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Chapter 1

Synopsis

Neutrino is an elementary particle proposed by Wolfgang Pauli in 1930 to explain 5-decay. Since
then studying the properties of neutrinos has been exciting in the field of particle physics. Neu-
trinos are the second most abundant particles in our universe after photons. Several experiments
have given us interesting insights about these particles like a) they come in three flavours, even
though it was predicted by Standard Model that they are massless, b) they oscillate during the
course of their travel which implies that they are not massless, and so on. But at the same
time many questions remain unanswered and many more emerged like, a) what are their exact
masses, b) are they Dirac or Majorana particles, ¢) what can they say about the physics beyond
Standard Model, d) can they explain the matter-antimatter asymmetry, e) are there sterile neu-
trinos and many more. In the context to these unanswered and open problems, India has taken
an initiative to answer a few questions like (i) how the masses of neutrinos are arranged (ii) are
they Dirac or Majorana particles (iii) are there sterile neutrinos (iv) are there Non Standard
Interactions (NSI) in neutrino oscillations etc. This initiative has given birth to the India based
Neutrino Observatory (INO). INO will be a multi-institutional underground neutrino laboratory
which will accommodate several experiments like Iron CALorimeter (ICAL), Neutrino-less Dou-
ble Beta Decay (NDBD) and Dark matter searches at INO (DINO). INO will be built within a

large underground cavern with ~1 km or more rock overburden situated under Bodi West Hills
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near Pottipuram village, 110 km away from the city of Madurai,in Theni district of Tamil Nadu
in Southern India. This thesis aims at the development of a detector proposed to be used in
INO-ICAL experiment and a few physics aspects to be addressed by INO-ICAL.

The work done in this thesis can be divided into two broad categories as follows:-

e Development of large size Resistive Plate Chamber for the Iron Calorimeter (ICAL) in the

India based Neutrino Observatory (INO)

A large size (240 cm x 120 cm x 0.2 cm) oil-free single gap bakelite Resistive Plate Cham-
ber (RPC) has been developed for INO-ICAL to detect muons for studying the oscillations
of atmospheric neutrinos and characterized with cosmic rays. As a part of the R&D pro-
gramme, several small size single gap and multi-gap resistive plate chambers have also

been developed.

e Probing the earth matter density through INO-ICAL
INO-ICAL has a unique feature that it can also be used to probe the matter density
profile, especially that of the core of the earth, as the amount of oscillation depends on
the matter density that the atmospheric neutrinos pass through. Studying the oscillation
parameters of atmospheric neutrinos in INO-ICAL will help to scan the density profile of
the earth’s core. In this thesis, A model based study to estimate the sensitivity of INO-

ICAL to this profiling has been done.

1.1 Probing The Earth-Matter Density Through INO-ICAL.

We have made use of widely used models to study the sensitivity of INO-ICAL to the density of
the core of the earth. The models used are, a neutrino generator (GENIE), atmospheric neutrino

flux (HONDA flux) at Theni, Southern India and ICAL detector response using GEANT4. The
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neutrino oscillation has been used as the tool to profile the density of the core of the earth. During
the course of their travel, neutrinos oscillate from one flavour to another. The probability of
their oscillation gets enhanced when a neutrino passes through matter. As the neutrinos are
weakly interacting, the whole earth is nearly transparent to them. Since the core of the earth
is highly dense, the magnitude of oscillation of the neutrinos or anti-neutrinos passing through
the core is higher than that of those passing through the mantle or the crust of the earth. Also
the up-coming neutrinos or anti-neutrinos passing through the core oscillate more than that of
down-going neutrinos or anti-neutrinos as the up-coming ones travel larger distance than that
of down-going ones. With the help of RPCs as active detectors and magnetized iron plates
for bending the muons produced by neutrinos interacting with these iron plates, INO-ICAL
can distinguish between up-coming and down-going neutrinos (anti-neutrinos). The energy of a
neutrino is obtained with the help of bending of the muon produced by the neutrino interaction
with iron plates in INO-ICAL.

