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0.1. INTRODUCTION

Synopsis

0.1 Introduction

The study of neutrinos, the second most abundant particles in the universe, has many
implications in different areas of Physics. The discovery of neutrino oscillations has
clearly established that at least two neutrinos have non-vanishing masses. However
the nature of neutrino mass is still an unsolved problem.

The proposed magnetized Iron Calorimeter (ICAL) detector at India-based Neu-
trino Observatory (INO) laboratory is designed to study atmospheric neutrino oscilla-
tions [26]. The INO lab is proposed to be located at Theni in Tamil Nadu, India. The
main goals of the experiment are to measure the neutrino oscillation parameters more
precisely and to determine neutrino mass hierarchy, ie. the sign of the 2-3 mass square
difference Am3, = m3 — m3, using atmospheric neutrinos.

Since neutrinos are weakly interacting, a large detector volume is needed to get
a sufficient number of neutrino induced events. To determine whether the incoming
particle is a neutrino or anti-neutrino, the charge of the secondary particle needs to
be measured. The proposed ICAL will be a 50 kTon magnetized detector having this
capability.

The Resistive Plate Chambers (RPCs) will be used as the active detector elements in
the ICAL detector. Previous studies have shown that the operation of RPCs depends on
the external environmental parameters [61-66]. The range of the external parameters
in which the operation of RPCs is stable needs to be determined for the long term use
of RPCs without damaging them. A study is done to investigate the effect of external
temperature and humidity on the performance of RPCs and to find the range of these
parameters in which RPCs are stable and effective.

The ICAL detector is mostly sensitive to the muons coming from the atmospheric
v, (7,) interactions. As a muon passes through RPCs it leaves its signature “hit” in
each RPC; these hits can be joined to find the track of the muon. In order to deter-
mine the sensitivity of the ICAL to neutrino oscillation parameters it is important to
see how accurately the ICAL simulations can reconstruct the muon information such
as its momentum, angle and charge. In these studies, the response of the ICAL to fixed
energy muons was studied in different parts of the ICAL detector. The momentum
reconstruction efficiency, momentum and angular resolution and the charge identifi-
cation efficiency were calculated as functions of energy and angle. The results of these
sensitivity studies are crucial for the physics simulation studies at ICAL and have been
used by the entire INO collaboration [24] for finding the sensitivity of ICAL to neutrino
oscillation parameters and mass hierarchy [37, 38], etc.
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0.2. CHARACTERIZATION AND STUDY OF ENVIRONMENTAL DEPENDENCE OF BAKELITE RPCS

Since the ICAL detector cavern at INO will have a rock overburden of 1000 m or
more all around, the low energy cosmic ray muons will not reach the detector. But
the muons with energy greater than 1 TeV can reach the detector. This will be a back-
ground to neutrino events. But since the neutrino interaction vertex is inside the ICAL
detector, cosmic ray muon events can be separated from neutrino events. A code was
developed for generating the atmospheric muon events at the INO site taking into ac-
count both the geography and the detailed topography of the surrounding hills as well
as the geometry of the ICAL detector and the cosmic ray angular flux distribution. The
capability of ICAL to find the atmospheric p* /™ ratio for high energy muons was
studied with the code. This has implications for understanding the K /x ratio in the
cosmic ray interactions.

0.2 Characterization and study of environmental dependence of bakelite RPCs

Resistive Plate Chamber (RPC) detectors are used in many experiments in High Energy
and Astroparticle Physics, as trigger and tracking detectors or time-of-flight (TOF) de-
tectors. These are gaseous detectors. The good time resolution, simple structure and
comparatively good spatial resolution capabilities make them a good choice for trigger
and tracking detectors. The RPC has been chosen to be the active detector in the ICAL
experiment. The properties of prototype RPC detectors have been studied earlier [68-
70]. The characterization of electrode material, details of construction etc., have been
reported [69]. Characterization of the RPCs, specially for operation in external en-
vironment with varying temperature and humidity and interpretation of the related
experimental findings have been attempted in course of this thesis work.

Two bakelite RPCs of dimension (30 cm x 22 cm) were fabricated. The P-120 grade
bakelite plates of thickness 2 mm were used as electrodes. The inner surfaces were
covered with a thin layer of viscous silicon fluid. The outer surfaces of the bakelite
were coated with dry graphite coatings made from 99.999% pure, -200 mesh graphite
powder. The surface resistivity was found to be in the range 0.8 MQ/o — 1.3MQ/o.

The measurements were done by operating the RPCs both in avalanche and streamer
modes. The gas used for the streamer mode was a mixture of Argon (55%), isobutane
(7.5%) and environmentally friendly R134A (tetrafluoroethane) (37.5%) and that for
the avalanche mode was a mixture of tetrafluoroethane (95%) and isobutane (5%). A
ribbon cable based pick-up panel constructed for this experiment was used to collect
the signal. The RPC was placed inside an aluminium chamber in which the tempera-
ture and humidity was kept constant during the measurement. The temperature inside
chamber was measured using a PT100 sensor and the relative humidity (RH) was mea-
sured using a Honeywell HIH-4000 series humidity sensor.

Two scintillators (SC I and SC II) placed below the RPC and a finger scintillator (SC
III) placed above were used to generate three fold coincidence trigger which is used as
the master trigger (MT). It was found that the acceptance corresponding to this set up
was equal to two adjacent strips. So the signals from two adjacent strips were ORed
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0.2. CHARACTERIZATION AND STUDY OF ENVIRONMENTAL DEPENDENCE OF BAKELITE RPCS

and the coincidence between this signal and the master trigger gave the four-fold (FF)
signal.

The measurements were done for different values of temperatures in the range 19°
- 30°C and RH in the range 50 —=70%. The leakage current, plate resistance, noise rate,
efficiency and the time resolution of the RPC were measured.

It was found that the leakage current increases as temperature and RH increases.
The resistivity of the electrode plates were obtained from the plots of leakage current as
a function of applied bias voltage (I-V curve). The plate resistivity decreased slightly
as RH increased, but the dependence was less compared to that due to temperature
variation. Data were collected for calculation of noise rate and efficiency at each tem-
perature and RH value. They were measured while increasing the high voltage. It
was observed that for a particular RH value, the noise rate increases as temperature
increases. The dependence was nonlinear and more visible above the knee voltage.
The noise rate slightly decreased as RH increased.

The RPC detector performance is characterized by the detection of cosmic muons,
which are detected by the RPCs in coincidence with the cosmic muon telescope. The
detection efficiency is defined as the ratio of FF to master MT. The measurement was
done for both the modes. It was found that as the temperature increased the voltage
at which the efficiency reaches plateau decreased. A similar behaviour was observed
for RH also, but the dependence on temperature was more significant. Since plate
resistance decreases as temperature and RH increase, the effective voltage across the
gas gap is more at higher temperature and with higher RH. The effect manifests itself
relatively more for avalanche mode operation.

Since the measurement of the direction of muons (whether up going or down go-
ing) is crucial for ICAL detector, the time resolution of RPCs plays an important role.
For timing calculations the signal from SC III was taken as the START of TDC and sig-
nal from a single strip of an RPC was taken as the STOP signal. The RPC was operated
in avalanche mode and at a fixed voltage 12 kV. The measurements were done for 10
mV and 70 mV thresholds. The time spectrum was fitted with a Gaussian distribution
to get the mean (arrival time (T)) and standard deviation (time resolution (¢)).

The arrival time decreased by 5% — 10% as temperature increased for both the
thresholds. The variation of the electron drift time with temperature could be the rea-
son for the change in the propagation delay. The temperature dependent variation of
permittivity of the pick up strip may also be a contributing factor. For 10 mV threshold
the resolution improved as temperature increased and for 70 mV threshold the resolu-
tion was nearly constant for all the temperatures. This behaviour could be due to the
increase in the effective voltage across the gas gap and consequently the drift velocity
as temperature increases. The arrival time and resolution are not much dependent on
humidity.

XX



0.3. SIMULATION STUDIES WITH ICAL DETECTOR

0.3 Simulation studies with ICAL detector

Two different simulation studies were performed; one was to characterise the sensi-
tivity of ICAL to muons and the other to study the sensitivity of ICAL to the p*/u~
charge ratio in cosmic ray muons. In both cases a GEANT4 based code was used to
propagate the generated muons through the ICAL detector. While the study of sensi-
tivity of muons was restricted to fixed energy muons, the actual cosmic ray muon flux
distribution was used in the second study.

0.3.1 Response of ICAL to muons

Neutrinos (v) and anti-neutrinos (7) interact differently with matter. A charged cur-
rent interaction of the v, with the detector material results in p~ while 7, gives "
which can be distinguished since ICAL is magnetized. The separation of neutrino and
anti-neutrino events therefore requires accurate charge determination of the muons.
This along with matter effects is crucial to distinguish Normal hierarchy from Inverted
hierarchy in the mass ordering in the 2-3 sector. Since the oscillation probability is sen-
sitive to the energy and zenith angle of the neutrino, the momentum and the angle of
the muon have to be measured precisely. Hence reconstruction of momentum, angle
and charge of the muons are all very crucial for ICAL physics studies.

The ICAL geometry

The geometry of the proposed ICAL detector is coded into a GEANT4 based program
[25] as follows. There are three identical modules, each of size 16 m x 16 m x 14.45
m, placed along z axis with 20 cm gap between them. Each module consists of 151
layers of iron plates of thickness 5.6 cm with resistive plate chambers of dimension
1.84 m x 1.84 m x 2.5 cm as active detector in the 4 cm gap between iron plates. The
iron plates are supported every 2m in x and y directions with steel spacers. In each
module four copper coils are placed in gaps at z = zo+4m, |y| < 4 m where z is the
central x value of each module. The gaps run through the entire vertical height of the
detector. This provides magnetic field in the z—y plane. The field has been mapped
using MAGNET®6.26 software [31]. In the central region, for a 8 m x 8 m square area in
the -y plane between coil slots, the magnetic field is uniform both in magnitude and
direction and maximum (~1.5 T). For the region outside the coil slots near edges in the
x direction, called the side region, the field is uniform but in the opposite direction.
In the peripheral region, (outside the central region with -8 m < y < —4mand 4 m
< y < 8 m) both the direction and magnitude of the magnetic field vary considerably.
The muon response in the three regions of ICAL detector has been studied separately.

Generating Muon Tracks

The ICAL detector is designed to study muons. Since the muons are minimum ion-
izing particles, they leave a long clean track in the detector whereas the hadrons give
showers. The muon momentum and the charge are determined from the curvature of
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0.3. SIMULATION STUDIES WITH ICAL DETECTOR

the track in the magnetic field using the Kalman filter algorithm [34]. The energy of
hadrons is determined from the number of hits in the detector.

When a charged particle passes through the detector, it gives signals in the RPC
which is read using = and y pick-up strips. The z value is obtained from the layer
information along with the time stamp, ¢. Using the hit information from three neigh-
bouring layers, the track finder forms short tracklets which are then combined to form
tracks. The track finder separates the muon track and hadron shower. If there is more
than one track, the track closest to the vertex is identified as a muon track. The track
titter algorithm is based on Kalman filter. The momentum, direction and charge of the
muon are reconstructed from the fitted parameters. Both the detector geometry and
Kalman filter algorithm for ICAL are available as codes developed by the collabora-
tion [24].

We have propagated 10000 muons with fixed energy and 6 that follow a uniform
¢ distribution for the analysis. The vertex of the events are defined according to the
region of the ICAL detector under study.

Analysis and Results

Central region: The vertex was randomly generated in the 8 m x 8 m x 10 m central
volume where the magnetic field is uniform and maximal. We have taken the events
with z;, <400 cm for the analysis, where z;, is the input z position. Both fully con-
tained and partially contained events are analyzed. It was found that the track recon-
struction efficiency, which is the ratio of successfully reconstructed tracks to the total
number of events, is above 90% for muons with a momentum greater than 2 GeV/c.
Only those events which are reconstructed as a single track for which the fit is better
than x?/ndf < 10 (where ndf is the number of degrees of freedom) are considered for
further analysis. The momentum reconstruction efficiency is defined as the ratio of the
number of reconstructed events (irrespective of charge), to the total number of gener-
ated events. The reconstruction efficiency depends on the input momentum and the
zenith angle of the muon. For momentum values below 4 GeV /¢ as the input momen-
tum increases, the reconstruction efficiency increases for all angles, since the number
of hits increases as the particle crosses a larger number of layers. At higher energies
the efficiency becomes almost constant except for very small angles. The average re-
construction efficiency of about 80% is obtained in the central region.

The relative charge identification efficiency is defined as the ratio of the number of
events with correct charge identification, to the total number of reconstructed events.
Low energy particles undergo multiple scattering which results in the incorrect recon-
struction of direction. So the charge identification efficiency is low at lower energies.
But it increases as the energy increases since the number of layers with hits increases.
The average charge identification efficiency of 98% is obtained.

It is found that the ICAL detector is capable of reconstructing angle very accurately.
The angular resolution, which is the width of the reconstructed angular distribution
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0.3. SIMULATION STUDIES WITH ICAL DETECTOR

when fitted with a Gaussian distribution, improves as energy increases. It is better
than a degree for all the angles.

The reconstructed momentum distribution of low energy muons shows an asym-
metric tail. So they are fitted with convoluted Gaussian and Landau distributions. The
momentum distributions for energies greater than a few GeV fit poorly to Gaussian
distribution. This is because of the badly reconstructed events due to dead spaces in
the detector. The particles with different azimuthal angle, ¢, have different detector
response because of the presence of the coil gap, support structures, orientation of
magnetic field etc. Hence the muon sample was separately studied in four ¢ bins: Bin
I with |¢| < /4, Bin Il with /4 < |¢| < /2, Bin Il with 7/2 < |¢| < 37/4, and Bin
IV with 37/4 < |¢| < m. In each bin the distribution was fitted with a Gaussian. It
was found that the quality of the fit improves with this separation. The momentum
resolution improves as energy increases initially since the number of layers crossed by
the particle increases. But as the energy increases further the particle starts going out
of the detector. The resolution worsens for such partially contained events with the
straight section of track inside the detector.

Peripheral, Side regions: For the events generated in the side and peripheral re-
gions of the ICAL detector, the results were compared with those in the central region.
Due to the non-uniform and low magnetic field strength some extra selection criteria
were placed while reconstructing the tracks. The reconstruction was slightly worse in
both side and peripheral regions compared to the central region.

In summary, simulation studies determined that the ICAL detector had good sen-
sitivity to muons with excellent angle and charge-id determination. The response of
ICAL to muons in different regions of ICAL was completely characterized.

0.3.2 Study of the atmospheric muon charge ratio using ICAL detector

When the primary cosmic rays interact with the atmosphere they produce showers
which contain pions and kaons. These secondary particles either interact with the par-
ticles in the atmosphere or decay to muons. Since the primary cosmic rays mainly
contain positively charged particles, there are more " than ;~. The measurement of
charge ratio of the muons will help in the better understanding of the atmosphere neu-
trino flux, cosmic ray showers and the hadronic interaction. The MINOS experiment
has observed a rise in the underground muon charge ratio [46] as a function of energy
and also observed that the charge ratio depends on [E5*“"/**, cos §] rather than E5*/*
alone.

The surface muon flux can be described by Gaisser’s formula [50],

0.14E 27
AN, 10 { 1 ! } 03.1)
1+

~ X
dE,0dQ?  cm?sec.sr.GeV LiBu0c0s0: = 1 4 11Euocos0:
[ €K

where ¢, = 115 GeV, ex = 850 GeV, n = 0.054 and the two terms in the brackets describe
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0.4. SUMMARY

the contribution from pions and kaons, with ¢;’s being energies at which the interaction
probability of s and K's become equal to decay probability. The parameter 7 is related
to the relative contribution to muon decay from 7 and K decay respectively.

0.4 Summary

The ICAL detector at INO is designed to study the neutrino oscillation with atmo-
spheric neutrinos using matter effect. The ability to identify the charge of the particle
makes this a unique massive detector of this kind.

This thesis consists of two parts. The resistive plate chamber, the active detector el-
ement of ICAL, was fabricated, characterized and optimized. The electrode properties
of the bakelite material were also studied in detail.

The dependence of RPCs on environmental parameters were investigated by vary-
ing the external temperature and humidity. The study has been done for both streamer
and avalanche modes. The RPC efficiency was found to be ~90% in the plateau region
for all temperature and humidity. The RPC parameters were found to be more sen-
sitive to temperature than humidity and dependence is more prominent in avalanche
mode than in streamer mode. The operation of RPC was found to be stable for the
temperature around 21-25°C and relative humidity ~53-60%.

Detailed simulation studies of muons in ICAL comprises the second part of this
thesis. The response of ICAL to muons was understood in different parts of ICAL
detector. The central region gave the best results compared to peripheral and side
region. It was found that the ICAL has good sensitivity to muons, their momentum,
charge and direction.

This muon response study has been widely used in Physics simulations studies
for ICAL. In particular, a study was done to find the sensitivity of the ICAL to high en-
ergy muons charge ratio. The energy and angular spectra of atmospheric muons were
generated using the standard Gaisser’s parametrization. The digitized topographical
map of INO mountain was used for the energy loss calculation. The fitted parame-
ters from MINOS experiment were used for generating ;" to 1~ ratio. The generated
events were passed through ICAL code to get reconstructed events. It was found that
the ICAL has very good sensitivity to this ratio in the muon energy range ~ 1-5 TeV,
and over a large angular acceptance. When the muon passes through matter, it loses
energy by ionization and radiation. The total energy loss can be expressed as [50]

dE

—o = a+bE, (0.4.1)

where a is the ionization loss and b is the fractional energy loss by radiation processes.
These parameters are slowly varying functions of energy at the high energies where
radiative contributions are important. Only muons with surface energies greater than 1
TeV will reach ICAL detector since the cavern is 1.3 km underground. At these energies
a and b can be considered as constants. The values for muon with ~1000 GeV surface
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energy are a = 2.7 x 1072GeV/(gm/cm?) and b = 4.0 x 10-%/(gm/cm?). In terms of the
surface muon energy E,, ,, the energy of the muon at slant depth X is given as,

E, = {E.o+ele™™ —¢ (0.4.2)

where € = a/b. In order to calculate the slant depth the topographical map of the
Bodi West Hills region, where INO is proposed to be located, is used. The map of
10 km distance around the INO peak, which is in the format latitude, longitude and
elevation has been converted to r, § and ¢ for the simplicity of flux calculation. In
the simulations study, muons with energy E, , and zenith angle § were generated at
the sea level according to the distribution given in Eqn. (4.2.1). The azimuthal angle,
¢, distribution was generated uniformly. Then the particle was propagated through
the mountain to the detector. According to the value of # and ¢, the slant depth is
calculated from the digitized mountain profile and the energy at the detector, ¢,
obtained. The events were generated for five sides of ICAL detector: top, left, right,
front, and back.

These events were passed through Geant based ICAL code in which detailed ge-
ometry of ICAL detector is defined. The muon momentum, charge, § and ¢ at the de-
tector were reconstructed using Kalman filter algorithm. The surface energy of muon
and the surface charge ratio were calculated using the reconstructed momentum of the
muon at the detector. The original and reconstructed charge ratio were then compared
to determine the sensitivity and accuracy with which this can be determined. It was
found that the reconstruction from the top face of the detector (accounting for about
half the events) gives excellent sensitivity and accuracy for the muon charge ratio. In
the case of events reconstructed from the sides, a systematic offset in the ratio occurred
because of the azimuthal dependence in the sensitivity to muons and the topography
of the mountain. This could be overcome by redefining the charge ratio including re-
construction efficiency for p* and .
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Introduction

Neutrinos, the second most abundant particles in the universe after photons, are one
of the least understood particles in the Standard Model of particle physics. They are
neutral leptons (spin 1/2 particles) with a very tiny mass which is many orders of
magnitude smaller than the masses of quarks or charged leptons. Only the left handed
neutrinos and right handed anti-neutrinos have been experimentally observed. The
neutrinos can have only weak interactions (except for gravity) and hence they can
travel great distances without much interaction and hence can carry the information
about their sources. There have been many experimental attempts to study the neu-
trino properties since their discovery. Their weakly interacting nature makes it difficult
to observe them; hence their detection requires very large, massive detectors. The ob-
served phenomenon of neutrino oscillations has given first signature of the physics

beyond the Standard Model.

1.1 The History of neutrinos

In 1931 W.Pauli was the first scientist to propose a hypothetical neutral particle for
explaining the continuous nature of the beta particle energy spectrum resulting from
beta decay of a nucleus. It was thought to be a two-body decay which ought to have
resulted in a discrete beta particle energy spectrum peaking at an energy equal to the Q-
value of the decay process. Pauli explained the spectrum by introducing an additional
neutral particle with spin half and very small mass which goes unobserved. Within
the standard model of particle physics, there are now known to be three kinds of active
neutrinos one associated with each of the charged leptons.

