be adopted to new detectors like MicroMegas [127] and

GEM [128] to explore their characteristic performance at different conditions.

e To mitigate the issue of global warming, the response of the RPC with the
alternative Ar-COy based mixtures needs further investigation and optimiza-
tion. The design modification with narrower gas gaps along with a change
in the relative proportions of the gas components may be two prospective

aspects for exploration.
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