In this work, the variation of the ratio of the number of up-coming neutrinos to the number
of down-going neutrinos at a particular time interval v/s “L/E”, where “L” is the distance
traveled by the neutrinos and “E” is the energy of the corresponding neutrinos, has been used
as a tool. The final number of neutrinos, corrected for the response function of the ICAL was
obtained by GEANT simulation. This variation gives us several “dips”. The locations and
values of these dips have been found to be sensitive to the neutrino oscillation parameters which
are again sensitive to the density of matter through which the neutrinos pass. A comparison of
the locations and strengths of these “dips” by tuning the density of the core of the earth while
keeping the six oscillation parameters fixed, helps us in profiling the density of the core of the
earth. From the comparison it has been seen that INO-ICAL is sensitive to >5% change in the

density of the core of the earth from the Preliminary Reference Earth Model (PREM).
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1.2 Development Of Resistive Plate Chambers (RPCs) For Neu-

trino Experiments

INO-ICAL[2] of dimension ~ 48 m x 16 m x 14 m will consist of ~ 50 kT magnetized iron
plates stacked in 151 layers. About 30,000 single gap RPCJ[I] modules each of dimension ~ 200
cm X 200 cm x 0.2 ¢cm sandwiched between 151 layers of iron plates will be used as tracking
layers. RPCs, because of very good time resolution, will be capable of differentiating between
up and down going neutrinos in INO-ICAL. The RPC modules to be used in Deep Underground
Neutrino Experiment (DUNE)[3] at Fermilab, USA, are of dimension 200 cm x 100 cm x 0.2
cm.

As a part of this programme, Variable Energy Cyclotron Centre, Kolkata, India, has been
actively taking part in the development of large size (240 cm x 120 ¢cm) RPCs using High
Pressure paper Laminates (HPL), commonly referred as bakelite, that has been proposed to be
used in INO-ICAL or in the Near Detector (ND) of DUNE. As a part of the detector R&D,
a large size single gap oil-free bakelite RPC has been developed. Various grades of bakelites
procured from the local market have been tested for their suitability to build RPCs. A small
(30 cm x 30 cm) RPC was built using the selected suitable grade bakelite and the chamber
has been successfully tested using cosmic rays. The successful results of 30 cm x 30 cm RPC
encouraged us to develop a large size RPC module with same grade material.

My thesis deals with the material characterization, fabrication and testing of the small and large
modules. In this work, unlike standard procedure of using oil for smoothening the electrode

surface, we have used oil-free electrodes, thereby eliminating a major fabrication step.

1.2.1 Fabrication and testing of a small (30 cm x 30 cm x 0.2 cm) oil free

bakelite RPC

A single gap (30 cm x 30 cm x 0.2 cm) bakelite RPC using 0.3 cm thick bakelite electrodes

has been fabricated. The bakelite sheets were procured from Indian bakelite industry. A gap
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of 0.2 cm was maintained between these electrodes with the help of 4 button spacers, each of
diameter 1 cm and height 0.2 cm and 4 side spacers each of length 28 cm and height of 0.2 cm.
Two gas nozzles have been used in the module. The outer surfaces of both the electrodes were
painted with conducting graphite paint mixed with a special thinner in 1:1 ratio in order to
apply uniform electric field across the plates. The RPC has been tested with cosmic rays in a
standard cosmic ray test set-up. We have used three plastic scintillators - two paddle scintillators
(20 cm x 8.5 cm) and one finger scintillator (7 cm x 1.5 cm). The overlap area between the
scintillators has been used to obtain the cosmic ray efficiency for a particular set-up. Various
detector parameters like I-V characteristics, leakage current stability, efficiency, noise rate have

also been measured. An efficiency plateau was obtained beyond total applied high voltage of
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Figure 1.1: [Colour online] Variation of efficiency with applied high voltage of the small bakelite
RPC module.
8000 V. The efficiency, as shown in Figure was found to be ~98% whereas the noise rate
was found to be ~1.7 Hz/em? at 9000 V. A linearly varying behaviour of the noise rate with
the applied voltage is shown in Figure [T.2]

With the successful development of small size (30 cm x 30 cm x 0.2 cm) bakelite RPC, we

have also developed a large size (240 cm x 120 cm x 0.2 ¢cm) bakelite RPC.
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Figure 1.2: [Colour online] Variation of noise rate of the fabricated the bakelite RPC with
applied high voltage.

1.2.2 Fabrication and testing of a large size (240 cm x 120 cm X 0.2 cm oil

free bakelite RPC

For the fabrication of the large area RPC, we have followed the standard procedure of RPC
fabrication. Figure shows the photograph of the complete RPC and Figure shows the

complete RPC with the pick-up panels on it. Each pick-up panels are made of ~(125 cm x 105

Figure 1.3: [Colour online] Photograph of the large bakelite RPC.

cm x 0.15 cm) FR4 sheet sandwiched between ~(125 cm x 105 cm x 0.0035 cm) copper sheets.
The copper pick-up strips are 2.5 cm in width, with a gap of 0.2 cm between adjacent strips.