Neutrinos were first observed by Reines and Cowan in an experiment performed

at the Savannah River nuclear facility [1]. They used the 7, flux from the nuclear reac-
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tor. This neutrino flux was incident on water with C'dC!, dissolved in it. The interac-
tion of 7, with a proton gives a neutron and a positron. The positron annihilated with
electron to produce two gamma rays. Further, the neutrons were absorbed by C'dCl,
and a gamma ray gets emitted after few microseconds. The coincidence between these
two gamma signals confirmed the interaction of a (anti-electron type) neutrino with a
proton. The muon neutrino was discovered in 1962 [2] at the Brookhaven Alternating
Gradient Synchrotron (AGS). The very first neutrino beam was produced using high
energy proton beam from AGS. Pions, produced by striking protons on a beryllium
target, decay to give muons and neutrinos. The muons were stopped by a steel wall
and only neutrinos reached the detector. These neutrinos in their subsequent weak
interactions were found to produce charged muons but never electrons leading to the
conclusion that a new type of neutrino (muon type) had been produced in the pion de-
cay. A 10-ton aluminum spark chamber was used to detect the neutrinos. In 2000, the
tirst evidence of tau neutrino was found by the DoNuT Experiment at Fermilab [3]. In
DoNuT experiment a high energy beam of proton is collided with a block of tungsten
to produce the charm particle D, which decays to 7, and 7. The interaction of v, with

the detector produced 7 which was detected using a spectrometer.

In order to explain the LSND results [4], a fourth type of neutrino which does not
have any Standard Model interaction, has been proposed which is known as Sterile
neutrino. But none of the experimental attempts have yet confirmed the existence of
the sterile neutrino. Many models with 3 active and 1 or 2 or more sterile neutrinos
have been proposed in the last few years and a huge experimental effort is currently

being made worldwide, to search for sterile neutrinos.

Neutrinos were thought to be massless, but the observation of the phenomenon
of neutrino oscillations proved that at least two neutrinos have non-zero mass. The
limits on the sum of the three neutrino masses have been provided by the cosmological
measurements [7]. The determination of absolute neutrino mass is also an interesting
area of experimental neutrino physics. There are many experiments dedicated for the
measurement of absolute neutrino mass eg. MARE, Mainz, KARTRIN etc. [8-10].
Many neutrinoless double beta decay experiments are running and under construction
to determine the nature of neutrinos, whether they are Dirac or Majorana type. These

experiments can also measure an effective neutrino mass.
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1.2. SOURCES OF NEUTRINOS

1.2 Sources of neutrinos

The neutrinos are produced by different sources with varying energy range (see 1.1).

Cosmological v

Solarv
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae
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Fig. 1.1. Predicted neutrino flux from mostly natural neutrino sources [11]

According to the Big-Bang theory, there is a background of very low energy neutri-
nos which are known as the relic neutrinos. Though they are very numerous in Nature
(about 330 neutrinos per cm?), they evade detection since they are of very low energy.
They are decoupled after the first second of birth of the Universe. The energy of the
relic neutrinos is around 0.1 meV.

The Sun is a source of electron type (v., 7.) neutrinos. The details of the production
of neutrino in Sun is given in Section 1.3. They come from different nuclear reactions
taking place inside the Sun and the energy range of these neutrinos depend on these
reactions.

During the Supernova explosion, huge number of neutrinos are produced along
with photons. Neutrinos are produced in a star during the core burning phase and
carry away most of the energy. They escape from the star before light is generated as
they interact with matter through the weak interaction. Light that comes out of the su-
pernova explosion is generated after core collapse, which causes shock wave front to
move outward and explode as it reaches the surface. This generates the burst of pho-
tons which therefore, follow the burst of neutrinos from the supernova explosion. This

is the reason why massive neutrino detectors such as Borexino, Daya Bay, KamLAND,



CHAPTER 1. INTRODUCTION 1.3. SOLAR NEUTRINO PUZZLE

LVD, IceCube, Super Kamiokande etc. are considered as parts of a SuperNova Early
Warning System (SNEWS), which will provide the trigger to the astronomers to look
for photon signals coming out of a possible supernova explosion. The neutrinos from
supernova 1987A were detected in 1987 which confirmed the production of neutrinos
in supernova. Within a time window of 12 seconds, 24 neutrinos were detected world
wide and all of them were electron neutrinos.

During the decays of unstable, radioactive elements inside Earth, neutrinos are
produced. Since the amount of radioactive material inside earth is unknown, the flux
of geoneutrino is also not known. Measuring the geoneutrino flux can help in un-
derstanding the radioactive nature of Earth. The geoneutrinos were first observed by
the Kamioka liquid scintillator antineutrino detector (KamLAND) experiment in 2005
[12]. The KamLAND has the sensitivity to electron antineutrinos produced by the de-
cay of #*®*U and #**Th within the Earth. It is a 1000 tons of ultra-pure liquid scintillator
detector surrounded by photomultiplier tubes.

Atmospheric neutrinos are generated when the cosmic rays interact with atomic
nuclei in the Earth’s atmosphere. The details can be found in Section 1.4. The first
observation of atmospheric neutrinos were done by underground experiments in the
mines of Kolar Gold Fields (KGF) in India [5] and in South Africa [6]. The energy
spectra of atmospheric neutrinos peaks around few hundreds of MeVs and it extends
up to few TeVs.

The man made nuclear reactors and particle accelerators are also sources of neutri-
nos. The energy of neutrinos from accelerators can go up to 100 GeVs and the reactor

neutrino energy is around 4 MeV.

1.3 Solar Neutrino Puzzle

According to the Standard Solar Model (SSM), which describes the structure and evo-
lution of the Sun, it consists of hydrogen plasma and produces energy and high inten-
sity electron neutrino flux during nuclear fusion reactions.

Mainly neutrinos are produced in proton — proton chain reactions and the CNO
cycle. Majority of the neutrinos are coming from pp chain. The following reactions in

Sun produce electron neutrinos:

p+p— *H+et +u,,
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p+e +p— 2H+v,,
SHe+p— *He+em +v,,
"Be+e — "Li+u,,
8B — 8Be* + et + 1.,
BN - BC+et +u,,
B0 - YN +et +u,,

T"F— YO+et +v..

The solar energy spectra predicted by SSM is shown in Fig. 1.2
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Fig. 1.2. The calculated energy spectra of the solar neutrinos Ref.[13]

The experimental study of solar neutrinos were first done by R. Davis in 1960’s
[14] in the well-known Homestake experiment. It was a radiochemical experiment in

which v, interacts with chlorine to produce Argon,

ve +37Cl— e +37 Ar .

The experimental set up was a huge tank containing liquid tetrachloroethylene, C,Cl,.
It was placed in Homestake Gold mine at 4400 mwe underground to reduce cosmic
ray background. The radioactive Argon (*’Ar, 71, ~ 35 days) atoms were collected for
several months and the number of atoms were counted from their observed electron
capture decay to *’Cl. It was found that the number of neutrino capture events mea-
sured was only about one third of the value predicted by Bahcall [15]. This is known

as the solar neutrino problem and had been confirmed by many other experiments.
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The Sudbury Neutrino Observatory (SNO) is a 1000 ton heavy water (D,O) Cerenkov
detector which could measure the fluxes of the electron neutrino as well as the fluxes
of other flavours from the Sun. The other experiments which measured the solar neu-
trino spectra were mostly sensitive only to electron neutrinos. The SNO is sensitive
to both charge current (CC) interaction and neutral current (NC) interactions. The CC
interactions were sensitive only to electron type neutrino whereas the NC interactions
were sensitive to all types of neutrinos. The SNO had measured the electron neutrino
flux which was found to be less than the flux of all active flavours [16]. But the total
neutrino flux via neutral current measurement was found equal to the SSM prediction.

This was an evidence for neutrino flavour change.

1.4 Atmospheric neutrino Anomaly

The interaction of cosmic rays, consisting of mostly high energy (~GeV) protons, with
the atmospheric nuclei produces hadron showers, mainly of pions and kaons. These
hadrons decay into muons and muon neutrinos. While passing through the atmo-

sphere the muons decay to electron, electron neutrino and muon neutrino.

Tt

N M+V“ M+ — €+Veﬂ,u 7

T = WV, e Vel
+ +

K™ —u'y,,

K —uw,.

The ratio of number of atmospheric muon neutrinos (and anti-neutrinos) to electron

neutrinos (and anti-neutrinos),
v, + U,
v+,

R = (1.4.1)

was predicted to be 2 with 5% uncertainty. But the measurements done by water
Cherenkov detectors like Kamiokande [17], IMB [18], Super-Kamiokande [19] reported
smaller values of R than expected.

The Super-Kamiokande detector is a water Cherenkov detector dedicated for study-
ing neutrino oscillation. The Super-Kamiokande data showed a zenith angle depen-
dent deficit of muon neutrinos (Fig.1.3) [20]. It was observed that the angular spectra
of upward-going p-like events showed a deficit which was not seen in the downward

going events which indicated that the deficit is dependent on path length.
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Fig. 1.3. Zenith angle distributions of y-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going
particles have cos § < 0 and downward-going particles have cos § > 0. Ref.[20]

This is known as atmospheric neutrino anomaly.

1.5 Neutrino Oscillations

The idea of neutrino oscillations was proposed by Bruno Pontecorvo in 1957 even be-
fore any experimental evidence for this phenomenon had existed. The neutrino pro-
duced with one flavour has a non-zero probability of transition in flight to a different
flavour neutrino, v, v, or v,, by virtue of its non-vanishing mass. The discovery of
neutrino oscillation opened a new era in Particle Physics by giving first evidence for
physics beyond the Standard Model. In Standard Model of Particle Physics, neutri-
nos are massless particles and the discovery of neutrino oscillations established that
at lease two neutrinos have non-vanishing mass. The deficit in the number of solar
neutrinos and in the ratio of atmospheric muon neutrinos to electron neutrinos can be
explained by the neutrino oscillation phenomenon.

Hamiltonian for the propagation of the neutrinos in vacuum is given by

E, 00
H, = 0 By O , (1.5.1)
0 0 Es

where E; are the energies of the neutrino mass eigenstates m;, ¢ = 1,2, 3. Since m; « £,
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E; ~ p; + m?/2p;.
The neutrino flavours v., v, and v, (v, s) are superpositions of mass eigenstates
11, Vo and vs (v;” s) with masses m,, my and mg. In the basis in which the charged lepton

mass matrix is diagonal, we have
Vay = > Uailvi) - (1.5.2)

where matrix U is a 3 x 3 unitary matrix known as PMNS matrix [21] which contains
three sectors: solar (1-2 sector), atmospheric (2-3 sector) and reactor (1-3 sector). The

PMNS matrix is given as,

{1 0 0 C13 O 8136_16 C12 S12 0
U= 0 co3 S23 0 1 0 —3812 €12 0 (153)
\0 —S923 Co3 —8136716 0 c¢3 0 01
( C12C13 S12€C13 size” "
= —C23512 — 323513012€i5 C23C12 — 823513812€i6 523C13 ) (1'5‘4)

) )
\ $93512 — €23513C12€""  —S923C12 — C23513512€" C23C13

where ¢;; = cosb,j, s;; = sinf,; and 0 denotes the CP violating (Dirac) phase.

In vacuum the probability of detecting a neutrino produced in flavour a and en-
ergy I/, as a neutrino with another flavour 3 with same energy after traveling a distance

Lis,

Am?2L
Pag = 6a5 — 42 Re[U;iUganjUﬁ*j] sin2 ( 4EZ:] ) (155)

i>]

C (AmZL
+2ZIm[U§iU6anjUﬁj]sm( o ) ’

1>7

where Am;; = m3 —mj.

In the presence of matter, there is an additional term coming because of the inter-
action of neutrinos with (primarily) electrons, which is diagonal in the flavor basis and

is given by

V.00
Vi=[ 000 [, (1.5.6)
000
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where V, = +v/2GxN,, is the matter potential. Here G'r is the Fermi weak coupling
constant and N, is the electron density. The effective matter potential contains the
contribution from both neutral current and charge current interaction. The neutral
current component of the matter potential contributes equally to all the flavours. Such
a diagonal term does not affect the oscillation probability, therefore it is not included
in V.

The sign of V. depends on whether the propagating particle is neutrino (+) or
anti-neutrino (—). In the presence of matter, the mixing angle and the mass square
difference get modified.

The oscillation experiments are not sensitive to the absolute mass of neutrinos.
They can measure only the mass square differences. One of the most interesting factor
is the mass ordering. There can be two mass ordering: m3 > my > m; which is known
as normal ordering or my > m; > mgs which is known as inverted ordering (Fig.1.4).
From the solar neutrino experiments the sign of Am3, is already measured and it is
known that my > m;. But the sign of Am3, is unknown. The atmospheric neutrino
experiments can probe this.

2
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Fig. 1.4. The normal and inverted hierarchy

The magnetized Iron Calorimeter (ICAL) detector will be set up to study the at-
mospheric neutrinos. It will be sensitive to the oscillation probabilities P,,, Pz, P,
and P ;. Neutrinos and anti-neutrinos interact differently with matter. In vacuum
P, = Pyzand F,, = P; ;. But the presence of matter changes the oscillation probabil-

ities depending on the sign of Am,.
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The current values of neutrino oscillation parameters obtained from the global

analysis of existing neutrino data are summarized in Table 1.1[22, 23].

Parameter Best-fit values 30 ranges Relative 1o precision
(in percent)
Am3, (eV?) 75 x 10°° [7.0, 8.1] x 107° a(Am?)) = 2.4%

Am3, (eV?) | 246 x 1073 (NH) | [2.32, 2.61] x 1073 (NH) o(Am3) = 2.0%
Am3, (eV?) | —2.45 x 1073 (IH) | —[2.59, 2.31] x 10 3 (IH) | o(Am3,) = 1.9%

sin? 01, 0.3 [0.27, 0.34] o(Asin® 019) = 4.4%
sin? fa3 0.45 (NH), 0.58 (IH) [0.38, 0.64] o(Asin®0y3) = 8.7%
sin? ;3 0.022 [0.018, 0.025] o(Asin®613) = 5.3%
5cop(°) 306 [0, 360] -

Table 1.1. Neutrino oscillation parameters

1.6 The ICAL at INO and its physics goals

The iron calorimeter detector (ICAL) at the proposed India-based Neutrino Observa-
tory (INO) is an experiment to study the atmospheric neutrinos [24]. It will be placed
in an underground cavern with at least 1 km rock overburden in all directions. Only
high energy cosmic ray muons and the weakly interacting particles such as neutrinos
will reach the detector.

The main physics goals of ICAL are:

* to observe oscillation in the atmospheric neutrino sector and to make precision
measurements of neutrino oscillation parameters. An accurate momentum and
direction measurements of neutrino are very important for the precision measure-
ments of oscillation parameters. The momentum of a charge particle produced by
neutrino interaction with matter can be measured from the curvature of particle
track in the magnetic field. Momentum and direction of the neutrino can be ob-
tained from the reconstructed tracks. The details of the track fitting can be found

in the Section 2.6.

¢ to study the matter effect experienced by the atmospheric neutrinos while pass-
ing through the Earth and to determine the sign of Am3,. The difference in the
oscillation probabilities of v, and 7, while passing through matter depends the
sign of Am3, and the value of ;5. The recent reactor neutrino experiments have
found a relatively large value of #;3 which increases the capability of ICAL to see

matter effect for determining the sign of Am3,. The event rate of neutrinos and

10
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anti-neutrinos can be measured separately using a magnetized detector. When a
muon neutrino (v,) interacts with the detector material, it results in a ;= while
a muon anti-neutrino (7,) gives u*. Hence, in order to distinguish neutrino and
anti-neutrino events, the charge of the muon needs to be determined accurately.
A magnetized detector can distinguish between p~ and " events. The charge
identification efficiency of the detector plays a crucial role in the determination of

the mass ordering of the neutrinos.
¢ to look for the signature of sterile neutrinos.
¢ to probe the CPT violation using atmospheric neutrinos.
¢ to look for the non-standard interactions of neutrinos

Apart from these main goals the ICAL detector can be used to study the high en-
ergy cosmic rays, weakly interacting massive particles etc.

The cosmic ray muons are one of the major background for neutrino events. But
since the vertices of the most of the neutrino events originate inside the detector, the
atmospheric muon events can be separated using the event topology. Because of the
rock overburden, only very high energy muons will reach the detector and practically
all the cosmic muons will come only from above. The charge identification capability
of ICAL can 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 help in understanding the atmospheric neutrino flux, the

composition of cosmic rays, the hadron interaction in the atmosphere etc.

1.7 The ICAL detector

In order to fulfill the goals listed above, the ICAL detector should have good energy
and angular resolution and charge identification efficiency. Since the neutrino interac-
tion cross section is very small, the detector needs to be very massive and efficient. The
design of the ICAL detector satisfies these criteria.

The ICAL has three modules, each having 151 layers of iron plates interleaved
with resistive plate chamber (RPC) as active detector. The active detector should have
good detection efficiency and time resolution. The details of the ICAL geometry can

be found in Chapter 2.

11
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The resistive plate chambers have a good spatial resolution of about 1 cm and a
time resolution of about 1 ns. The time resolution is crucial for distinguishing the up
going and down going particles. The stable and the long term operation of RPC is
also very important for the entire experiment. The ICAL will be using the RPCs of
dimension 2 m x 2m.

The iron plates of thickness 5.6 cm will be magnetized with a field strength of 1.5
T. There will be gap of 4 cm in between iron plates where the RPCs are to be placed.
The signal from RPCs are collected using pick up strips.

The ICAL detector will be placed in a cavern with a rock burden of 1000 m or
more all around (with a vertical overburden of ~1300 m). It is important to study
the performance of the detector in different environmental conditions. The external

environment can affect the performance of the detector parameters.

1.8 Scope of this thesis

In the present work, the detector properties of ICAL have been investigated in detail.
The results of both the simulation and experiment are presented here.

The response of ICAL detector to fixed energy muons is studied using GEANT4
[25] simulation tool developed by CERN. The energy and angular resolution, track and
momentum reconstruction efficiencies and the charge identification efficiency are cal-
culated for different sensitive parts of the detector. These parameters are crucial for
studying the sensitivity of ICAL to the mass hierarchy and the precision measurement
studies of ICAL. The study is done using both fixed vertex and smeared vertex events.
The muons, generated by the GEANT4 event generator, are allowed to pass through
the ICAL detector. The interaction is simulated using the GEANT4 code where the
ICAL geometry and the magnetization of iron plates are included in sufficient detail.
The fate of the impinging muons and the hadron shower generated in course of their
passage through the ICAL are obtained as outcome. The reconstructed events are an-
alyzed to obtain the above mentioned parameters. Details are presented in Chapter
3.

Having understood the detector response, this has been used to study the sensi-
tivity of ICAL to the atmospheric muon charge ratio. With the excellent charge identi-
fication efficiency of ICAL in a wide energy and angle range, the ratio of ;1™ to 1~ can

be measured. The atmospheric muon flux at the ICAL detector is generated using a

12
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Monte Carlo code. This uses the Gaisser’s parametrization of atmospheric muon flux
at the surface. The surface events are passed through the mountain in order to obtain
the underground flux. The actual mountain profile of the site is used for this. The
generated events are passed through ICAL code. The reconstructed events are ana-
lyzed to find the sensitivity of ICAL to the charge ratio. The results of these studies are
presented in Chapter 4.

Another important aspect related to the ICAL detector involves the active detec-
tors themselves, which are the resistive plate chamber (RPC) detectors. It is essential
to understand the behaviour of these detector elements when subjected to long term
operation under various laboratory environments. These aspects are also studied in
course of this thesis work. Different RPCs made of bakelite are fabricated and char-
acterized. The pick up panel using ribbon cable is also developed for this study and
is presented in Chapter 5. The behaviour of RPCs under varying environmental con-
ditions are also investigated in detail. The efficiency, time resolution, leakage current,
plate resistivity and the noise rate are calculated by varying the environmental tem-
perature and humidity. The range of parameters in which RPC operation is stable is

found. The results of these studies are presented in Chapter 6.

13
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The ICAL Detector and Simulation

Framework

The Iron Calorimeter (ICAL) detector will be placed in the India-based Neutrino Ob-
servatory (INO), a proposed underground facility which will be located at the Bodi
West Hills (BWH) in Theni district of Tamil Nadu, India [24, 26]. The observatory will
have a large underground cavern to house the ICAL detector. Other proposed experi-
ments like search for neutrinoless double beta decay using a tin bolometer, dark matter
search (DINO) etc., will also be housed in separate caverns in the same underground
laboratory. There will be a rock overburden of 1 km or more around the cavern with
the vertical overburden of ~1300 km. This will shield the detector from most of the
cosmic rays and only cosmic ray muons of energy greater than a TeV will reach the

detector.

The events for studying the physics capability of ICAL are generated using the
NUANCE Monte Carlo generator [27]. This uses the atmospheric neutrino fluxes with
various possible neutrino-nucleus interactions to generate events in the detector. It
provides the vertex and momentum of all final state particles of an event. These events

are propagated through a GEANT4 code developed by the collaboration [29].

2.1 Atmospheric neutrino fluxes

The atmospheric neutrinos are produced from the interaction of cosmic rays with the
molecules in the atmosphere. The secondary particles like pions and kaons decay to
muons and muon neutrinos and the low energy muons (anti-muons) decay to electrons
(positrons), electron anti-neutrinos (electron neutrinos) and muon neutrinos (muon
anti-neutrinos). Since the production of tau neutrino requires decays of mesons with

heavy quarks, the flux of tau neutrino is extremely small. The atmospheric neutrinos
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have an energy range from MeV to TeVs.

Above 3 GeV, the neutrino flux is symmetric about a given zenith angle on the sur-
face of the Earth [42]. The neutrinos while passing through the Earth can introduce an
up-down asymmetry due to oscillations. The geomagnetic effects can cause an asym-

metry in the low energy neutrino flux in addition to the effect of oscillation.

The neutrino flux is maximum around cosf = 0 ie. horizontal detection. The
neutrino spectrum peaks around few hundreds of MeVs and then falls. There is an

uncertainty of 15 — 20 % in the calculation of the atmospheric neutrino flux.

2.2 Neutrino interactions

Neutrinos take part only in weak interactions which makes it difficult to observe them.
They undergo both charge current (CC) and neutral current (NC) interactions with the
detector material. All CC neutrino interaction events produce an associated char lep-

tons.

The neutrino interactions relevant for the ICAL detector are the following:

* Quasi-elastic (QE) scattering for both charged and neutral current neutrino inter-

actions with nucleons. This process is dominant for the neutrino energies less than

1 GeV.

* Resonant processes (RES) with baryon resonance production (like A resonance)

for neutrino energies between 1 GeV and 2 GeV.

* Deep inelastic scattering with hadrons in the final state, which is dominant in

multi-GeV regions.

The cross sections of some of the CC processes are given in Fig.2.1.

2.3 The ICAL detector geometry

The schematic view of the 50 kt ICAL detctor is given in Fig. 2.2. Monolith [? ].
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Fig. 2.1. Muon neutrino (left) and muon antineutrino (right) total charged current cross sections in (cm?/GeV),
obtained from NUANCE, are shown (smooth lines) as a function of incident neutrino energy, F,, in comparison
with the existing measurements of these cross sections along with their errors [28]

— 5.6 CM iron layer

+—4 cm air gap

Fig. 2.2. Schematic view of ICAL detctor

The ICAL detector has a modular structure. It consists of three modules each of
size 16 m x 16 m x 14.45 m, with a gap of 20 cm between them. Each module consists
of 151 horizontal layers of iron plates of thickness 5.6 cm. There is a gap of 4 cm in
between two iron plates where the active detector elements, resistive plate chambers
(RPCs), are placed. The basic RPC units of size 1.84 m x 1.84 m x 2.5 cm (values used
for simulation), are placed in grid-format, and have a 16 cm horizontal gap between
them to accommodate steel support structures in both = and y directions. The iron
sheets are supported every 2 m in both the x and y directions. There is neither a mag-
netic field nor an active detector element in the region of the support structures. There
are 2 m wide roads along the y direction which will enable the insertion and removal
of RPCs. Vertical slots, at © = xq + 400 cm (where z is the central x value of each

module) extending up to y = +400 cm and cutting through all layers in each module,
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are provided to accommodate the four current-carrying coils that wind around the iron
plates, providing an z-y magnetic field. These slots are also free of magnetic field and
RPCs. The mass of the detector is 51 kton. The basic detector parameter specifications

are given in Table 2.1.

Modules 3
Module dimension 16m x 16 m x 14.45m
Detector dimension 48m x 16 m x 14.5m
Iron layers 151
Iron Plate thickness 56 mm
RPC layers 150
Gap for RPC units 40 mm
RPC dimension 1800 mm x 1910 mm x 20 mm
RPC units/ layer/ module 64
RPC units/ module 9600
Total RPC units 28800
Total readout channels 3686400
Magnetic field 15T

Table 2.1. ICAL detector parameter specifications

2.4 The magnetic field

The simulation studies of the ICAL magnet have been done by S. P. Behera et. al [30].
A 3D electromagnetic field simulation was done to find the magnetic field distribution
in an iron plate using MAGNET6.26 software [31]. The magnetic field lines in a single
iron plate are shown in Fig. 2.3. The arrows denote the direction of magnetic field.
The field direction reverses on the two sides of the coil slots (beyond z¢+4 m) in the

z-direction.

The region between coil slots where the magnetic field is maximum and almost
uniform in the y direction is called central region. The average magnetic field strength
in the central region is about 1.5 T. Near the edges in the = direction outside the coil
slots, the field is uniform, but in the opposite direction. This region is referred to as
side region. The field strength is less in the side region by about 15% compared to the
central region. Near the edges in the y direction (4 m < |y| < 8 m), the magnetic field
varies both in direction and magnitude, this is called peripheral region. Near the corners

the magnitude is nearly zero.
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Fig. 2.3. Magnetic field map as generated by the MAGNET6 software.

The magnetic field has been generated only in the centre of the iron plate and the
same field is assumed for the entire thickness of the iron plate at each (z,y) point. The
field strength in the air gap between the iron plates is assumed to be zero since it is

very small compared to the field strength within the iron plate.

The response of the charged particle in each region of the detector is different. In
the peripheral and side regions, the edge effects and the variation of the direction and
strength of the magnetic field determine the trajectory of the particles, whereas the
central region is free from these effects. It is important to understand the response of

the charged particles in different regions separately.

2.5 Resistive plate chambers

RPCs are gaseous detectors, in which the medium gets ionized when a charged parti-
cle passes through it. The electrode materials used here are usually glass or bakelite
plates of thickness 3 mm. These plates are separated with a uniform gap of 2 mm
using plastic edges and spacers. The outer surfaces of the electrode plates are coated
with graphite in order to apply electric field across the gas gap. A mixture of R134A
(~ 95%), isobutane and trace amounts of SFs gas continually flows into the chamber.

The combination of gases and the highly resistive graphite coating keep the signal lo-
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calized.

The signals from RPCs are collected using pick up panel made of copper. The cop-
per sheets are pasted on a 5 mm thick foam which is used for electrical insulation and
mechanical strength. These pick up panels are placed above and below the RPCs. This
layer is scratched through to create uniformly spaced strips of width 1.96 cm. The pick
up panels are placed in such a way that the strips above and below are transverse to
each other, that is, in the  and y directions, to provide the z and y locations of the
charged particle Ref. [32]. More details about RPCs can be found in Chapter 5. These
and further details of various geometric and materials aspects of the RPCs are included

in the simulation framework.

2.6 The event simulation and reconstruction

This thesis mostly contains the studies with muons in the detector. However, for the
sake of completeness, the entire event simulation and recognition for both muons and

hadrons is described below.

When neutrinos interact with the detector materials, charged leptons and hadrons
are produced. The ICAL is more sensitive to muons. Being a minimum ionizing par-
ticle, muons create long tracks in the detector whereas hadrons generate showers.
These secondary particles pass through the iron plates and RPCs, and generate the
signal pulses. The propagation of the particles through the detector is simulated using
GEANT4 package developed by CERN [25]. The ICAL geometry is written to a GDML

file that can be read off by the event reconstruction package.

When a charged particle passes through the detector, it gives signals in the RPC
which is read using = and y pick-up strips. The z value is obtained from the layer in-
formation along with the time stamp, ¢. This digitized signal is known as a “hit” in
the detector. Because of the strip width, the spatial resolution in = and y are about 0.6
cm, and it is about 1 mm in the z direction due to the gas gap. The information on

cross-talk from the ongoing R&D of RPCs has also been incorporated in the analysis.
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A typical neutrino CC interaction event generating a muon track and associated

hadron shower is shown in Fig. 2.4. It can be seen that the muon track is clean with
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Fig. 2.4. Sample track of a neutrino event generating a muon track and hadron shower in the ICAL detector.

typically 1 hit per layer. In the case of multiple tracks, the reconstructed track closest

to the vertex is considered as the muon track.

2.6.1 Muon reconstruction

In order to analyze the data, the event has to be reconstructed accurately for determin-
ing the particle position, momentum, direction and charge. This is achieved using all

the information obtained from the detector as the particle passes through it.

The hadron usually leaves more than a hit in every layer. Since the x and y strip
information are independent, all the possible pairs of nearby « and y hits in a plane
are combined to form a cluster. The hadrons travel short distances in the detector and
the reconstruction of an individual hadron cannot be done, since it generate shower.
In the case of hadrons, while combining = and y hits there can be false count of hits,
which is known as ghost hits, because of the multiple hits in a layer. In order to avoid
this situation, either = or y hits are considered for the energy calibration. The hadron

energy is calibrated from the total hadron hits in an event [33].

Typically muons leave only about one or two hits per layer (~ 1.6 on average) as
they propagate. Hits in adjacent layers are combined to form tracklets. The track-

lets are combined to form tracks if there are hits in at least five consecutive layers.
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Muons leave long tracks in the detector. The muon momentum and charge can be
reconstructed from the curvature of the track in the magnetic field or from the path
length. The Kalman filter which takes into account the local magnetic field is used to
tit a track [34]. The Kalman filter uses a track finder algorithm followed by a track fitter
which gives the fitting parameters which can be used to find the momentum, charge

and the angle of incoming muon.

The track finder: The track finder algorithm is a pattern recognition algorithm to find
all the possible track candidates. The track finder uses the clusters formed from hits as
basic elements of the algorithm. A set of clusters generated in a few successive layers

is combined to form a tracklet.

The track finder finds all possible tracklets by considering clusters in three adja-
cent planes. It considers the possibility of no hits in a plane because of inefficiency of
the active detector. In such cases the next plane will be considered. The tracklets are
combined to form long tracks if their end points match. The direction (up/down) of
the track is calculated from the timing information which is averaged over the z and y
timing values in a plane. Since the particles travel with the relativistic velocity, enough
number of layers should have hits to get the direction information. The track finder
also separates out tracks as “shower-like” or “muon-like”. For the case of muon-like
tracks, the clusters in a layer are averaged to form a single hit per layer with z, y and
timing information and are sent to the track fitter which uses these information to fit

the track.

The track fitter: A Kalman filter based algorithm is used to fit a track. It takes into ac-
count the local magnetic field, the multiple scattering experienced by the particle as it
propagates and the energy loss of particle in the detector material. Every track is iden-
tified by a starting vector Xy = (x,y,dx/dz, dy/dz, q/p) where = and y are coordinates
of the hit in a particular z plane. The charge-weighted inverse momentum ¢/p is taken
to be zero for the first iteration. The slopes dx/dz and dy/dz are associated with the
direction of the track. The initial state vector is extrapolated to the next layer using the

Kalman filter algorithm which takes into account the process noise and the local mag-
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netic field. The energy loss of the particle in a step is calculated using the Bethe-Bloch
formula [35]. The prediction of the g/p is done using the energy loss information in the
material through which the particle is propagating. Each step uses the prediction from
the previous step as the initial state of that step. The extrapolated point is compared

with the actual location of a hit in that layer, if any, and the process is iterated.

After filtering all the hits in a track, the same process is done in the reverse order

for smoothing the track.

The fit parameters: The process of iteration in forward and reverse also achieves the best
tit to the track. In order to determine the vertex of the interaction, the track is extrap-
olated to another half-layer of iron. This is done since the interaction is most likely
to have taken place in the iron. The best fit value of the momentum at the vertex is
returned as the reconstructed momentum (both in magnitude and direction). While
q/p determines the magnitude of the momentum at the vertex, the direction is recon-

structed using dx/dz and dy/dz, which yield cos 6 and ¢.

2.7 Chapter summary

The atmospheric neutrino flux and the neutrino interactions relevant for the ICAL de-
tector are discussed briefly here. Since the neutrino interacts only via weak interaction,
the interaction cross section is very small. This demands a massive detector for study-

ing neutrino properties.

The design of the ICAL detector which is going to be used to study the atmospheric
neutrinos is discussed. The geometry of the ICAL detector which is a 51 kton magne-
tized calorimeter is described. It can be magnetized up to about 1.5 T. Resistive plate

chambers will be used as the active detector elements.

The ICAL geometry is described in a GEANT4 based code which is used for the
propagation of particles through the ICAL. The hits of the charged particles are reg-
istered which are used later for reconstructing the events in the detector using the

Kalman filter algorithm.
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The Response of ICAL to Muons

3.1 Introduction

As discussed earlier, an accurate determination of the muon energy and direction is
crucial to achieve the neutrino oscillation physics goals. The muon energy and di-
rection information can be combined with that of the hadrons to get the energy and
direction of the neutrinos. Though the CC v, interactions produce electrons in the final
state, ICAL is not optimised to reconstruct their energy and direction because of their

rapid energy loss mechanisms in the dense iron.

The atmospheric neutrino flux peaks at a few hundred MeVs, and then falls rapidly
with neutrino energy with roughly an £~*7 dependence whereas the interaction cross-
section only increases linearly with energy. Hence events in the detector are domi-
nantly of lower energy, below 20 GeV. The matter effect is more prominent for energies
of a few GeV. Fig. 3.1 shows v, survival probability in vacuum and in matter for differ-
ent distances traveled by neutrinos and it can be seen that the matter effect is dominant
in the energy range 5-10 GeV. The results of a GEANT4-based simulation study of the
response to muons in the central region of the ICAL detector for energies of a few GeV

is presented in this chapter.

In order to understand the response of the detector both fixed vertex and smeared
vertex analysis have been carried out [36]. The events are generated using GEANT4 for
tixed energy and zenith angle. The azimuthal angle ¢ is smeared over the range (—
to 7) uniformly. The reconstruction efficiency, momentum resolution, angular resolu-
tion and the charge identification efficiency of muons in the (1-20) GeV/c momentum

regime are calculated. The detector response to muons has been already used to study
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Fig. 3.1. Muon neutrino survival probability in vacuum and matter [26]

the physics reach of ICAL for the precision measurements of neutrino oscillation pa-
rameters and determination of the neutrino mass hierarchy [37],[38]. Investigations
of response of hadrons were also done. Hadron energy and effective momentum of
hadrons have been studied [39], [40]. Physics analysis including hadron energy in-
formation as third input in addition to muon energy and direction, has also been done
[24]. Combining muon and hadron information to reconstruct neutrino kinematic vari-
able is a very challenging problem and has not been studied so far. A separate study of
the response to muons in the peripheral region of ICAL is briefly discussed at the end

of this chapter.

3.2 Fixed vertex muons

The dead spaces like the coil gap and the support structures that have no active de-
tector elements, are more or less uniformly distributed throughout ICAL. In order to
understand the impact of these on the detector response, muons with vertices fixed at
the location (x,y, z) = (100 cm, 100 cm, 0 cm) which is equidistant from the supports at
z,y = 0,4200 cm are studied. A smearing over a small volume (+10 cm, £10 cm, 10 cm)
is done to smear out the effects of local non-uniformities. The histograms of recon-
structed muon momenta P, for two sample energies with the modulus of the in-
put three-momentum P,, = 5,10 GeV/c, are shown in Fig. 3.2 for cosf = 0.65 and
cos) = 0.85 and —m < ¢ < 7. The histograms are plotted in the range 0-2F,, for con-
venience as there are hardly any events that reconstruct outside this range. The mean

value of the distribution is close to the input momentum, and the RMS width (square
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root of variance) of the distribution, which is proportional to the momentum resolution

(which is the ratio of the width to the input momentum), increases with input energy.

8005 Mean 5.122 333? 9.794
700 =
600; RMS 0.7664 600; 1.652
500 500
400 400
300 3001
2001 200=
100E- 100
Oy p 4 3 8 10 %346 810,12 14 16 18 20
Prec (GEV/C) Prec (GeV/c)

Fig. 3.2. Reconstructed momentum distributions for input momentum and zenith angle, (Pin,cosf) =
(5 GeV/c,0.65) (left panel) and (10 GeV/c,0.85) (right panel) with vertex fixed around (100, 100, 0).

The reconstructed momentum distributions have non Gaussian tails, as can be seen
for example from the fits to the data sets in Fig. 3.3. This is because most of the events
reconstruct within a narrow histogram while about 5-10% of the total events (which
are contributing to the tails) lie outside the Gaussian curve, causing poor fits with
x?/ndf ~ 8. These tails, especially at the lower momentum end of the distribution,

arise in part due to the detector dead spaces. This is explained in detail below.

Sometimes the Kalman filter reconstruction algorithm reconstructs a single track
traversing a support structure as two disjoint tracks. The reconstructed momentum
of these two tracks will be larger or smaller than the actual momentum depending on
whether it was the earlier or the later part of the track. This is due to the fact that
the false tracks which are only sections of the single correct one, have arbitrary inter-
mediate vertices where the momentum is reconstructed. When the tracks with small
angles pass through the support structures, the two portions of the track on either
side of the support structure, which does not have hits, may be displaced by several
layers along the z axis with respect to each other. The problem is also more severe
in the case of higher energy muons, because of their longer length of the tracks in-
side such dead spaces. So this problem is more in the case of small angle high energy
events. But in the case of genuine neutrino events at such energies, the hadron shower
associated with these muon tracks will help select the true vertex and reject the spu-
rious, displaced ones. Hence such events may be safely removed from the analysis of
pure muon events. Though removing such events improves the momentum resolution,
the momentum reconstruction efficiency, especially at small angles, will be worsened.

Here only the events with single reconstructed track are considered for the analysis.
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Apart from the cut on the number of tracks in a particular event, a cut on reduced
x? is also used to select the events for the analysis. Only the tracks which satisfy the
cut x?/ndf < 10 are considered. For calculating the track reconstruction efficiency only

the cut on y? is used.
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Fig. 3.3. Top panels: Gaussian fits to reconstructed momentum distributions for muon energy and zenith angle
(Pin,cos ) = (5GeV/c,0.65) (left panel) and (10 GeV/c, 0.85) (right panel) with vertex fixed around (100, 100, 0).
The panels below show the effect of further removing events that reconstruct more than one track with displaced
vertices — events with smaller values of P are suppressed, fairly significantly, in the case of the more vertical,
higher energy muons compared to the corresponding histograms in the panels above.

3.2.1 Azimuthal dependence of the resolution

The response of the detector has been averaged over the entire azimuth. But it was
observed that for the same zenith angle, cos §, muons with different azimuthal angles
have different response. The reconstruction is very good in some ¢ bins, but poor in
other. There are several reasons for the ¢ dependence: the dead spaces like the coil
gaps that are located at z = z + 400 cm where z is the centre of each module in the
x direction and the support structures, which have different dimensions in the z- and
y-directions; and also the orientation of the magnetic field. The cumulative ¢ depen-

dence that we describe below is a complex consequence of all these factors.
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A muon initially directed along the y-axis experiences less bending since the mo-
mentum component in the plane of the iron plates (which is referred to as in-plane
momentum) and the magnetic field are parallel. The force experienced by an upward-
going muons that are in the negative (positive) = direction is in the positive (negative)
z direction (the opposite is be true for ) and so muons injected with |¢| > 7/2 tra-
verse more layers than those with the same energy and zenith angle but with |¢| < 7/2.
Hence their quality of reconstruction improves. This is illustrated in the schematic in
Fig. 3.4 which shows two muons (¢ ™) injected at the origin with the same momentum
magnitude and zenith angle, but one with positive momentum component in the x
direction, P, > 0 and the other with negative x momentum component, P, < 0. The
muon with P, > 0 (initially directed in the positive x direction) bends differently than
the one with P, < 0 (along negative x direction) and so they traverse different num-
ber of layers, and have roughly the same path length. Hence, muons with different ¢

shows different detector response.

S

Y

0 X

Fig. 3.4. Schematic showing muon tracks (for x~) in the z-z plane for the same values of (P, cosf) but with
|¢| < /2 and > 7/2 (momentum component in the « direction positive and negative respectively). The different
bending causes the muon to traverse different number of layers in the two cases.