During fabrication, special care has been taken to ensure good planarity of the electrodes.
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Figure 1.4: [Colour online] Photograph of the large bakelite RPC with pick-up panel.

We have studied the efficiency and noise rate of the chamber at a signal threshold of -20
mV. Figure [I.5]shows the variation of efficiency with the total applied voltage showing a plateau
of >95% above 8400 V. The variation of efficiency, temperature and relative humidity during
the testing period is shown in Figure The noise rate variation as a function of the applied
voltage is shown in Figure During this test, the noise rate of the RPC has been found

to be ~0.75 Hz/ecm? at 9000 V. Efficiency of the chamber has been measured at 16 different
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Figure 1.5: Efficiency of the chamber as a function of the applied voltage. The error bars are within
the marker size.

locations of the detector at 9000 V, eight at the edges of the RPC and eight away from the
edges. Figure[I.8shows these locations over the RPC surface along with the measured efficiency

values and Figure [I.9) shows the distribution of efficiency measured at these locations. The
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Figure 1.7: Noise rate of the chamber as a function of the applied voltage. The error bars are within
the marker size.

figure clearly shows two distinct groups, the edges of the RPC are relatively low efficient as the
probability of distortion of the electric field and the non-uniformity of gas-flow are higher at

these regions. The average efficiency is found to be >95%.

Time resolution

The time resolution of the RPC has been measured only at a central location of the chamber
using a 16 channel PHILIPS SCIENTIFIC 7186 TDC module. Figure shows the uncorrected
time spectra of the RPC at 9000 V. The final RPC time resolution (0$%55°“?) has been extracted

from the Gaussian fit after removing the contribution of the three scintillators. Figure shows
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Figure 1.9: Efficiency measurement at various locations on the RPC surface.

the variation of time resolution (o$955*?) of the large RPC as a function of the applied voltage.
RPC g

The best value of the time resolution has been found to be ~0.83 ns at 9000 V.

1.2.3 Long term performance testing of the large oil-free bakelite RPC

In the following subsections, the test results over a period of 60 days have been discussed.

Current stability

Figure shows the variation of current for both the electrodes. The top and middle figures

show the current variation for the first and second electrodes respectively whereas the bottom
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Figure 1.11: Time resolution (c%rrsete?) as a function of the applied voltage.

figure shows the average current of both the electrodes. We have calculated the bulk resistivity of
the chamber from the average current values which is shown in Figure The bulk resistivity

of the chamber was found to be ~ 9 x 1013 Qcm.

Efficiency and noise rate

The efficiency of detection of cosmic muons and noise rate of the chamber were also monitored
continuously for 60 days. The values of efficiency and noise rate have been shown in Figure|1.14
and Figure respectively. The efficiency and noise rate of the chamber have been found to be

>95% and ~ 0.75 Hz/em? respectively. Both have been found to remain stable over the entire
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Figure 1.13: [Colour online] Variation of bulk resistivity of the chamber with time.

testing period.

Time resolution

Figure shows the variation of time resolution (o) over the entire testing period. The average

time resolution of the chamber was found to be ~ 0.83 ns.
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Figure 1.15:  [Colour online] Noise rate of the chamber over a period of 60 days. The error bars are
within the marker size.

1.3 Use Of MRPC For TOF-PET (Time-of-Flight Positron Emis-

sion Tomography)

We are also working on a project using Multi-gap Resistive Plate Chambers (MRPCs) for medical
applications. MRPC, because of its excellent time resolution is considered to be a potential
candidate of TOF-PET systems. In order to explore this avenue, a pair of small sized (18 cm
x 18 cm) 5-gap glass based MRPC’s have been built and a system of 511 keV photon pair
detection from a Na?? source has been setup. The chambers, on an average, give ~ 300 ps time

resolution.
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Figure 1.16: [Colour online] Time resolution (o) of the chamber over a period of 60 days.