The response of muon in different ¢ regions can be seen from Fig. 3.5 where the
momentum resolution (R), defined (with its error JR) in terms of the RMS width o

(with an error d0) of the histogram as,

R=0/P,, (3.2.1)
dR/R = éo/o .

is plotted as a function of the azimuthal angle ¢.
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The response is symmetric in ¢ <— —¢, within errors. It can be noticed that
the best response corresponds to the events where the muon’s in-plane momentum
is along the x axis, i.e., |¢| ~ 0,7, while, the worst resolution is for muons in the ¢
bin 2-3 (x7/8). This can be understood as follows. A study of the end-point positions
of the tracks show that the worst resolution corresponds to the bin where most of the
tracks end in the coil gaps which is a dead space. This can be seen in Fig. 3.6 where
end-z values of muons, z.,q4, with input |¢| values in the bins (0-1, 1-2, 2-3, and 3-4)
x7/8 are shown (that for other values of ¢ are not shown here for clarity). It is seen
that a large fraction of muons in the ¢ bin 2-3 x7/8 end in the coil gap (z = 400 cm). In
addition, the resolutions worsen somewhat for ¢ bins in which more number of tracks

end in the support structures =,y = 0, +200, £400, - - - cm, compared to other ¢ bins.
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0.11

0.1

o/P in
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¢, (rad)

0.07
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Fig. 3.5. Relative momentum resolution, o/P;,, for muons with fixed momentum (P;,,cosf) = (5 GeV/c,0.65),
plotted in bins of the azimuthal angle ¢, with ¢ = 0 corresponding to the z-direction. Note the y-axis does not begin
with zero.

The effect of support structures is more in the case of smeared vertex events since
the probability of the particles to see the support structure increases. This is discussed
in Section 3.3.4 in detail.

In view of this, we separate our muon sample into four: Set I with |¢| < 7/4, Set
II with 7/4 < |¢| < /2, Set Il with /2 < |¢| < 37/4, and Set IV with 37/4 < |¢| < 7
(shown in Fig. 3.7). The response of the individual sets are shown in Fig. 3.8 for P;,, = 5
GeV/c and cosf = 0.65. While the width of the distributions for the four sets varies,
the mean remains more or less the same. However, on separating these events, the fits

to the data sets get improved, with acceptable x? in each region.
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Fig. 3.6. Distributions of end x positions of the track for muons with fixed momentum (P;, cos ) = (5 GeV/c, 0.65)
in four different bins of azimuthal angle.

Fig. 3.7. Different ¢ regions

The momentum resolution is plotted for cosf# = 0.65 for momenta from 2-20
GeV/c in Fig. 3.9. It can be seen that initially (upto about 6 GeV/c), the resolution
improves as momentum increases. This is because, at such small momenta, as the mo-
mentum increases, the number of RPC layers crossed by the muons also increases, thus
increasing the number of layers with hits. The magnetic field causes appreciable bend-
ing so the accuracy of momentum reconstruction also increases. Thus the resolution
improves.

As the input momentum increases further, the particle begins to exit the detector,
so that only a partial track is contained in the detector. The part of the tracks inside the
detector is relatively straight since the radius of curvature increases with momentum,
which results in a poorer fit. Due to this the resolution then worsens as the input
energy increases. In particular, muons in the ¢ regions II and III exit the detector from

the y-direction earlier than those in regions I and IV due to the larger x dimension of
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Fig. 3.8. Gaussian fits to momentum distributions for muons with fixed momentum (P;,,cosf) = (5 GeV/c,0.65)
in four different bins of azimuthal angle as described in the text.

the detector. Hence, at higher energies, the resolutions in regions I and IV are better

than those in regions II and IIL
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Fig. 3.9. Momentum resolution as a function of energy for cos § = 0.65 in four different bins of azimuthal angle as
described in the text. The curve labelled V corresponds to the resolution of the fully smeared ¢ data.

3.3 Smeared Vertex Muons

Having understood the response of the fixed vertex muons, the response of the muons
with vertex uniformly located in the central region of central module is studied. The
tixed energy muons are generated in a 8 m x 8 m x 10 m volume of the central module

where the magnetic field is uniform and maximum. For the analysis only events with
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the 2 coordinate of the input vertex position to be z, < 400 cm are selected. This is
done to neglect the events which are very near to the edge and are mostly partially
contained with only a small portion of the track inside the detector. Though the events
are generated in the central region, the particles may travel outside this region where
the magnetic field varies drastically and exit the detector altogether as well. The effect
of the peripheral region of the detector, including the edge events, is studied separately
[41].

The 1~ and ;1 events are analyzed separately. It is observed that in the case of
muons with fixed energy and angle, the results for n~ is identical to that of ;*. It can
be seen from the Fig. 3.10 that the track reconstruction efficiency (~95%) and the RMS
values are nearly same for both cases. There may be slight differences for particle with
very vertical zenith angle and high energy particles or horizontal zenith angle. Only

results for .~ are presented here later in the section.
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Fig. 3.10. Reconstructed momentum distributions for (Pin, cos) = (5 GeV/c,0.65) smeared over the central vol-
ume of the detector for p~ and u* particles.

Fig. 3.11 shows the comparison of the histogram with fixed and smeared vertices.
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Fig. 3.11. Reconstructed momentum distributions for (Ppn,cosf) = (5GeV/c,0.65) (left panel) and for
(10 GeV/c,0.85) (right panel) are compared when the vertex is fixed around (100, 100, 0) and smeared over the
central volume of the detector.

Apart from the small shift in the mean, it is seen that the distribution is significantly
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broader in the case of smeared vertex events. The distribution of the smeared vertex
events are not symmetric. This is the effect of detector support structures, gaps for
magnetic field coils, etc. since the smeared vertex events pass through the dead spaces
more compared to the fixed vertex events. Both fully contained and partially contained
events (where only a part of the track of a muon is contained in the detector since it
exits the detector without stopping) are considered for analysis. At low energies, the
tracks are fully contained while particles start to leave the detector region by P, ~ 6
GeV/c, depending on the location of the vertex.

Only those events that are reconstructed as single tracks as described earlier are
selected. As before, the quality of fit further improves when the tracks are separated

into different ¢ regions.

3.3.1 Track Reconstruction Efficiency

The track reconstruction efficiency is the ratio of events with successfully reconstructed
track to the total number of events. In order to calculate this, all events with the quality

of fit x?/ndf < 10 are considered.

Except for very horizontal events with cosf < 0.4, the track reconstruction effi-
ciency for events with momentum P,, > 2 GeV/c is around 90% and rises to 95% by
5 GeV/c or more. For very horizontal events and low energy events, the number of
layers with hits is very small because of which the track finder fails to find proper track

candidate. This results in worsening the track reconstruction efficiency.

3.3.2 Direction (Up/Down) Reconstruction

The proper separation of the up-going and down-going events is crucial for the matter
effect studies since only neutrinos coming from below experience matter effect. This
can be achieved with the help of active detector having good time resolution. But still
if the number of layers with hits are less, which happens for very horizontal or low

energy events, the direction reconstruction fails.

The zenith angle is also the polar angle, §, where cos = 1(—1) indicates an up-
going (down-going) muon. The reconstructed zenith angle distribution for muons
with P, = 1 GeV/c at small and large angles, cosf = 0.25 and cos # = 0.85, are shown
in Fig. 3.12.
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Fig. 3.12. Reconstructed angular distribution for P, = 1 GeV/c at two different input angles.

It can be seen that a few events are reconstructed in the opposite direction to the in-
put direction 6;,, i.e., with reconstructed zenith angle § ~ 7 — 6;,,. Since we are injecting
only up-going muons, this means that the reconstructed muons are in the down-going
direction. For muons with P, = 1 GeV/c at large angles with cos ;, = 0.25, this frac-
tion is about 4.3%. But this improves for small angles. For example at cos#;, = 0.85,
it is about 1.5%. The fraction of events reconstructed in the wrong direction reduces
sharply as energy increases; for example, this fraction is 0.3% for muons with P, = 2
GeV/c at cost;, = 0.25. This is due to more number of layers with hits as energy
increases.

The number of tracks reconstructed are very small at large angles because of the
smaller number of layers with hits. We therefore restrict our analysis in what follows

to cos § = 0.35 or larger.

3.3.3 Zenith Angle Resolution

The distance traveled by neutrinos through Earth is directly related to their zenith
angle. So the accurate determination of the angle is very necessary in order to under-
stand neutrino oscillation. The zenith angle resolution is the width obtained when the
reconstructed zenith angle distribution is fitted with Gaussian probability distribution
functions (pdf). The reconstructed zenith angle distribution is shown in Fig. 3.13 for a
sample input (P, cosb;,) = (5 GeV/c,0.65). It is seen that the distribution is very nar-
row, with a width less than a degree, indicating a good angular resolution for muons.
The 6 resolution as a function of input momentum for different zenith angles is
shown in Fig. 3.14. The resolution rapidly improves with input momentum, being

better than a degree for all input angles for P, > 4 GeV/c. Beyond 10 GeV/c, the
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Fig. 3.13. Reconstructed angular distribution for input (Pin, cos 0in) = (5 GeV/c,0.65); 6 = 49.46°.
curves approximately coincide for all the angles. As the momentum of the particle
increases, the number of layers with hits increases. This helps in reconstructing the

angle accurately from the initial part of the track. Though the particle goes out of the

detector as energy increases, it does not affect the angle determination.
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Fig. 3.14. Angular resolution in degrees as a function of input momentum.

3.3.4 Muon momentum resolution

The momentum resolution is determined as described earlier in Section 3.2.1. The
reconstructed momentum distributions for low energy events show a clear asymmetric
tail (as shown in Fig. 3.15) and so are fitted with a convolution of Landau and Gaussian

probability distribution functions (pdf). The momentum distributions at low energy
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are broader and there is a shift in the mean. For muons with P,, > 2 GeV/c, fits are
with purely Gaussian pdf. In the case of Landau-Gauss fits, the width is defined as
o = FWHM/2.35, where FWHM = Full Width at Half Maximum, in order to compare
with the Gaussian fits at higher energies, where the square root of the variance or the

RMS width equals FWHM/2.35.
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Fig. 3.15. Momentum distributions for (P, cos#) = (1 GeV/c,0.65) fitted with Landau convoluted Gaussian; this
fits better than a pure Gaussian at lower energies, P;, < 2 GeV/c.

Though the histograms at higher energies show no asymmetric tails, they fit poorly
to Gaussian distributions, with y?/ndf > 6 or more as seen from Fig. 3.16. This is
because of the presence of detector dead spaces and the effect of magnetic field as

discussed in Section 3.2.1. These dead spaces generically worsen the quality of recon-

struction.
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Fig. 3.16. Momentum distributions for (P;,, cosf) = (6 GeV/c,0.65) fitted with Gaussian
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The resolution as a function of input momentum (or energy) and polar (here also
the zenith) angle has a similar behaviour to that of the case of fixed-vertex muons, but
is somewhat worse. The effect of the presence of the support structure is more in the

case smeared vertex events.

As discussed in the Section 3.2.1, different ¢ regions have different detector re-
sponse. Therefore the momentum resolution is calculated for different ¢ region sepa-

rately.

3.3.4.1 Muon Resolution in Different Azimuthal Bins

As discussed earlier, the muon sample is separated into four ¢ bins: Bin I with |¢| <
7/4, Bin Il with 7/4 < |¢| < 7/2, Bin IIl with 7/2 < |¢| < 37/4, and Bin IV with
3n/4 < |o| <.

Fig. 3.17 shows the Gaussian fits for the reconstructed histogram of the recon-
structed momentum P, for input values of P, = 4 GeV/cand cos § = 0.65 in different
¢ regions. When separated into different ¢ regions, the quality of the fits improves
considerably as can be seen from the reduced chi-square.

The momentum resolution as a function of input momentum for different values
of cos § in the different ¢ regions is shown in Fig. 3.18. The behaviour is similar to that
with fixed-vertex muons. The variation of resolution with P, for a range of cosf in
different ¢ bins are shown in Fig. 3.19.

At lower energies the resolution improves as cos f increases, as expected, but at
higher energies the dependence is complicated. For instance, at higher energies, the
muons injected at larger zenith angles in ¢ regions I and IV have better resolutions
than their counterparts at more vertical angles (as an example, cosf = 0.45 versus
cos = 0.85) because larger portions of the tracks, being more slanted, are still con-
tained within the detector. In contrast in ¢ regions II and III, muons with larger zenith
angles have worse resolution than those at smaller zenith angles because the former
exits the detector from the y direction and are partially contained.

In general, at angles larger than about 75° (cos § = 0.25), the resolution is relatively

poor since there are several times fewer hits than at more vertical angles. This is due
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Fig. 3.17. Reconstructed momentum distribution for (P;,, cos ) = (4 GeV/c, 0.65) in different ¢ bins, fitted with a

Gaussian distribution.
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Fig. 3.18. Muon resolution as a function of muon energy for different (fixed) values of cos § = 0.45,0.65, 0.85, form
top to bottom respectively, shown for different ¢ regions.

to the detector geometry, with its horizontal layers of iron plates where most of energy

is lost. Hence ICAL is not so sensitive to very horizontal muons.
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Fig. 3.19. Muon resolution as a function of input momentum and cos 6, in different bins of azimuthal angle ¢.

The other parameters of interest such as reconstruction efficiency and charge iden-
tification efficiency are not very sensitive to the azimuthal angle; hence, all the ¢ bins

are combined and calculated ¢-averaged quantities.

3.3.5 Mean Shift

The mean of the reconstructed momentum (F7,..) distribution is almost independent of
both the polar and azimuthal angles. Fig. 3.20 shows the shift in the mean of recon-
structed momentum (shift = P,,, — P,..), as a function of the input momentum.

The shift can arise due to multiple scattering, effect of magnetic field etc., and is
roughly linear beyond a few GeV/c. For a particular energy value, the mean shifts
for all the zenith angle bins are almost same though as energy increases the differences

are more visible.

3.3.6 Momentum Reconstruction Efficiency

Since neutrino cross sections are very small, event rates are small. So it is important to

reconstruct all the possible events. The reconstruction efficiency (e,..) is defined as the
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Fig. 3.20. Shift in the mean of reconstructed momentum as a function of the input momentum.

ratio of the number of reconstructed events, n,.. (calculated with cuts, irrespective of

charge), to the total number of generated events, N;yq-

n
€roe = 2 3.3.1
Ntotal ( )

and its error, de,ee = A/ €rec(l — €ree)/Niotal -

Fig. 3.21 shows the muon reconstruction efficiency as a function of input momentum
for different cos 0 bins. It is seen that the efficiency of momentum reconstruction de-
pends on the energy of the incident particle, the angle of propagation etc. It was also

found to depend on the strength of the magnetic field [30].
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Fig. 3.21. Reconstruction efficiency as a function of the input momentum for different cos 6 values.
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For momentum values below 4 GeV/c, as the input momentum increases, the re-
construction efficiency increases for all angles. This is due to the increase in the number
of layers with hits as the momentum increases. At larger angles, the reconstruction ef-
ficiency for small energies is smaller compared to vertical angles since the number of
layers with hits for reconstructing tracks is less. But as the input energy increases, since
the particle crosses more number of layers, the efficiency of reconstructing momentum
also increases and becomes comparable with vertical angles. At higher energies the
reconstruction efficiency becomes almost constant. The decrease in efficiency at high
energies for vertical muons is due to the partially contained tracks as well as the re-

quirement of single track being reconstructed.

3.3.7 Relative Charge Identification Efficiency

The charge identification of the particle plays a crucial role in the determination of the
neutrino mass hierarchy since the determination of mass hierarchy requires the sepa-
ration of neutrino events from anti-neutrino induced events and these have different
matter effects as they propagate through the Earth. The charge of the particle is deter-
mined from the direction of curvature of the fitted track in the magnetic field. Relative
charge identification efficiency is defined as the ratio of number of events with correct

charge identification, n.gq, to the total number of reconstructed events, i.e.,

Necid

6Cid = bl (3-3.2)

nrec

with error, deiq = \/ €cid(1 — €cia)/Nrec -

Fig. 3.22 shows the relative charge identification efficiency as a function of input mo-

mentum for different cos 8 values.

The muon undergoes multiple scattering during propagation in the detector. For
muons with small momentum, since the number of layers with hits is small, this may
lead to an incorrectly reconstructed direction of bending, which results in the wrong
charge identification. An error in the reconstruction of the up/down direction also
results in wrong charge identification. Hence the charge identification efficiency is
relatively poor at lower energies. As there are more number of layers with hits as
the energy increases, the charge identification efficiency also improves. Beyond a few

GeV/c, the charge identification efficiency becomes roughly constant, about 98%.
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Fig. 3.22. The relative charge identification efficiency as a function of the input momentum for different cos ¢ values.
Note that the y-axis range is 0.87-1 and does not start from zero.

3.4 The muon response at other energies

The atmospheric neutrino flux peaks around few hundreds of MeVs and falls very
sharply above 1 GeV. Hence there are a large number of events at low energies, ie.,
for E < 1 GeV. In order to include these events in the oscillation physics studies, the
response of muons is studied at these lower energies. A typical result is shown in
Fig. 3.23 (left panel) for (F;,, cosf) = (0.6 GeV/c, 0.65). Here the momentum is de-
termined from the range calculation rather than the Kalman Filter since the track is
very short. While the charge identification efficiency, calculated using Kalman Filter, is
small, 70%, there is still reasonable sensitivity at these values with the large number of

events compensating for the smaller reconstruction efficiency.

In addition the study of muon charge ratio from high energy cosmic ray muons
include muon with energy upto 100 GeV and beyond. Since all these high energy
muons are not stopped inside ICAL, only partially contained tracks are available for
analysis. This may reduce the charge identification efficiency. Fig. 3.23 (right panel)
shows a typical result for (7, cos #) = (50 GeV /¢, 0.65). /it is seen that ¢~ and ;¥ show
similar response with a reconstruction efficiency of ~70%. The charge identification

efficiency is found to be about 98% at this energy.
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Fig. 3.23. Reconstructed momentum distributions for (Pn,cosf) = (0.6 GeV/c,0.65) (left panel) and for

(50 GeV/c, 0.65) (right panel) with the vertex smeared over the central volume of the detector.

3.5 Peripheral and Side region

The response of the peripheral and side region have also been studied in detail in a sep-
arate analysis [41]. Since part of these results are used in Chapter 4 to analyze the muon
charge ratio from high energy muons, this section is included for completeness. The
events are generated in the side and peripheral region. Both fixed vertex and smeared
vertex results are analyzed. The peripheral region is affected by the varying magnetic
tield and edge effects. In both side and peripheral regions the strength of the magnetic
tield is less compared to central region. Apart from the cuts used in the analysis of
central region data, additional cuts are needed to select the events. It was found that
the partially contained events were poorly reconstructed. Sometimes such events are
reconstructed with energies less than the actual energy causing a low energy tail in the
distribution. In order to remove such events, a cut on Ny, is used (Fig. 3.24). This will
be useful for the study of high energy cosmic ray muons which will be presented in

next chapter.

The results in the side and peripheral regions are worse compared to the central
region. The angular resolution in side and peripheral region is comparable with that
obtained in the central region. As expected the central region gives the best momentum
resolution compared to side and peripheral regions, whereas side region is slightly
better than peripheral region. At very low energies the momentum resolution of all the
regions are comparable since the events are mostly fully contained. The reconstruction
efficiency is comparable for side and peripheral regions but ~10% less compared to

central region. The relative charge identification efficiency is nearly similar for central
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Fig. 3.24. Top (bottom) figures show the reconstructed momenta P,.. using selection criteria Np;¢s > no for partially
contained events in the peripheral region with (P;,, cos §) = (5 GeV/c, 0.65) (top) and (9 GeV/c, 0.85) (bottom) with
no = 15 (20) in the left (right) figure. Fully contained events have no Ny, constraint. In each figure, the black
curve is without constraints on Ny.s, red is with N,/ cos @ > ng and blue is for Npis > no.

and side regions for E < 10 GeV, but for peripheral region it is 1-2% less.

3.6 Summary

When the muon neutrino interacts via charge current interaction, muons and often as-
sociated hadrons are produced. In order to understand the neutrino properties, the
neutrino energy and angle have to be reconstructed accurately. The hadrons shower in
the detector and therefore the individual hadrons cannot be reconstructed. The ICAL
detector is more sensitive to muons. It is important to understand the response of

muons.

First the response of fixed energy muons is studied. The muon with fixed momenta
from 1-20 GeV/c and and with direction cosf > 0.25 are generated and propagated
through ICAL using a GEANT4 based code in which ICAL geometry is described. In
the current study, the muons are generated in the central region of the central module

where the magnetic field is maximum and uniform. Since it is found that the " and
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p~ give similar results with these inputs, only 11~ results are presented. Both fully con-

tained and partially contained (with muons exiting the detector) events were analyzed.

In order to understand the behaviour of muons, the fixed vertex events are studied
first. The effect of the support structure and the magnetic field can be understood
clearly with the fixed energy events where the fluctuations are less. Having understood

the fixed vertex results, the smeared vertex events are studied.

It was found that clean tracks were obtained in the detector for muons with mo-
menta from few to 10s of GeV/c in all zenith angles smaller than cosf = 0.25. The
momentum of the muons was reconstructed using a Kalman filter based algorithm
that makes use of the bending of the tracks in the magnetic field. Hence the presence

of the magnetic field is crucial to this study.

Different ¢ regions were analyzed separately in order to find the dependence of
resolution on azimuthal angle. The presence of the magnetic field as well as the coil
gaps and support structures break the azimuthal symmetry. Although neutrino oscil-
lations as well as the neutrino flux (for energies considered here) are independent of
¢, a strong east-west effect (¢ = 0 versus ¢ = ) being visible [42] only at sub-GeV
energies. Hence it was important to understand the response of muons in different

azimuthal regions.

The direction and momentum resolution, reconstruction efficiency, charge identi-
fication efficiency and angular resolution of muons are studied. The momentum reso-
lution was about 9-14% and the reconstruction efficiency was about 80% in most of the
regions. The angular resolution was found to be very good, being better than a degree
for all angles for momenta greater than about 4 GeV /c. The direction (up/down) dis-
crimination was also very good. The relative charge identification efficiency was also

about 98% over this range.

The effect of magnetic field strength on muon response was briefly studied using
maximum value of magnetic fields of 0.7 T, 1.28 T, 1.5 T and 1.9 T. The momentum res-
olution and the efficiencies were found to be nearly the same for all the field strengths
beyond 1 T. This behaviour was studied in detail and completed later by S. P. Behera
et. al [30].

In summary, ICAL simulations show that the detector has a good response to

muons, including identifying their momentum, direction, and charge, with good ef-
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ficiency. These results have already been used to perform the physics analysis of atmo-

spheric neutrinos with ICAL [37], [38].
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Atmospheric Muon Charge Ratio us-
ing ICAL detector

4.1 Introduction

Cosmic rays are high energy particles that originate in outer space. They get accel-
erated in the intergalactic space and strike the earth’s atmosphere from all directions.
Cosmic rays are mostly nuclei of atoms such as H, He and heavier elements. They also
include e*, e~ and other subatomic particles. The energy of cosmic rays varies from
few MeVs to TeVs and beyond.

The primary cosmic rays interact with the atoms and nuclei in the atmosphere.
The hadrons undergo strong interactions with the atmospheric nuclei such as nitrogen
and oxygen and produce hadron showers containing mainly 7s and Ks. Out of the
secondary particles 7s are the most abundant due to its lower mass.

If the secondary particles have sufficient energy they initiate new interactions. The

unstable particles like 77s and K's decay through the channels,

+ +
T uty,,
T Yy,
+ +
K™ —ury,,

K™ —uuy,.

Since muons are minimum ionizing particles they can penetrate large amounts of mat-
ter whereas weakly interacting neutrinos passes through matter with hardly any in-
teraction. Muons are the most abundant charged particles at the sea level. They lose
about 2 GeV before reaching the ground. The mean energy of the muons at the sea level
is about ~4 GeV. The vertical muon intensity at the sea level is about lem™?min~ sr~*
for horizontal detectors. These muons have energies ranging from MeVs to TeVs. The

low energy muons decay into electrons and neutrinos:
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The knowledge of cosmic ray muon flux plays a significant role in understanding of
atmospheric neutrinos, chemical composition of primary cosmic rays, etc.

Since the primary cosmic rays mainly contain positively charged particles (pro-
tons), there are more positive 7s and K's. The charge ratio of 7s (7 /7 7) is estimated to
be 1.27 [43]. The K* /K~ ratio is also larger than 1, mainly due to associated produc-
tion. The study of the atmospheric muon charge ratio can help in improving cosmic
ray air shower models and hence better determination of the atmospheric neutrino
flux, which is a crucial input to the study of neutrino oscillations through atmospheric
neutrinos.

The atmospheric muon charge ratio has been measured by different groups. All
the published vertical atmospheric muon fluxes above 10 GeV have been collected and
studied in Ref. [44] and the charge ratio was found to be 1.268 + [0.008 + O.OOOZGPﬁ]
with 68% CL in the momentum range 10 — 300 GeV. The MINOS Near detector at a
depth of 225 mwe (metre water equivalent) has also measured this charge ratio [45].
Using 301 days data, the charge ratio was found to be 1.266 & 0.001(stat.) ") 015 (syst.);
however, it was also observed that the charge ratio increased as surface energy in-
creased. The absolute muon flux from 20 GeV—3 TeV was measured with the L3 Mag-
netic muon spectrometer and the average muon charge ratio is found to be 1.285 +
0.003(stat.) & 0.019(syst.) [48]. The MINOS Far detector which at a depth of 2070 mwe
measured a somewhat higher charge ratio of 1.374 + 0.004(stat.) " 0i5(syst.) for muons
with surface energy in the range 1-7 TeV [46]. The OPERA underground detector has
also observed an increase in charge ratio with underground muon momentum [47].
This increase has been attributed to the opening up of the K production and decay
channel and can thus help to determine details of these processes. It was also observed
[49] from MINOS data analysis that the ratio can be more properly described as a func-
tion of the product (E5*"/% cos f) than of E5*"/** alone although this may be a feature
of the location of the detector in a mine with a flat topography above it. They also stud-
ied the energy loss of the muon as it propagated through the Earth and its dependence
on the sign of its charge.

The ICAL detector is optimized to study muons produced in neutrino interactions.

Since it is a magnetized detector the charge of the muon can be determined. The de-
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tector can also be utilized for the study of cosmic ray muons. Due to the depth of the
INO cavern at which the ICAL detector will be located, it can be used to study the
the atmospheric muon charge ratio at high energies and thus complement the existing

measurements.

4.2 Cosmic ray muon flux at sea level

The surface muon flux can be described by Gaisser’s formula [50],

27
N, OB ! + 7 | 4.2.1)
dE,od?  cm?sec.sr.GeV 1+ LlBwocos®: = g 11Euocosb.

€x €K

This parametrization is valid when the decay of the muon is negligible and the curva-
ture of earth can be neglected (zenith angle § < 70°). The two terms in the brackets
describe the contribution from pions and kaons respectively, that is, from production
processes, C' + A — M + X, where C'is a cosmic ray primary, mostly p or n, A is an
average air nucleus of mass about A ~ 14.5, M is a meson, either 7 or K, and X can
by anything else. The nucleon mean free path in air is Ay ~ 80g/cm? or about 650 m.
Hence cosmic primaries interact over most of the thickness of the atmosphere. These
mesons can either interact or decay; the choice is determined by the critical energy,
which is determined by the path length traversed by these mesons. The decay mean

free path of the meson M in units of slant depth is given by

X

—_— 422
ho/cos’ (422)

dyr = v(cTur)

where v is the Lorentz factor, v = E/m,c?, for a meson M with energy F in the labora-
tory frame and mass M), and 7, is its average life-time in its rest frame. The quantity
X is the atmospheric depth (measured in g/cm? or in cm when multiplied with the
density of air) or the total density-weighted height of the atmosphere above the obser-
vational level, h:

X = L p(h"Ydh' =~ Xyexp(—h/hg) , (4.2.3)

where p is the height dependent density of the atmosphere, X, = 1030g/cm? is the
atmospheric depth at sea level and h = 6.4 km is the scale height of the atmosphere
[51, 52].

The factor 1/ cos 6 rescales the scale height to h/ cos # which is the equivalent scale
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height for a particle travelling at a zenith angle 6, valid in a flat-Earth approximation,
that is, for 0 < 70°.

Hence the decay mean free path can be expressed as

E
dy = — X cosf, (4.2.4)

(37

where the €),, M = 7, K, are the critical energies at which the interaction probability

of the meson with the atmosphere become equal to their decay probability,

2
ey = T ho (4.2.5)

CTypm

Sometimes €,;/cosf are referred to as the zentih-angle dependent critical energies. When
the value of EZ“”f ace cos 6 exceeds ex, the contribution of kaons to the muon flux, and
therefore to the charge ratio, will be more significant. Using the standard values of
masses and lifetimes of 7 and K, we get e, ~ 115 GeV and ex ~ 850 GeV.

The parameter 7 in Eqn. 4.2.1 is related to the relative contribution to muon decay
from K and 7 decay and is estimated to be around 7 = 0.054. In particular the value of
1 depends on the contribution to kaon production from associated production. This in
turn affects the value of the muon charge ratio at high energies. We will discuss this in

detail in the following section.

4.2.1 Kaons and the rise of the muon charge ratio

It is well-established that the rise of the muon charge ratio at high energies is due
to the increasingly dominant contribution of K meson decay beyond Ecosf Z ek.
Just as in the case of charged pions, K" exceed K~ since there are more protons than
neutrons in the primary cosmic ray composition. However, in addition, there is an

extra contribution from kaons that arises due to associated production:
p+A—->Kt+A+ X, (4.2.6)

where A is an average air nucleus as before, whose interaction with protons in the
cosmic ray gives rise to K+ through the underlying quark process: (uud) — (us) +
(uds). The analogous interaction with neutrons however, does not give rise to K~ but
to K:

n+A—->K +A+ X, (4.2.7)
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through the undeg quark process: (udd) — (ds)+(uds). The production of K~ (contain-
ing the strange quark rather than the strange anti-quark would require the associated
production of an anti-baryon which is suppressed. Due to this, there is an increased
excess of p1*, arising when these excess K decay, compared to ;= in the cosmic ray
secondaries. The measurement of the muon charge ratio at high energies is therefore
sensitive to this associated production cross section, which appears in 7 through the
term Z,x+ [51] which is the spectrum-weighted moment of the inclusive cross section
for this process.

Measurements at MINOS seem to indicate that the anticipated value of Z,;+ =
0.0090 are too large and that a value of Z,+ = 0.0079 + 0.0020 is a better fit to the data.
Hence it is crucial to measure the muon charge ratio at high energies (of a TeV or more)
to better determine this ratio.

In addition, the kaon production (and decay) processes are also important from the
point of view of the atmospheric neutrino spectrum. Due to the kinematical differences
between a light pion decaying to a muon or a heavier kaon decaying to muon, it can be
seen that the energy of the decaying kaon is equally shared, on the average, between
the products 1 and v, of the interaction. In contrast, the muon carries away most of
the energy of the decaying pion, so that on average, higher energy (few hundred GeV)
neutrinos mostly arise from Kaon decay. Determination of the kaon contribution and
in particular the contribution of the associated production process thus becomes an

important factor in determining the high energy atmospheric neutrino spectrum.

4.3 Propagation of the surface muons to the detector

When a charged particle passes through matter, it loses energy by ionization and ra-
diative processes including bremsstrahlung, e* e~ pair production and photonuclear
interactions. At higher energies radiation loss becomes more important.

The energy loss, dE/dx, due to ionization for a relativistic muon can be described
by the Bethe-Bloch formula,

dE, Z1 o[, 2mep*y?
——~K——2z"|ln—— — 4.3.1

where,

K =47 Nyr2m.c?, N, is the Avogadro’s number (6.022 x 10?3 mol '), r. is the classical
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electron radius (2.817 fm), m. is the mass of electron (0.511 MeV/c?), ¢ is the velocity
of light, Z is the atomic number of the absorber, A is the atomic mass of the absorber, =
is the atomic number of the incident particle and I is the mean excitation energy. The
average rate of muon energy loss can be written as,

— % =a(E,) +b(E)E, , (4.3.2)
where a(E),) is the ionization loss, and b(E),,) is the fractional energy loss by the three
radiation processes and X is the slant depth. These parameters are slowly varying
functions of energy. Only muons with surface energies greater than 1 TeV will reach
ICAL detector since the cavern will be 1.3 km underground. At these energies a and b
can be considered as constants. The values for muon with ~1000 GeV surface energy
are a = 2.7 x 1073 GeV/(gm/cm?) and b = 4.0 x 10%/(gm/cm?).

The underground muon energy spectra can be determined from the muon energy
at sea level and the energy loss as the particle passes through rock. The Eqn. 4.3.2 can
be integrated to find the energy of the muon at a slant depth X as a function of surface
muon energy, £, o,

E,={E.o+¢ee™™ —¢, (4.3.3)

where € = a/b. This is known as the muon critical energy, i.e., the energy at which ion-
ization and radiation energy losses are equal. Below e the ionization losses dominate

and above e radiation effects dominate.

4.4 Atmospheric muon Charge Ratio

The 1" and 1~ have been generated using the “pika” model described by P. A. Schreiner
et al. [49]. The Gaisser’s equation is modified to study ;" and p~ separately using the
energy independent positive fraction parameters f; and fx. According to this model,

the muon charge ratio can be expressed as,

f‘/r + anK
14+1.1E, cos 0 /ex 1+1.1F, cos 0, /ek

i , (4.4.1)

i 1—fr 4 nx(1—fr)
1+1.1E, cos . /ex 1+1.1E, cos 0, /ek

While the dependence on f, and (1 — f;) for the 7™ and 7~ terms arises from isospin
symmetry, there is no such symmetry in the case of K*; however, a similar parametri-

sation can be used [51] with an error of just about 1%.
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In this parametrisation, the muon ratio depends on (E, cosf.) rather than on the
surface energy and zenith angle separately. At a fixed value of £, cos 6., the intensity
ratio of muons from 7 and K will be constant; this needs testing from data. Both 7 and
K contribute to the charge ratio for all the energies from 1 GeV to 10 TeV.

A chi-square fit to the data of MINOS Near detector and Far detector gave a value
of fr =0.5538 + 0.0070 and fx = 0.693 + 0.027 [49].

This parametrization has been used to generate ;1™ and 11~ separately in this study.

4.5 Muon event generation

A code was written to generate the surface muon flux with energy E,, and zenith
angle 6 according to Gaisser’s formula. The generated muons were propagated to the
underground detector using the energy loss formula and the detailed topography of
the mountain. The muons reaching the detector were reconstructed using the ICAL
GEANT4 code for their energy /momentum and direction (6, ¢). These reconstructed
values were used to propagate the muons “backwards” to the surface and thus obtain

the reconstructed surface muon energy and direction.

4.5.1 Mountain Profile of INO site

The INO is proposed to be located at the Bodi West Hills near Pottipuram village in the
Theni district of Tamil Nadu. The elevation profile of the 10 km area around INO peak
at Bodi West Hills, Theni is generated from the topographical map provided by the
Geological Survey of India (GSI) [53]. The latitude and longitude of the cavern location

N N

are: latitude (77°15'0" E - 77°30'0" E)) and longitude (9°57'30" N - 10°0

N

0" N). The peak
height is 1589 m above msl (the elevation has an error of +30 m) while the cavern will
be located at 289 m above mean sea level (msl), giving a vertical overburden 1,300 m
and at least 1,000 m in all upward directions. The latitude, longitude and elevation are
converted to 7,6, ¢ for the calculation of slant depth with respect to the origin of the
ICAL detector. The mountain 3D plot of 10 km distance around the INO peak is shown
in Fig. 4.1. Note the very irregular azimuthal profile with heights to the West and the
plains/plateau to the East.

4.5.2 The muon event generation

Since the minimum overburden is 1 km, the muons are generated with energies in the

range 700-15,000 GeV; the polar angle 6 is generated in the range 0° — 70° since the
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Fig. 4.1. Mountain 3D plot of 10 km distance around the INO peak. Here X and Y are the longitude and latitude in
degrees while Z is the elevation in meters

flux formulae that were used are valid in this “flat Earth” approximation alone. In any
case, the ICAL detector has very little sensitivity for angles cos § < 0.35 or # > 70°. The
azimuthal angle, ¢, is generated uniformly.

The cosmic ray muons generated pass through the material of the Earth and reach
the detector at any of the five faces of the ICAL detector: top, left (west), right (east),
front (south) and back (north). Since there are no cosmic ray muons from below, the
bottom face does not contribute. For each face of ICAL, the range of ¢ is selected
accordingly. The vertex of the events are generated uniformly (randomly) at all five
faces of the ICAL.

The muons at the surface are passed trough the mountain. The slant depth tra-
versed by muons has been calculated from the digitized topographical map using the
¢ and ¢ information. The standard rock with density 2.65 g/cc is assumed. As the
muons pass through matter they lose energy. Very low energy muons are stopped in
the rock. It is found that only muons having surface energies greater than 1600 GeV
reach the detector.

Only muons having energy less than 100 GeV at the detector are included in the
analysis. Apart from reducing the computing time, in addition, the efficiency with
which the charge of muons with energies higher than 100 GeV is measured falls below
98%; this will affect the determination of the charge ratio. Such events can be included
by including additional systematics that take care of charge mis-identification, but this
is not done in the present analysis. Hence the analysis is restricted to muons which

reach the detector with at most 100 GeV energy, thus cutting out most of the very high
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energy events at the surface. For instance, a cut of 100 GeV on the energy of muons
detected at the detector corresponds to muons with surface energy about 2400 GeV in
the vertical direction.

The distribution of the energy of the muons reaching the detector, the zenith and
the azimuthal angle of the muons at the detector are shown in the figures Fig. 4.2a,
Fig. 4.3a and Fig. 4.4a. The zenith angle distribution peaks around 28°. The ¢ distribu-
tion peaks around 7/2 i.e., the east side of the mountain, due to the geography of the

location.

4.6 Reconstruction of simulated events

The details of the ICAL detector can be found in Chapter 3. The design of the ICAL
detector is ideal for studying muons. When muons with sufficient energy pass through
the detector, they leave a long track. The cosmic ray muons and the muons from neu-
trino interaction can be distinguished from the event pattern. The vertex of the neu-
trino interaction will be inside the detector. Typically the charged current muon neu-
trino interaction gives a long muon track and an associated hadron shower near the
vertex. The cosmic ray muons will only enter the detector from above through one of

the five faces.

4.6.1 Reconstruction of muons inside ICAL using GEANT4

The underground atmospheric muon events generated using the Monte Carlo simula-
tion are passed through the Geant4 based ICAL code in which the detailed geometry of
the detector is described. The details of the code can be found in Ref. [36]. As described
earlier the detector has three modules placed along z axis. The events are generated
such that the three modules are placed in East-West direction. As the muon passes
through the detector, it leaves hits in each layer. The muon events are reconstructed us-
ing the Kalman filter algorithm as described in Chapter 3. Earlier studies have shown
that ICAL has good muon momentum reconstruction efficiency and charge identifica-
tion efficiency even at high energies.

The vertices of the cosmic ray muon events are mostly in the so-called periph-
eral (including side) regions. Since the muons can have very high energies upto 100
GeV, their tracks are mostly not fully contained within the detector—these are the par-

tially contained events. The response of the ICAL to muons in the peripheral region
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has already been studied [41] and the events selection criteria have been optimized
for fixed energy peripheral muons. The same criteria are used here to select the well-
reconstructed events. First of all, a constraint on the number of hits, N;;; > 20, has
been applied to the partially contained events. This removes events which are recon-
structed with energies much smaller than the actual energies. For example, see Fig. 3.24
and its explanation in Chapter 3. In order to improve the quality of the selected events,
the condition on reduced chi-square, X2 /ndf < 10, has also been used.

Only muons reconstructed with momentum greater than 0.5 GeV and less than
100 GeV are considered for analysis; with this constraint, only 73% of the total events
remained. When including the condition on N, the fraction of reconstructed events
is reduced to 60.5%. After applying the selection criteria, 60% of p* and 61% of u~
have been selected.

The distribution of reconstructed energy at the detector, zenith angle and the az-
imuthal angle are shown in figures Fig.4.2b, Fig.4.3b and Fig.4.4b respectively. It is seen

that ICAL has excellent angular resolution so that the shape of the flux distribution as

a function of angle (both 6 and ¢) is well-preserved even after reconstruction.
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Fig. 4.2. The distribution of energy of muons at the detector for one year
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Fig. 4.4. The ¢ distribution of muons at the detector for one year

4.6.2 Reconstruction of surface energy of events

The surface energy of the muons can be calculated from the reconstructed detector
energies and angles. The slant depth is first calculated using the zenith and azimuthal
angle information using the local topography to locate the “surface point” from where
the detected muon should have originated. Then the surface energy is calculated using
the equation,

Elee = {E 5, +ef e —e (4.6.1)

sur

The distribution of the original and reconstructed surface energy is shown in Figs. 4.5a
and 4.5b. The notation £}, has been replaced by EZ¢ to distinguish the surface muon

sur

energy from the detector muon energy.
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Fig. 4.5. The distribution of surface energy of muons reaching the detector for one year

4.7 Results and Discussion

The reconstructed events are separated into ;= and p* events according to the sign
of the reconstructed charge. Since the charge identification efficiency of the sample

as a whole is about 96-97%, no attempt was made to account for charge misidentified
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events and correct for them. The muon charge ratio (R,) was then studied as a function
of surface energy (E,,), zenith angle (#), azimuthal angle (¢) and the product of surface
energy and cos 6. It was found that the results improved by redefining the charge ratio
with an efficiency correction, i.e., if e* and e~ are the reconstruction efficiencies of ;1"

and p~ respectively, the charge ratio R, = N,,+/N,,-, is redefined as

Ru . NM+/6+

b=t 4.7.1)

where N,+ (N,-) is the number of ;" (1~) reconstructed with a years’ exposure at
ICAL. Here ¢ is a function of F,., 04.: and ¢4.;. Because of the detector resolution the
€¢’s can be more than one in some bins; this occurs especially because of the steeply
falling flux as a function of energy so that the larger flux at lower energy can smear
out into the higher energy bins due to finite detector resolution. The Kalman filter is
also more likely to overestimate momenta of high energy muons because it depends

on determining the track curvature which is very small at larger energies.

The pure charge ratio (not weighted with efficiency) as a function of surface muon
energy for different ¢ bins is given in Fig. 4.6 as calculated from the top surface events
alone. It is seen that the original and reconstructed R, match very well even without
the efficiency correction. The number of muons reaching the top surface is almost
double compared to the total events at the other surfaces because of the acceptance
effect. Since most of the top surface events go through large number of layers in the
detector the reconstruction of events is very good compared to other surfaces. The
zenith angle is divided into six bins: 0-0.2, 0.2-04, ..., 1-1.2. It can be seen that the
low energy events are coming from nearly vertical angles. As ¢ increases, the events
having large surface energy also increase. At higher energies the number of events is
small since the flux falls as energy increases and the 100 GeV cut on detector energy
also plays a role. So the error bars are large. All the events from 10 TeV to 15 TeV
are added together to give the events in the last energy bin. The R,, is seen to slightly

increase as F,, increases.

Fig. 4.7 shows the muon charge ratio determined from all the events in one year ex-
posure at ICAL. Since different parts of the ICAL detector have very different angular
dependence of resolutions, simply adding events with the same energies but detected
from different angles lead to large fluctuations. Hence the efficiency-weighted charge

ratio is plotted in this case. The errors are smaller than in the case with top-surface
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detector.

4.7.1 Angular dependence of the charge ratio

The charge ratio as a function of azimuthal angle is shown in Fig. 4.8. It can be seen

that the R, is almost constant around 1.41 for all the ¢ bins and within statistical fluc-

tuations the original and reconstructed R, are same for both top surface (without effi-
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ciency correction, Fig. 4.8a) and the whole ICAL detector (Fig. 4.8b). The ¢ dependence

of the detector is nontrivial because of the mountain profile and the magnetic field.

The charge ratio as a function of the zenith angle is given in Fig. 4.9 for the whole
detector. The R, is almost constant for all the angles around 1.4. The ICAL detector
has a very good angular resolution which is better than a degree for most of the en-
ergies and angles. In addition, the INO cavern is proposed to be located in a region
which has a non-trivial topography with respect to azimuthal angle dependence. For
the same zenith angle, for example, in bin V with § = 0.8-1.0 radians (46°-57°), the
variation in azimuthal angle ¢ samples very different slant depths so that it is sensi-
tive to surface muon energies ranging from 3-9 TeV. In fact, because of the azimuthal
variation, different zenith angles are sensitive to different ranges of surface muon en-
ergies, in contrast to MINOS which has a flat topography (since it is located in a mine)
with a high correlation between zenith angle and surface muon energy. Since the flux
is a rapidly falling function of the energy, this means that every direction/bin in (0, ¢)
is dominated by events with a different (lowest) energy, thus allowing the measured
charge ratio to be sensitively measured as a function of both energy and angle. This
means that assumptions such as energy and angle dependence of various parameters

in Eq. 4.2.1 can be tested at ICAL.
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Fig. 4.8. Charge ratio as would be measured by ICAL over 1 year as a function of azimuthal angle.

Figures Fig. 4.10 and 4.11 show the charge ratio as a function of the product (E5*"/%¢ cos 0).
According to the “7K” model, the charge ratio depends not separately on the surface
energy and zenith angle but on the product (E5*/* cos). Fig. 4.10a shows the re-
sult for the top surface without efficiency correction. The lowest value of E5*/** cos §
that ICAL can probe with the existing configuration is ~ 1500 GeV. Fig. 4.10b shows

the comparison of results with the efficiency-corrected value of R, calculated using
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Fig. 4.9. Charge ratio as would have been measured by ICAL over 1 year as a function of zenith angle.

Eqn. 4.4.1. The reconstructed charge ratio matches very well with the theoretical value.
As E3'/ cos § increases, R, slightly increases.

In Fig. 4.11 the results with 1 year of simulation at ICAL are compared with the
results of existing experiments. It is seen that ICAL has good sensitivity (due to the
depth of the INO cavern) to cosmic muons with surface energies in the region beyond
Efj”’f % cosf =z 3 TeV where there is very little data available. In addition, it will have
significantly better quality data even down to 1.5 TeV. Finally, it has sensitivity to un-
correlated values of E5*"/* and cos § which the MINOS data does not. Hence it will
be able to determine with good precision the various parameters that the cosmic ray
muon flux depends on, such as the K /7 fraction, 7, and in turn the contribution of the

associated production process to K production in cosmic ray interactions.
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Fig. 4.10. Charge ratio as a function of E3""*°* cos  from simulated data with 1 year exposure at ICAL.

Finally, it must be noted that the energy loss mechanism of muons through the

Earth has been modeled here to be charge-independent. In case this is not so, a cor-
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Fig. 4.11. Charge ratio expected to be measured over 1 year at ICAL as a function of (E""/*“® cos §) in comparison
with other experiments.

rection has to be applied. An analysis of the resulting data is beyond the scope of this

work.

4.8 Summary

The ICAL detector at INO, optimized to study muons from neutrino interactions, can
also be used to study the cosmic ray muons. Being a magnetized detector, the ICAL can
distinguish between p* and p~. It is found through simulation studies that the ICAL
has a good charge identification efficiency. The ICAL detector has a rock overburden
of minimum 1 km from all directions which helps to study the muon charge ratio at
higher energies.

Here the sensitivity of the ICAL detector to observe the atmospheric muon charge
ratio was studied. The muon energy and angular spectra at sea level were generated
using standard Gaisser’s formula. These muons were propagated through rock. The
topographical map of the Bodi West Hills was used to calculate the slant depth. The
muons lose energy while passing through Earth. It was observed that only muons
having minimum surface energy of about 1600 GeV reach the detector. The p* and .~
have been generated using the “pika” model described.

Events were generated for five sides of ICAL detector: top, left, right, front, and
back. These events were passed through the GEANT4 based ICAL code and recon-
structed using Kalman filter. The surface energy of the muons was calculated from the

reconstructed detector energy and angle. The muon charge ratio, calculated with effi-
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ciency correction, was studied as a function of surface energy (E;,,), zenith angle (),
azimuthal angle (¢) and the product of surface energy and cos . The results of the top
surface and the whole detector were studied separately. The charge ratio for the top
surface was calculated without efficiency correction. It was observed that the recon-
structed and the original charge ratio match well within statistical fluctuations. The
charge ratio was nearly constant around 1.4 for all the § and ¢ bins since ICAL is not
sensitive to lower surface muon energies due to its depth. The reconstructed charge
ratio as a function of E5"/%° cos § was compared with the theoretical value and it was

observed that within the fluctuations they are identical.

The ICAL detector is sensitive to the atmospheric muon charge ratio for the surface
muon energies above ~ 1600 GeV and for the E5*"/* cos § values above ~ 1500 GeV.
Here the analysis was done using data for one year. With more data the fluctuations at
higher energies can be reduced. The correction on the charge misidentification is not

included in this analysis since the charge identification efficiency is above 96-97%.

When primary cosmic rays interact with the atmospheric nuclei, secondary par-
ticles like pions and kaons are produced. These unstable particles decay to produce
particle like muons, neutrinos, etc. While 7, K give ¥, the 77, K~ give rise to 1~ in

their decays.

The weakly interacting neutrinos travel through the atmosphere and Earth with-
out much interaction. The low energy muons decay before reaching the sea level and
produce electrons and neutrinos. The average energy of muons at sea level is ~ 4 GeV.
Studies have shown that the ratio of number of ;™ to x4~ is more than one. This is
mainly due to the excess of protons in the primary cosmic rays. In addition, it is ob-
served that this ratio increases as the muon energy increases. This has been attributed
to the opening up of the K production and decay channel due to higher energy cosmic
primaries, in particular, the associated production process pA — K"AX, where Ais an
average air nucleus, and X can be anything. The corresponding interaction initiated
by neutrons produces K° and not K-, thus leading to an eventual excess of u* over
1~ in the observed secondary cosmic ray flux. While the muon charge ratio appears
to depend on the product (E5*7/** cos §) rather than E5*"/*** alone, this has so far been
tested with a detector (MINOS) that has correlated values of Eff”f @€ and cos . Hence
this can be tested at ICAL.

In addition, the very non-trivial azimuthal angle dependence of the muon flux at
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ICAL due to the topography of the proposed INO cavern implies that various param-
eters that determine the cosmic ray muon flux, including its zenith angle dependence
and the contribution from K mesons, can be precisely determined at ICAL. This in
turn will help to improve the understanding of atmospheric neutrinos at higher ener-
gies (beyond a few hundred GeV) which dominantly arise from the decays of such K
mesons.

Finally we note that there is a possibility that * and 1~ have different energy loss
mechanisms when propagating through the Earth on their way to the detector [49].
This will affect the determination of the muon charge ratio; such a study is beyond the

present scope of this thesis.
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Detector studies



Fabrication and Testing of Bakelite

Resistive Plate Chambers

5.1 Introduction

Particle or radiation detectors are devices used to detect, track or identify the parti-
cle/radiation produced in the interaction. They can be used as calorimeters to measure
the energy or momentum of the particle. They may also be used to measure the charge,
spin etc. of the particle. The particles are detected through their interaction with the
detector. According to the type and energy of the particle, different detection methods

are used like gaseous detectors, scintillation detectors, semiconductor detectors etc.

The working principle of gaseous detectors is the ionization of the gas medium as a
particle passes through it; the primary ionization is amplified by a strong electric field.
The ionization is localized with a suitable gas composition. The signal collected may
be used to get the position information of the incident particle. The history of gaseous
detectors started with proportional counters. There are different kinds of gaseous de-
tectors depending on the nature of gas filled and the strength of the electric field. Gas
tilled detectors are widely used in high energy physics experiments (eg. CMS, ATLAS,
ALICE, STAR, Belle). Since they are cheap and easy to make compared to the other
detectors like scintillation detectors, they are used in large scale experiments. Good

time and position resolution make them a good choice for tracking detectors.

The modern gaseous detectors include Multi-Wire Proportional Counter (MWPC),
Resistive Plate Chambers (RPC), Gas Electron Multiplier (GEM), micromegas etc. The
micropattern detectors provide very good position resolution. Due to the small dis-
tance between the electrodes they have good time-resolution and counting rate capa-

bility.



CHAPTER 5. FABRICATION AND TESTING OF BAKELITE RESISTIVE PLATE CHAMBERS 5.1. INTRODUCTION

The Resistive Plate Chambers (RPC) are gaseous detectors first introduced by R.
Santonico and R. Cardarelli [54]. They were developed by using the principle of spark
counters by Pestove et al. [55]. These are made of high resistivity plates (10 — 10'2(2),
such as bakelite or glass. The electrodes are coated with conductive graphite to provide
constant electric field. The gap between the electrodes is filled with the gas mixture

which contains ionization gas and quenching gas.

The recent developments in the detector technology of RPCs resulted in improv-
ing the time resolution and the rate capacity of RPCs. Other than the single gap RPCs,
double gap RPCs and then the multigap RPCs were also introduced [56]. Many exper-
iments use RPC as tracking or triggering detectors. The large experiments using RPC
include L3 at CERN, BABAR at SLAC, BELLE at KEK, OPERA at LNGS etc. The main
experiments in CERN, ATLAS and CMS use RPCs for muon trigger system [57, 58].
Their advantages are simplified and robust structure for coverage of a large area, ease
of operation, and at the same time, they can deliver very good time resolution (re-
ported up to ~ 80 ps [59]) with one of its variants. The single gap RPCs are mostly
used as trigger and tracking detectors for the small transverse momentum (pr) region
of these experiments. Long term stable operation and capability to handle high fluence
rates are the major characteristics demonstrated by the RPCs, which make them pre-

ferred detectors in many such experiments.

RPCs have been chosen as the active detector elements in the massive iron calorime-
ter (ICAL) experiment at the upcoming India-based Neutrino Observatory (INO) [26].
Prototype RPC detectors of different sizes and configurations have been fabricated and
characterized for its suitability in the ICAL experiment environment during the past
few years [67-71]. Constructional details of the bakelite RPCs and the characterization
of electrical properties of the materials [68-70], characterization of surface roughness
and its effect on the operation of bakelite RPCs, and effect of inner surface coating of
various types were already reported [69]. Long term stability of operation in streamer
mode was successfully demonstrated using a cosmic muon telescope test bench [68].
The same detector, operated in avalanche mode, was also exposed to the gamma irra-

diation facility (GIF; *"Cs source, 570 GBq) at CERN for 23 days at a stretch [72]. No
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significant degradation of performance was noticed in this study even after exposure
resulting in equivalent charge accumulation of 30 C.m 2. This may be considered as
equivalent to approximately 2 years of exposure to average atmospheric muon flux at

the mean sea level.

5.2 Working Principle of Resistive Plate Chambers

When a charged particle passes through the gap, the gas is ionized which produces pri-
mary electrons and ions. The electrons, under the influence of the applied electric field,
acquire sufficient drift velocity and move towards the anode causing secondary ioniza-
tion in the gas. Recombination processes, which occur during the avalanche develop-
ment produce photons. These photons can cause further ionization which produces
large amount of free charges in the gas. This is the streamer regime. If the avalanche
is so large that it can connect two electrodes, it is called a spark. The electric field in
the gas gap drops locally around the discharge due to depletion of localized charges
from the anode surface near the avalanche. The detector is dead until the electrodes are
recharged. The high resistivity of the electrodes prevents the discharge from spreading

over the entire area.

The Argon in the gas mixture acts as an ionizing gas. The isobutane is used to
quench further ionization by the photons and limit the production of secondaries. The
electronegative gas Freon (R134A) limits the abundance of free charges in the gas and

prevents the streamer from spreading in the transverse direction.

5.2.1 Modes of operation

The RPCs can be operated in avalanche mode or streamer mode. The two modes sig-
nificantly differ in characteristics as stated below. In the avalanche mode, quenching of
secondary ionization by photons and electrons are done to limit the size of avalanche
and prevent formation of streamer. On the other hand, in streamer mode, photon
quenching is done but controlled streamer formation is allowed. Generally, the effec-
tive charge generated per event in the streamer mode is much larger than that in the
avalanche mode. By changing the gas composition and the applied electric field to bias

the detector, the RPCs can be operated in either of the two modes.
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5.2.1.1 Avalanche Mode

The charged particle passing through the gaseous medium produces primary ions.
These primary ions get accelerated by the strong electric field and produce secondary
ionisation by colliding with the gas molecules. The external electric field opposes the
electric field due to the ionising particles and the ionisation stops after some time. The
charge which drifts towards the electrodes gets collected there.

The amplitude of the signal produced by this mode is a few mV and hence the signal

has to be amplified before passing to the read-out system.

5.2.1.2 Streamer Mode

In streamer mode, the secondary ionisation continues until there is a break down of gas
and a continuous discharge takes place. This mode results in high gain and the pulse
amplitude is of the order of 100 mV. So the signal from RPC need not be amplified
which simplifies the read-out electronics.

If ng is the number of primary electrons, the number of electrons reaching the elec-

trode is,
n = neel@?? (5.2.1)

where « is the Townsend coefficient and [ is the attachment coefficient and z is the
distance between the points where the electrons are produced and the anode. If the
gain of the RPC, n/ny, is larger than 108, then it is streamer mode and if n/ng is much

smaller than 103, then it is avalanche mode.

5.3 Fabrication of RPCs

A schematic representation of a single gap RPC is shown in Fig. 5.1. Two RPCs of di-
mension 22.5 cm x 30 cm are fabricated for the experiment. The P-120 grade bakelite,
manufactured by Bakelite Hylam, India, is used for the high resistive electrode. It has
good electrical properties under humid conditions. The thickness of the bakelite plate
is 2 mm. It has a density of 1.22 g/cc and bulk resistivity 3.67 x 10 Qcm.

earlier[68].

After cleaning with alcohol the inner surfaces of the electrodes have been coated

with thin silicone in order to make the surface smoother. The effect of the silicone coat-
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X - strips

y - strips

Fig. 5.1. Schematic representation of a RPC

ing on the performance of RPC has been reported earlier [68, 69]. The surface resistivity
of the bakelite surface coated with silicone is two times less compared to the uncoated

surface. It is also necessary for the stable performance of the RPC.

One button spacer of thickness 2 mm and diameter 1 cm is used to provide equal
separation between two electrodes. Two gas nozzles are glued diagonally as a part of
edge spacers. All these are made of polycarbonate; see Fig. 5.2. After proper cleaning
using alcohol, graphite is coated on the two sides of the bakelite. A gap of 2.5 cm is
maintained from all edges to the graphite layer in order to avoid external discharge.
Surface resistivity is measured and found to be 1-2 M(2/square. Two small copper foils
are pasted by kapton tapes on both the outer surfaces for application of high voltages.
The high voltage connectors are soldered on these copper strips. Equal high voltages
with opposite polarities are applied on both the surfaces in small steps. A completed
RPC is shown in Fig. 5.3. The surface resistivity measurement set-up is shown in Fig.

5.3. The gas used for the streamer mode is a mixture of Ar (55%), isobutane (7.5%) and

Fig. 5.2. Gas nozzles, edge spacers and button spacers
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Fig. 5.3. Left: Completed RPC. Right: Surface resistivity measurement set-up.

tetrafluoroethane (37.5%) and that for the avalanche mode operation was a mixture of
tetrafluoroethane (95%) and isobutane (5%). The gases are premixed and stored in a

stainless steel container (Fig. 5.4).

In order to collect the induced signals, pick-up strips are placed above the graphite

coated surfaces on either side of the RPC.

5.4 Fabrication of Pick-up panel

The pick-up strips are made of 16 conductor ribbon cables of width 2 cm and thickness
1 mm which are glued on a Mylar sheet of thickness 0.1 mm. Out of 16 conductors
of the cable, 15 consecutive conductors are shorted together to form the pick-up strip,
while the remaining one is grounded. There are 10 pick-up strips on the top pick-up
panel and the bottom one has 14 pick-up strips. Adhesive double-sided foam tapes of
2 mm thickness are used to fix a grounded aluminium plate on top of each of the pick-
up panels (Fig. 5.5). The signal from the strips are taken to the front-end electronics
using coaxial cables. The impedance analysis of the pick up panel is done using Instek
LCR meter. The inductance of the ribbon cable is L ~ 11600 pH/cm. The capacitance

of each strip (C') is measured using LCR meter. Then the impedance is measured using
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Fig. 5.4. Gas mixing unit.

Fig. 5.5. Ribbon cable pick up panel

the formula:

Z =+/LJC. (5.4.1)

The measurement is repeated for three times and the average impedance and standard
deviation are calculated. The impedance along with the standard deviation is plotted

in Fig. 5.6 . Almost 10% variation in impedance can be seen across the strips.
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Fig. 5.7. Schematic view of efficiency measurement set up

5.5 Cosmic ray test set up

The Fig. 5.7 shows the schematic of the experimental set-up in a cosmic muon telescope
test bench which was used in earlier measurements as well [68]. Two scintillators (SC
I and SC II) were placed below the RPC and one (SC III) was placed above. The coinci-
dence between SC I (93.5 cm x19.5 cm), SC II (82.5 cm x19.5 cm) and SC III (17 cm x4
cm) gives the 3-fold trigger as the cosmic muons pass through them which is treated as
the Master Trigger. Based on a Monte Carlo simulation of the above set-up, it is found
that two adjacent pick-up strips of RPC are in coincidence with the 3-scintillator muon
telescope. Therefore, the signals from the two adjacent pick-up strips were OR-ed and
the coincidence between this signal and the 3-fold was taken as the 4-fold coincidence

trigger. The cosmic ray test was done in the streamer mode.

The high voltage was applied to the RPC on both the electrodes at a ramp-up rate
of 5 V/s. The pulses in the streamer mode start appearing when the high voltage
reached ~ 5 kV. The signal from the RPC and the scintillators were sent to the leading
edge discriminators. Different thresholds were tried and the RPC threshold for the
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Fig. 5.8. The front-end electronics and DAQ

experiment was fixed to 10 mV. A CAMAC-based data acquisition system LAMPS,
developed by the Electronics Division, Bhabha Atomic Research Centre [73] is used for
collecting data (Fig. 5.8).

Storage oscilloscope trace of a typical induced pulse on a pick-up strip at 8 kV

detector bias voltage is shown in Fig. 5.9.

PSS
% Agilent Technologies

Avg(2): -189.0mV I(2): 2.02V Fall(2): 6.3ns
Normal Peak Det Averaging Realtime
v

Fig. 5.9. Typical induced pulse on a pick up strip at 8 kV

5.6 Results

The performance of the RPC was tested using the cosmic ray muon test setup. The

leakage current across the the electrodes, noise rate and efficiency were measured. The
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data were collected for 15 minutes at each point as voltage is increased.
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Fig. 5.10. Leakage current as a function of voltage

The leakage current through the RPC was measured as a function of the applied
voltage (Fig. 5.11). The current vs. applied bias voltage plot shows a two-slope be-
haviour with "knee’ region around 6 — 7 kV, where the slope changes. At low voltage
the gas gap has infinite resistance since the avalanche does not develop. The current
flows through the spacers. But after the knee voltage, the gas starts conducting. It can
be seen from the figure that for both positive and negative electrodes, the knee voltage

is around 6.5 kV.
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Fig. 5.11. Noise rate as a function of voltage

The noise rate of RPC is the total counting rate of all the signals above the discrim-
inator thresholds. This include the signals from cosmic rays and other background
signals. The noise rate increases as voltage increases since even the signals due to low

energy particles get amplified. The increase in noise rate can reduce the field across the
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electrodes which results in the reducing the efficiency. The Fig. 5.11 shows the noise

rate as a function of applied voltage.
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Fig. 5.12. Efficiency(%) as a function of voltage

The efficiency of a detector determines its ability to see the particles passing through
it. In low rate experiments, the efficiency has a crucial role. Here the efficiency is de-
tined as the ratio of 4-fold signals to 3-fold signals. The efficiency is plotted as a func-
tion of applied voltage (Fig. 5.12). Beyond the break down voltage the efficiency starts
increasing from about 20% and in the plateau region to about 90%. This high efficiency

of RPC helps in detecting the charge particles more accurately.

5.7 Summary

The bakelite based RPCs of dimension 22.5 cm x 30 cm were fabricated using locally
available bakelite. The inner side of the RPC was coated with silicone fluid for stable
performance of RPC. A ribbon cable pickup panel was fabricated for collecting the sig-
nals from RPC. The characteristic impedance of the strips were found to be about 100
(2. The RPC was operated in streamer mode. The pulse from the streamer mode shows

good rise time and amplitude.

The RPC was tested using a cosmic ray test set-up. The RPC threshold was set to
be 10 mV. The signals were counted for 15 minutes for measuring noise rate and effi-
ciency. The I-V characteristics of the RPC was also studied. In the plateau region the

efficiency is found to be nearly 90%.
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The operating voltage and the threshold have been optimized for the further stud-
ies of RPC. The detailed study of these properties and timing characteristics will be

presented in the following chapter.
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Effects of variation of environmental
parameters on the performance of Re-

sistive Plate Chamber detectors

6.1 Introduction

Recent studies have shown that external environmental conditions can influence the
performance of RPC detectors. It is important to understand the variation of the detec-
tor parameters in different external environmental parameters. Especially in the exper-
iments with low event rate, influence of external environmental parameters on stable
RPC operation, with a view to specify a safe window for such operation and under-
standing the physical reasons behind such dependence, are important research goals
being pursued by several groups [61-66]. Understanding the behaviour of RPCs un-
der different environmental conditions is more important when the detector is placed
underground where such environmental conditions are more critical than in a normal

laboratory.

Relative humidity and temperature dependence on the performance of RPCs have
been studied earlier by different groups [61-66]. Decrease of bulk resistivity of the elec-
trodes with relative humidity and increase in the threshold of reaching the efficiency
plateau has been observed by Icrotty et al. [61]. A. Moshalii et al. [62] have studied
the effect of water vapour on the performance of RPC in the avalanche mode of oper-
ation by Monte Carlo simulation. They have shown that the humidity in the gas has
no effect on avalanche multiplication at room temperature. But at higher temperature
(~40°C), the charge content increased with increase of humidity. In another work [63],
the effect of temperature on the performance of RPC was studied using Monte Carlo
simulation. It was observed that the charge content increased with increase of temper-
ature. Decrease of plate resistance with increase in temperature was observed, which

resulted in the improvement of efficiency. Long term stability of RPC under elevated
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temperature and operated in streamer mode was studied by M. De Vincenzi et al. [64].
It was found that there was a permanent drop in efficiency when RPC was kept at
higher temperature and voltage for a longer period of time. S.H. Ahn et al. [65] had
studied the dependence of temperature and relative humidity on the bulk resistivity
of bakelite plate under controlled environment. It was found that the bulk resistivity
has a strong dependence on both the temperature and humidity. The resistivity de-
creased significantly as temperature and relative humidity were increased. Effect of
temperature variation on efficiency and time resolution on streamer mode operation
of RPC were investigated by M. Abbrescia et al. [66]. The experimental results showed
that the effective voltage across the gap increased as the temperature was increased
and as a result, higher voltage had to be applied at lower temperature to reach the ef-
ficiency plateau. It was also shown that the time resolution improved with increase in
temperature.

The aim of this study is to establish the operating zone of the environmental pa-
rameters like temperature and relative humidity for safe, stable and reproducible op-
eration of the RPCs over a significantly long time period as required for the under-
ground experiments like the ICAL at INO. The effect of environmental temperature
and humidity on the performance of RPCs, made of different electrode materials and
operated in different modes, is investigated in the present work. The measurable key
parameters related to the intrinsic property of the detector materials, such as bulk re-
sistance and those related to detector performance, such as efficiency, noise rate (sin-
gles counting rate) and time resolution are measured, and their inter-dependence are

investigated in an attempt to understand the systematic behaviour.

6.2 Experimental Details

Two bakelite RPCs (RPC I and RPC II) and one glass RPC of approximate size 30 cm x 22 cm
are operated under controlled environment in this experiment. The bakelite gas gaps
are made of 2 mm thick P-120 grade bakelite plates, while the glass gas gap is made of
3.6 mm thick glass. The constructional details, specification of the materials and initial
performance studies have already been described in Chapter 5. One of the major differ-
ences between the bakelite RPCs and the glass RPC is that the electrode surfaces for the
bakelite RPCs are dry graphite coatings made from 99.999% pure —200 mesh graphite

powder, while the electrodes of the glass RPC are made of a special resistive paint. The
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surface resistivity of the bakelite RPC electrodes are fairly uniform within the range
0.8 MQ/[J- 1.3M€2/[], while that of the glass RPC is in the range 0.7 to 1.4MQ/[]. The
measurements on the bakelite RPCs are done by operating them in both avalanche and

streamer modes. The glass RPC is operated only in avalanche mode.

Fig. 6.1. Experimental setup

The RPCs are placed inside a sealed weather control box made of aluminium in
which constant temperature and relative humidity (RH) are maintained during the
measurement (Fig.6.1). The temperature inside the box can be varied and stabilized
using a blower fan and a resistive heater operated under feedback control using a PID
controller with a PT100 sensor. The sensor measures the temperature inside the box
which is an input to the PID controller and if the temperature is less that the set tem-
perature, the coil starts heating up and the hot air is circulated using the blower fan.
Humidity is maintained by passing moist air or dry air inside as and when needed.
Temperature inside the control box was measured using another miniature PT100 sen-
sor and the relative humidity (RH) was measured using a Honeywell HIH-4000 se-
ries humidity sensor which has an accuracy of +3.5%. The temperature and humidity
value inside the box have been continuously monitored during the measurement us-
ing LabView”? based data acquisition system. The calibration of the sensors are done
by applying moisture continuously and increasing the temperature. For each humidity
and temperature value, the sensor output is noted. The temperature-humidity recorder
has been refreshed in every 0.5 minutes and the LabView”" has been taking reading
in every 10 seconds. The calibration curves of the sensors are shown in Fig. 6.2. Tem-
perature and RH could be maintained within 0.3°C and 2-3% respectively during the

measurement. Electrical signals and high voltage feed-throughs, gas feed lines, blower
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fan and heater enclosures, airflow ducts were sealed against permeation of moist air

from outside.
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Fig. 6.2. Calibration curves for the sensors.

The Fig. 6.3 shows the schematic of the experimental set-up. The details are given
in Chapter 5. Two scintillators (SC I and SC II) were placed below the RPC and one (SC
III) was placed above. The coincidence between SCI(93.5 cm x19.5 cm), SCII (82.5 cm
x19.5 cm) and SC III(17 cm x4 cm) gave the 3-fold trigger, which is the Master trigger,
as the cosmic muons passed through them. Since the two adjacent strips are in coin-
cidence with the 3-scintillator muon telescope, the signals from them are OR-ed and
the coincidence between this signal and the 3-fold was taken as the 4-fold coincidence

trigger.

The measurements have been carried out over 6 months at different temperatures
in the range 20°C — 30°C and RH in the range 50%—70%. The leakage current of RPC
I (RPC I is older than RPC II ) is larger than that of RPC II and the rate of increase
of leakage current as a function of temperature and humidity of RPC I is also larger
compared to RPCII (Fig. 6.4). For the measurement at higher temperature and humid-
ity, only RPC Il is used. The results of bakelite RPC discussed here are obtained using
RPC II. The results for temperatures 21°C, 24°C and 28°C and RH 53%, 60% and 66%
are shown here. The leakage current, noise rate, efficiency and the time resolution of
RPC are measured. At each voltage the data is collected for fifteen minutes for mea-
suring noise rate and efficiency and during the measurements the temperature and RH
are monitored continuously. All the measurements except timing data are taken with

RPC threshold of 10 mV. Time resolution measurements are done for two different RPC
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Fig. 6.3. Schematic view of experimental setup
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Fig. 6.4. The leakage current for different bakelite RPCs, RPC I (left) and RPC II (right) at 7.4 kV

function of time during a measurement are given in Fig. 6.5.

6.3 Results and interpretation

6.3.1 Leakage Current

80

Leakage current is an important parameter that is used to determine the effective po-

tential drop across the gas gap. It is highly dependent on the variation of plate re-
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Fig. 6.5. Relative humidity and temperature as a function of time during measurement

sistance with environmental parameters. In addition, the current through the exter-
nal surfaces of RPCs and the adjacent layer of air also adds to the measured leakage
current. The leakage current of RPC is monitored as the applied potential difference

between the electrodes is increased for different values of temperature and RH.
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Fig. 6.6. Electrical representation of an RPC gas gap
The electrical representation of RPC is shown in Fig. 6.6. At lower voltages, the

primary electrons cannot produce avalanche, so the gas gap has infinite resistance.

Hence, the current flows through the spacers. Hence,

RGas gap = 0, (631)
dv
E ~ RSpacera (RSpacer > RBakelite)- (632)

Beyond the break-down voltage, the gas starts conducting providing a low resistance
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path. Then the current is determined by the electrode resistance, i.e.,

Reas gap = 0, (6.3.3)
dV
ﬁ ~ RBakelite‘ (634)

A plot of leakage current as function of the potential difference (also called the / -V
curve) shows the typical two-slope behavior as explained above. For smaller voltage,
the increase in current is less as the voltage increases. But after the knee voltage the
slope changes which indicates the onset of avalanche. This results in the generation of
measurable signals from the RPC. Here the data for the applied potential drop starting
from this ‘knee’ region of the I — V' curve is plotted.

Fig. 6.7 shows the I — V curve as explained above for 53% RH. Overall leakage
current in the streamer mode is less compared to that in the avalanche mode for the
same temperature and humidity. It is found that the leakage current increases with
increase in temperature and humidity (Figs. 6.7 & 6.8). At higher RH (66%), the leakage
currents seem to have significant fluctuations as applied voltage increases. It shows a

strong dependence on RH, which is difficult to maintain constant value.

6.3.2 Plate Resistance

The slope of the I — V' curve for applied voltages above the knee region can be used to
determine the plate resistance if the leakage resistance of the spacers is known as well
as the gas in the gas gap can be considered to provide a low resistance path between
the electrodes. The resistance of the spacer can be obtained from the slope of the / — V'
curve below the knee region, where the gas is treated as an insulator with infinite
resistance.

It was observed in previous studies that the bulk resistivity of the bakelite depends
on external temperature and humidity [61, 65]. Since bakelite has a negative tempera-
ture coefficient [66], the bulk resistivity decreases with increase of temperature. It was
also shown that the bulk resistivity reduces with increase in humidity [65]. The Figs.
6.9 and 6.10 show the variation of the plate resistance as a function of temperature
and humidity respectively both in streamer and in avalanche mode. It is found that
the resistance decreases with the increase in temperature and more marginally with
humidity.

The electrode plate resistance decreases from ~6G{2 to ~3G(2 as temperature in-

89



CHAPTER 6. EFFECTS OF VARIATION OF ENVIRONMENTAL PARAMETERS ON THE PERFORMANCE OF RESISTIVE PLATE CHAMBER DETECTORS.3. RESULTS AND INTERPRETATION

1000 F T T T T T T T =
o ---21°C
—~ A ---=24°C
< s00F o 28°C 1
= 53% RH
2 e00f 1
=}
O
o A
g 400 K E
T 2
o . a,ﬂ'
I 200 F 4’4 ¢.o¢’ zf -
~« =
A'*’._. - (b)
90 95 100 105 110 115 120
T v T v T v T v T v T v T
500 | . i
o ---21°
< A ---=24°C
L£40F o —28°C 1
c 53% RH
o
S 300 4
o
o Y
(@) -,
T 200 ,§’ﬁ 4
© prid
3 E‘E
oor =27 )]
o a
1 IB..B *‘é‘ 1 1 1 1

50 55 60 65 70 75 80
High Voltage Bias (kV)

Fig. 6.7. Leakage current as a function of voltage at 53% RH for different temperatures for (a) streamer, and (b)
avalanche modes of operation. Lines are drawn through the data to indicate the trend.

creases from 21°C to 28°C for 53% RH. Similarly, it decreases from ~6G(2 to ~4G()
as RH increases from 53% to 66%. The resistance of the bakelite plate is dependent
more on temperature than on humidity. At higher temperature (eg. 28°C), the plate

resistance is found to be almost independent of relative humidity.

Variation of plate resistance with temperature is found to be more prominent in the
streamer mode operation than in the avalanche mode. However, for both the modes,
the variation appears to be less prominent at relative humidity 66%. At this humidity

value the average resistance is consistently less than that at lower humidity values.

This behaviour can be due to the decrease of plate resistance with increase of tem-
perature and increase of RH as discussed in the previous section. The decrease of plate
resistance with increase of RH indicates that there can be permeation of moisture into
the bulk of bakelite paper laminates through the external surfaces. The leakage cur-
rent can increase due to the surface leakage which provides a parallel leakage path.

Then the leakage current is expected to increase with the increase of temperature and
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Fig. 6.8. Leakage current as a function of voltage at 24°C at different RH values for (a) streamer, and (b) avalanche
modes of operation. Lines are drawn through the data to indicate the trend.

the RH. Such surface leakage can also contribute to spurious discharges which can
increase the noise rate. A comparative study of the dependence of noise rate on the
environmental parameters reasonably correlates with the this observation. The details

will be presented in the following sub-sections.

6.3.3 Noise Rate

The noise of RPC is caused mostly by spurious discharges or sparks. This also include
signals from cosmic rays and other background events. Such sparks may take place
within the gas gap due to the non-uniformities present on the inner electrode surfaces.
It may also take place on the external faces of the gas gap, which are in contact with the
environment. The properties of the pulses caused by such sparks are very similar in
nature to the genuine pulses caused by the passage of cosmic charged particles through
the RPC. The demand of fast coincidence (with time coincidence window set to as low
as possible) between the RPCs on a stack mostly filters out the spurious events caused

by the sparks. However, the noise rate must be kept as low as possible. The sensitivity
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of the RPC noise rates to the variation of environmental parameters has to be closely

monitored for stable and long term operation of the RPCs.

As explained earlier, the OR of the pulses from the two adjacent RPC strips, recorded
for a single event, is counted for measuring the noise rate. At each applied bias volt-
age, the data is taken for 15 minutes duration. The RPC area covered in this set-up
is ~ 28 cm x 4 cm. The noise rate is measured as a function of the applied bias volt-
age for different temperatures and RH. The results for both the modes of operation
are plotted as function of the RPC bias voltages for different temperatures for a given
RH in the Fig. 6.11. Similar graphs are also plotted for different RH values at a given

temperature.

For a particular RH value, the noise rate is found to increase with temperature both

in streamer and avalanche modes of operation (Fig. 6.11a and b). The dependence is
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operation.

nonlinear and more visible above the knee voltage (~6.5 kV in streamer mode and
~9.5 kV in avalanche mode). Below the knee voltage region, the noise rate is found
to be independent of temperature and RH for both the modes of operation. Above
the knee voltage, discharges start taking place in the gas gap, which is reflected in the
increase of leakage current following a faster slope (dI/dV) of the I — V' curve (Figs. 6.7
& 6.8).

Correlation of noise rate with the plate resistance can be physically explained as
follows. The discharges taking place in the gas gap result in temporary neutralization
of charges on the inner electrode (anode). These charges are quickly replenished from
the connected voltage source to bring the electrode back to its normal configuration.
The recovery time depends on the plate resistance. Thus, a decrease in plate resistance

results in decrease of recovery time because of which the noise rate increases.
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It is found that the variation of noise rate with applied bias voltage is more promi-
nent at the highest temperature (28° C) for both the modes of operation. As explained
before, increase in the noise rate is due to more discharges taking place in the RPC. It
is, therefore, not desirable to operate the RPCs at higher temperature. An upper limit

of 24-26 °C appears to be a reasonable limit for stable operation of the RPCs.

It is also observed that the noise rate decreases as RH increases(Fig. 6.11 ¢ and
d) for both the modes of operation. For increase in RH from 53% to 66% at a fixed
temperature, the noise rate decreases almost by a factor of 2 at the typical operating
bias voltage (~ 7.5 — 8 kV) for the streamer mode, while the decrease is by ~ 50%
under similar situation for the avalanche mode operation. But, plate resistance cannot
be correlated with this observed effect. Permeation of moisture into the bulk of RPC
bakelite electrodes can reduce the plate resistance as RH increases, and therefore, will
result in increase of noise rate with increasing RH values. This is contrary to what has

been observed.

The anomalous dependence of noise rate on RH is most likely to be due to the
contribution of spurious discharges taking place on the external surface of the RPC
gas gap. In the presence of moisture in the ambient air, a continuous charge leakage

may occur between the electrodes externally resulting in an increase of the measured
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leakage current. The effect would be more prominent at higher RH. As a result, the
other mode of discharge that contributes directly to the noise rate, viz., the possibility
of multiple spurious discharges that occur due to build-up of charges at portions of the
inside electrode surfaces with increased curvatures or sharp points, would be reduced.
However, for the bakelite RPCs operating in both the modes, the noise rate is more
sensitive to variation of temperature rather than on RH.

Based on the observations from this experiment, it can be concluded that, though
the bakelite RPCs can be safely operated for humidity values up to ~ 66% at the cost of
increase of leakage current and the subsequent power dissipation in biasing the RPCs,
it is better to operate the RPCs at relatively lower RH (~ 52 —55%) for significant power

saving.
6.3.4 Efficiency

Detection efficiency of the RPC is the most important characterization parameter that
establishes suitability of it for the targeted experiment. The quality of the reconstruc-
tion of an event is determined by the number of RPC layers crossed by the particle.
The efficiency is strongly related to the applied bias voltage across the gas gap. As the
applied bias voltage is increased, the electrons produced by primary ionization lead
to increase of secondary ionization and reduces recombination of the electrons and
ions. The amplitude of signal induced in the pick-up panel also increases with applied
bias. Since the amplitude increases, the signal is induced starting from the low voltage
plateau decided by the signal discrimination threshold. This occurs as a function of
the bias voltage until it reaches the high voltage plateau or efficiency plateau region
corresponding to the maximum of efficiency, acceptable at values = 90%.

The efficiency, defined as the ratio of 4-fold (RPC coincidence signal) to 3-fold
(master trigger), is measured using the cosmic muon telescope set-up described in Sec-
tion 6.2. The efficiency is measured while increasing the high voltage bias of the RPC.
At each voltage, the data are collected for 15 minutes, and the measurements are re-
peated for different values of temperature and humidity.

The efficiency, plotted as a function of applied voltage for different temperatures, is
shown in Fig. 6.12 for 53% RH value. The dependence on temperature is more promi-
nent in the avalanche mode than in the streamer mode. In operation with both the
modes, the bias voltage at which the efficiency plateau is reached is higher at lower

temperatures. This behaviour is due to the dependence of bakelite resistance on tem-
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perature. The effective voltage across the gap is determined by the plate resistance.
Because of negative temperature coefficient of bakelite resistivity, the effective voltage
across the gas gap is more at higher temperature (V.;y = V — R.I — R_I, where V
is the applied bias voltage and R, are the bulk resistance of the respective bakelite

electrodes).
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Fig. 6.12. Efficiency as a function of voltage for the same RH at different temperatures for (a) streamer and (b)
avalanche modes of operation.

The efficiency as a function of applied voltage for different RH values at a fixed
temperature (21° C) are plotted in the Fig. 6.13. The behaviour is found to be similar.
For lower value of RH, the efficiency plateau is reached at higher bias voltage. For
example, at 53% RH, the voltage at which the efficiency reaches a plateau is ~11 kV,
whereas at 66% RH, it is ~10.3 kV in the avalanche mode. The effect is similar for
the streamer mode operation, where the difference in bias voltage at which efficiency

plateau is reached at 53% and 66% RH values is ~ 1 kV. This is also due to the total
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voltage drop occurring across the two electrodes because of the variation in the plate
resistance. The leakage through the bulk or the outer surface can also affect efficiency
which has to be studied in detail. An increase in surface leakage current due to increase
in RH results in decrease of potential drop across the gas gap and hence can reduce

noise rate. This can also contribute to the change in efficiency.
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Fig. 6.13. Efficiency as a function of voltage for the same temperature at different RH values for (a) streamer and (b)
avalanche modes of operation.

6.3.5 Time Resolution and Arrival Time

The time resolution of a detector determines the accuracy of the measurements of the
time at which the particle crossed the detector. The dead time of the detector is the min-
imum time separation between two hits. The fluctuations in the timing response of the
detector, the time spread coming from the electronics etc., affect the time response of

the detector. The time resolution is one of the crucial parameters of a tracking detector.
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In the case of ICAL detector of INO [26], where the direction of muons (whether up
going or down going) needs to be precisely known for probing the matter effects of
neutrinos, the time resolution of RPCs play an important role. The schematic diagram
of the time resolution measurement set-up is shown in Fig. 6.3. The same set-up was
used for time resolution measurements of the RPCs operated in streamer mode and

reported earlier [71] The RPC is operated in avalanche mode for this study:.

A Phillips Scientific 7186 Time to Digital Converter (TDC) is used for the measure-
ments. The trigger signal from the finger scintillator (SCI III) is taken as the START sig-
nal of the TDC and the signal from one strip of RPC is taken as the STOP signal. The
TDC calibration is found to be 0.1 ns/channel. The TDC calibration curve is shown
in Fig 6.14. The time spectra of the RPC are measured for different temperature and
humidity values at fixed voltage 12 kV and with two different RPC signal threshold
(10mV and 70 mV). The measurements have been repeated three times for each thresh-
old setting and the duration of each run has been fixed as an hour. The time spectrum
is fitted with Gaussian distribution to find out the mean and the standard deviation of
the distribution. The mean is taken as the average arrival time(7’), and the standard

deviation of the distribution is the time resolution(o ;).
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Figure 6.14. TDC Calibration curve.

The distribution of the time difference between the master trigger and the signal
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from one RPC strip fitted with Gaussian distribution is shown in Fig. 6.15.
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Figure 6.15. The distribution of the time difference between the RPC and the master trigger.

The average arrival time (7') is the sum total of (a) the difference in time delay
(ATyy) between the triggers from the scintillator and the RPC pick-up strip, (b) time
(AT,,) elapsed in the evolution of avalanche to register a pulse in the pick-up strip,
and (c) the travel time (A7) of the incident particle from the finger scintillator to the
RPC. However, AT, « ATy, or AT,,. The time delay AT,, is related to the drift time

of the electrons inside the gas gap.

The average arrival time and time resolution (oyime) as a function of temperature
for fixed relative humidity of 53%, are shown in Figs. 6.16 (a) and 6.16 (c) respectively.
The arrival time is decreased by ~ 5 — 10% as temperature is increased for both the
thresholds. For 10 mV RPC signal threshold, the time resolution improved to 2.15 ns
at 28°C from 2.85 ns at 21°C. The time resolution is nearly constant for all the tempera-
tures for 70 mV threshold. As described earlier, the resistivity of the bakelite decreases
as the temperature increases. This results in the increase of effective voltage across the
gas gap with temperature. The drift velocity of the electrons increases. This can be the
reason for the improvement in time resolution and the decrease in the arrival time as

temperature increases. Similar behaviour has been reported earlier [66].

The time delay AT, is dependent on the drift time of the electrons, which is typ-
ically ~ 12 — 16 ns for the 2 mm gap of RPC [74]. From the Fig. 6.16 it is clear that
the estimated AT,, makes only ~ 30% contribution. Hence, the dependence of the ar-

rival time on the environmental parameters is most likely to be due to both AT, and
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ATyy. The ATy, depends on the properties of the signal cables and the pick-up strip
materials such as permittivity, dimension, etc. The detailed study of these properties
with external environmental parameters need to be done in order to understand the

behaviour of the ATy, as a function of temperature.

The propagation delay of the pick-up strip can be calculated using the stripline
impedance model for the pick-up strips. For a stripline transmission line, the rela-
tion between the propagation delay 7; and the permittivity of the medium is given as
follows[75]:

T4 = AN/ Be, + C, (6.3.5)

where ¢, is the dielectric constant of the medium, A, B and C are suitable constants.
The temperature dependent variation of permittivity of the dielectric medium may be
a reason for variation of the propagation delay with temperature. An estimate of tem-
perature dependence shows that for a ~ 10% variation of ¢,, the propagation delay
would change by ~ 3%. This is clearly not enough to account for the variation of the
average arrival time (~ 10%) with temperature as observed in our experiment over a
temperature range of 20 — 30°C. Therefore, it is expected that the variation of electron

drift time with temperature is the possible cause of variation of the arrival time. A de-
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tailed study of the temperature dependence of electron propagation in the avalanche
through simulation, using realistic electric field distribution, will be necessary to un-
derstand this effect. This is beyond the scope of this thesis.

The T" and the oime, as functions of RH at 24°C, are shown in Figs. 6.16b and 6.16d.
Within uncertainty limits, the parameters are found to be nearly constant for different
RH for a particular temperature. There is a small (~ 10%) increase in ome as the RH
increases. The decrease in plate resistance (see Fig. 6.10b) as RH increases results in in-
creasing the effective bias voltage across the gas gap. Thus the drift velocity increases
and hence the time resolution improves. Also, it is found that the noise rate is de-
creased marginally with increase in RH (see Fig. 6.12¢ and d), which does not support
increase in oy, due to addition of random noise within the coincidence window. De-
tailed study has to be done in order to understand this apparently anomalous behavior.

Again this is beyond the scope of this thesis.

6.4 Glass RPC in Avalanche Mode

The tests with glass RPC are done only in avalanche mode. The RPC is placed in
the same set-up as described in the Section 6.2. The threshold of the RPC is set to
10mV. The pulse height is ~400mV which is lower compared to the bakelite RPCs in
avalanche mode. The overall noise rate is also decreased. The measurements are done
with different values of temperature and humidity.

By fixing humidity at 53%, measurements are done for three values of temperature.
The efficiency and noise rate plotted as a function of voltage is given in Fig. 6.17. As
compared to bakelite RPC the dependence of glass RPC on temperature is smaller. But
the behavior is same as that of bakelite RPC. The voltage at which efficiency reaches
plateau is higher for smaller temperature and the noise rate is slightly higher for larger
temperature. As explained in the Section 6.3.4, this might be due to the increase in
effective voltage for higher temperature.

At fixed temperature 7" = 24°C, the measurements are done for two humidity val-
ues 53% and 60%. The results are shown in Fig. 6.18. The leakage current of the RPC
was going up when the humidity was increased further. The noise rate also increased
when the humidity increased. The efficiency does not show any dependence on hu-

midity. But unlike the bakelite RPC, the noise rate increases with humidity.
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6.5 Summary

The performance of two bakelite and one glass resistive plate chambers under differ-
ent environmental temperature and relative humidity was studied. The temperature
was varied in the range (21 — 28)°C and relative humidity was varied between 53%
and 66%. The bakelite RPCs were operated in both the avalanche and the streamer
modes for comparative study of their sensitivities to the environmental parameters
and the glass RPC was operated only in avalanche mode. A preliminary study on the
dependence of glass RPC on the external environmental parameters was also done. But
further investigations have to be done in order to understand the behaviour of glass
RPC under different conditions.

From the detector leakage current measurements, the plate resistance (R,) of the
bakelite as function of temperature and relative humidity was determined. The equiv-
alent circuit model of RPC operation was used for this. The plate resistance was found

to decrease with increase in temperature and relative humidity. The sensitivity of the
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plate resistance to the environmental parameters was found to be more for avalanche
mode than the streamer mode of operation. The noise rate was relatively larger in
the avalanche mode than in the streamer mode and it was found to increase with in-
crease in temperature. The dependence is visible above the 'knee’ voltage, which is
~6.5 kV for the streamer mode operation and ~9.5 kV in the avalanche mode oper-
ation. The noise rate was found to decrease as the relative humidity was increased,
though the dependence on relative humidity was less compared to that on the envi-
ronmental temperature. The detection efficiency of both the bakelite and glass RPCs
was nearly 90% in the plateau region for operation in the streamer mode and also in
the avalanche mode. The voltage at which the efficiency reached the plateau decreased
as temperature was increased, which can be due to the decrease in the plate resistance

of the RPC, leading to the increase of effective voltage.

The average arrival time and the time resolution were measured at the fixed RPC
bias voltage of 12 kV, using coincidence with a plastic scintillation detector. This is
done for two different RPC voltage pulse threshold values. The data were taken by
varying the temperature from 21°C to 28°C at 53% RH condition and the humidity
is varied from 53 — 66% at constant constant temperature 24°C. It is observed that the
average arrival time decreased as temperature was increased for both the signal thresh-
old values. For 10 mV threshold time resolution (oy;,.) decreased from 2.9 ns to 2.1 ns
as the temperature was increased, whereas for 70 mV threshold, it remained nearly
constant around 2.1 ns. The arrival time is not affected much by the environmental
humidity, however, the time resolution (oime) had worsened by 10% with increase in

relative humidity.

It was observed that most of the bakelite RPC parameters were relatively sensitive
to the temperature, rather than relative humidity. The dependence was more promi-
nent for the avalanche mode of operation rather than for the streamer mode. Opera-
tion of the bakelite RPC detector was found to be reasonably stable at the temperature
around 21-25°C and relative humidity ~ 53-60%. The dependence of noise rate on the

relative humidity was not fully understood and needs further study.

This study is part of an on-going attempt to characterise the bakelite RPCs and de-
termine the optimum environment for the stable operation of the RPCs over the large
times required of an experiment such as ICAL. While bakelite RPCs have been fabri-

cated and tested earlier, some of the studies on temperature and humidity dependence
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are new. The behaviour of the efficiency and the plate resistance as a function of tem-
perature has been studied earlier elsewhere; however, the impact of humidity on the
noise rate has been investigated for the first time. In addition, the optimum operating
environment vis a vis the location of ICAL in a tropical area is expected to be different
from that of RPCs operating elsewhere in the world. This has also been investigated

for this reason.
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Summary and Future Outlook

This thesis contains a simulations study of some of the physics reach, detector response
to muons and R&D for active detector elements (resistive plate chambers) of the mas-
sive magnetized Iron Calorimeter (ICAL) detector (see Fig. 2.2 for a schematic view) to
be built at the proposed India-based Neutrino Observatory for studying atmospheric
neutrinos. It will be placed in an underground cavern at Bodi West Hills, Tamilnadu,
and will have a minimum 1 km of rock overburden in all direction, which will shield

the detector from the low energy cosmic ray background.

The main goals of ICAL include, the precision measurements of the neutrino oscil-
lation parameters and determination of neutrino mass hierarchy using the matter ef-
fects differentially experienced by neutrinos and anti-neutrinos while passing through
the Earth. The neutrino oscillation probability is sensitive through matter effects, which
are prominent in the few GeV energy region of atmospheric neutrinos, to the neutrino
oscillation parameters. This can be determined by measuring the energy and the path

length traveled by neutrinos.

Neutrinos and anti-neutrinos interact differently with matter depending on the
mass hierarchy. By observing the v and 7 events separately the hierarchy can be deter-
mined. This is achieved by observing the charged leptons (primarily muons) produced
in charged current (CC) interactions of the neutrinos with ICAL. Here we focus on
muons since the ICAL detector is optimized to study the energy, direction, and charge

of muons.

When v, interacts with the detector, ;«~ is produced while 7,, gives ;" in the detec-
tor. Since ICAL is a magnetized detector it can distinguish between p~ and p* events
and hence v, and 7, events can be separated. In order to measure the neutrino oscilla-

tion parameters precisely, the energy and angle of muons arising from these neutrino
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interactions have to be measured accurately.

Hence a detailed study of the muon response of the detector in the few GeV energy

region is crucial for determination of the physics capability of ICAL.

In the first part of this thesis, a simulation study of the response of the ICAL detec-
tor to muons was presented. A GEANT4-based code was used to describe the detailed
geometry of ICAL; in addition, a simulated magnetic field map was used both to prop-
agate the particles in the detector and generate the charged-particle tracks as well as
help with the reconstruction. A Kalman-filter-based code was used to determine the
muon track curvature and hence its energy/momentum and the sign of its charge.
In particular, the momentum reconstruction efficiency, charge identification efficiency,
momentum and angular resolution of muons were calculated in the central regions of

the ICAL detector, where the magnetic field is uniform and constant (see Fig. 2.3).

Initially, muons with fixed momenta and directions (azimuthal angles were smeared
over while keeping the polar or zenith angle fixed) were propagated from fixed ver-
tices in order to understand the response of the detector with respect to its dead spaces
such as support structures where there is no magnetic field, coil gaps where the copper
coils that would generate the magnetic field would be placed, etc. After this, the muon

response with fixed energy and zenith angle was studied in the entire central region.

It was found that the simulated ICAL has a very good direction resolution, better
than a degree, over most of the range of energy and zenith angle, and that the response
was similar for both x* and p~. The momentum resolution is about 9-14% while the
reconstruction efficiency is about 80% in most of the regions. The relative charge iden-
tification efficiency for most of the energies is about 98% (See Figs. 3.14, 3.18, 3.19, 3.21
and 3.22). Hence these studies indicate that ICAL is suitable for studying neutrino
oscillations through the CC muon channel in atmospheric neutrinos. In fact, these re-
sults have already been used to find the sensitivity of ICAL to the neutrino oscillation

parameters and mass hierarchy [24, 37, 38].

Later on, studies of the muon response in the peripheral regions of the detector
were conducted. Here the magnetic field strength is less compared to the central re-
gion and is nonuniform, so the results are slightly worse than in the central region.
Additional selection criteria were devised to improve the performance of the detec-
tor in these regions; details of this study are not part of this thesis. A detailed study

of the physics reach of ICAL using these complete results is underway; in the mean-
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while, these results are also useful to study cosmic ray muons which form the major
background to the oscillations physics studies. The high energy cosmic ray muons in
particular are interesting in their own right since the cosmic ray muon charge ratio has
important implications for understanding primary cosmic ray interactions as well as
in determining atmospheric neutrino fluxes more precisely at high energies (few 100
GeV). The study of these high energy cosmic ray muons form the next component of

this thesis.

The sensitivity of ICAL to the atmospheric muon charge ratio was investigated.
These cosmic ray events can be separated from the atmospheric neutrino events using
the event topology since the former enter the detector from one of its 5 faces (except
the bottom) from outside while the muons produced in CC interactions of atmospheric
neutrinos are generated inside the detector. Having an excellent charge identification
efficiency, ICAL can distinguish between p* and p~ in the secondary cosmic rays. A
code was developed to generate the cosmic ray muon spectra at the ICAL detector site

and study the sensitivity of ICAL to the muon charge ratio.

For this study, the cosmic muon energy and angular spectra at sea level were gen-
erated separately for 1 and ;i according to the modified Gaisser’s formula (so-called
“pika” model, Eq. 4.4.1). These muons were then propagated through the rock to the
detector using Bethe-Bloch energy loss formulae. The slant depth or distance traversed
by the muons before they reach the detector is calculated using the topographical map
of the Bodi West Hills. Typically only muons having surface energy above 1600 GeV
reach the detector. At the detector, muons with energies up to 100 GeV were consid-
ered for the analysis; above 100 GeV, the charge identification efficiency reduces below
~ 97% and additional corrections due to charge misidentification need to be consid-

ered.

These events were propagated through the ICAL detector and reconstructed for
their momenta and direction (£, 0, ¢). The inverse process was used to propagate the
reconstructed muons back to the surface and determine their surface energy and zenith
angle. The muon charge ratio was then calculated as a function of the zenith angle
and surface muon energy. It was found that an efficiency correction improves the re-
constructed charge ratio so that it is the same as the theoretical (input) value within
statistical fluctuations. The study showed that ICAL has a very good sensitivity to the

atmospheric muon charge ratio in the surface muon energy range from 1.6 TeV to 10
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TeV (See Figs. 4.6 — 4.11). The sensitivity to charge ratio for energies greater than 10
TeV can also be probed with a larger data set, by including events in the detector with

energies beyond 100 GeV; this study will be part of a future work.

The second part of the thesis consists of an experimental study where the opera-
tion of resistive plate chambers were investigated. For the underground experiments
like ICAL, the stable and long term operation of the detector is very crucial. Two
bakelite RPCs were fabricated and the dependence of the performance of the RPCs
on the external temperature and relative humidity was studied in detail. Preliminary
studies of glass RPCs were also conducted. The bakelite RPCs were operated both
in avalanche mode and streamer mode whereas the glass RPC was operated only in
avalanche mode. The RPCs were tested using a cosmic ray test setup. The RPCs were
placed inside a box where a constant temperature and humidity could be maintained
during the measurement. The temperature was varied in the range 21-28°C and the
relative humidity was varied between 53% and 66%. The parameters like leakage cur-
rent, noise rate, plate resistance, efficiency and timing characteristics of RPCs were

measured for different values of temperature and humidity.

It was found that for bakelite RPCs, the leakage current increases with increase in
temperature and humidity. Using the leakage current values, the plate resistance of
bakelite as a function of temperature and humidity was calculated. The bakelite re-
sistance decreases as the temperature and humidity increase, which can be the reason
for the increase in the leakage current. The noise rate of bakelite RPC was found to
increase with temperature, but decrease with the increase in humidity. For all tem-
perature and humidity values the efficiency of RPCs in the plateau region was about
90%, both for bakelite and glass RPCs. The time resolution and the arrival time were
found to decrease slightly as the temperature increased for lower RPC threshold. At
higher threshold, the time resolution value is independent of the temperature. Though
the arrival time is not affected by the increase in humidity, the time resolution slightly

worsened as humidity increased (See Figs. 6.7 — 6.13, 6.16).

The effect of temperature variation on the performance of RPC is more prominent
compared to the humidity. The operation of bakelite RPCs is found to be stable at the
temperature around 21-25°C and relative humidity ~ 53-60%.
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7.1 Open issues and future work

The low energy cosmic rays are a background to the neutrino events in the ICAL de-
tector. The vertex of the neutrino events are inside the detector while the cosmic ray
muons enter from outside. Hence the cosmic ray events can be separated from neu-
trino induced events using the event topology. But the separation of these events is not
perfect because of the efficiency of the RPC, which is about 95% and the RPCs at the
edge of the detector may not give signals from the cosmic ray muons. The effect of this
background can be studied as an extension of the current work on cosmic ray muons.

The very high energy cosmic ray muons (~ PeV) lose energy as they pass through
rock and reach ICAL with 10-100 TeV energies. They pass through the detector with-
out bending in the magnetic field, but produce e* — e~ pairs which generate cascades
that are distinct from lower energy muons tracks or even hadron showers. These so-
called “pair-meter” events can be separated from other cosmic ray events and neutrino
events. This can also be studied in detail.

The anomalous behaviour of the humidity dependence on RPC noise rate variation
as observed in the course of this work, needs more detailed investigation as well as
simulation studies which will be taken up in future. Though a preliminary study of
performance of glass RPCs under variable environmental conditions was attempted in
course of this work, a detailed study is also required.

Finally, the simulation study of the muon response of the detector needs to be
validated against data. The data from the ICAL prototype detector which will be oper-
ational soon, can be used for this, although it would be ideal to use suitable test beams
for this validation. The cosmic ray muon charge ratio at lower energies can also be

measured using the prototype detector which will be placed at the sea level.
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