In this work so far, (a) coincidence rate of two photons using the MRPCs have been obtained (b)
preliminary proof-of-principle of TOF-PET imaging has been established by shifting the Na-22
source and obtaining the peaks of the time spectra. We have used two MRPC modules to detect
the back to back photons and two plastic scintillators to eliminate the cosmic muons in our
measurement by veto method. We have changed the position of the source and found that the
difference between the mean of the two fitted TDC spectra at two locations is 35 TDC channels
corresponding to a time difference of ~ 0.850 ns. This translates to ~13 cm and matches with

the distance between the two locations of the source.
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Chapter 2

Introduction

I have done something very bad today by proposing a particle that cannot be detected;
it is something no theorist should ever do.

Wolfgang Pauli

What do we see when we look deep into the universe 7 We see millions and millions of stars,
galaxies and other celestial objects. But there is something which we do not see even though
they are there right from the beginning of our universe. These are tiny little neutral particles
called neutrinos. Neutrinos were created at a time of less than a second after the Big Bang [I]
and they are still there as they do not easily interact with anything. Trillions of neutrinos pass
though our body every second and we don’t even feel it as they are weakly interacting particles.
Neutrinos played a crucial role in the formation of the universe and our existence. They are
playing important roles in several incidents in the universe like death of starts, shinning of stars,
formation of stars and so on. Its own proposer doubted if anyone would ever detect them. But
they are everywhere right from inside giant stars, black holes to the earth’s surface and even in
the empty space of the universe.

Neutrinos are one of the most exciting fundamental particles ever known. Studying their
properties and interactions have been one of the most exciting and vigorous activities in particle

physics and astrophysics ever since Pauli first proposed their existence in 1930. They were first
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detected in 1956 by F. Reines and C.L. Cowan. Initially, they were considered to be massless
but now we know that they have tiny masses. They are the most abundant particles in the
universe after photons. There are ~340 neutrinos/cc in the universe. Among all other particles,
neutrinos have the widest range of energy spectrum. Figure|2.1|shows the known range of energy
of neutrinos along with their fluxes. They only experience weak and gravitational interactions.
In spite of such a large flux of neutrinos, they are very hard to detect as they are weakly
interacting. They are excellent probes for weak interaction studies. In spite of their weakly
interacting nature, we have accumulated an enormous amount of knowledge about neutrinos
over the past few decades. There are three different flavours of neutrinos known till date. They
are vy, Ve and v,. Their antiparticles also come in three flavours v.i.z v,, V. and 7;. These
neutrinos and anti-neutrinos change from one flavour to another during the course of their travel.
This phenomenon is known as ”neutrino oscillation”. Neutrino oscillation proved that neutrinos
have mass. However, we still do not know the absolute values of their masses and some aspects

of their flavour mixing.
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Figure 2.1: [Colour online] Neutrino flux versus neutrino energy [2].
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2.1 A Brief Introduction to Neutrinos

With the discovery of radioactivity of uranium in 1896 by Becquerel, mankind started to learn
about the weak interactions. Three years later, o and 8 were introduced as two different by-
products by Rutherford with « to be discovered later. In 1914, the then physicists started to face
a very puzzling problem when Chadwick demonstrated that the S-spectrum was continuous, in
contrast to a and ~-rays which were unique in energy. This astonishing result was confirmed
in 1927 by Ellis and Wooster and a question mark arose on energy conservation in beta decay.
N. Bohr suggested that, perhaps energy conservation held only in a statistical sense. Meitner
demonstrated that the missing energy could not be ascribed to v-rays leading to the idea of the
existence of a new particle that might explain the missing energy. With this idea, W. Pauli tried
to combine problem of the spin and statistics of nuclei with the problem of the continuous beta
spectrum, without abandoning the conservation of energy and proposed, in an open letter to
a physics conference at Tibingen on 4 December 1930, addressed to “Dear Radioactive Ladies
and Gentlemen”, that the existence of a neutral weakly interacting fermion emitted in $5-decay
could solve the problems [3] and called this neutral fermion neutron. E. Fermi renamed the
Pauli particle the neutrino after J. Chadwick discovered the neutron as we know it today in
1932. In 1933, Fermi [4] and Perrin [5] independently concluded neutrinos could be massless!
The first published reference to the neutrino is in the Proceedings of the Solvay Conference of
October 1933.

In 1934, H. Bethe and R. Peierls predicted the strength of neutrino interactions and claimed
by that neutrinos might never be observed [6]. But in the early 1950’s, urged, in particular by B.
Pontecorvo, F. Reines and C.L. Cowan searched for a way to measure inverse S-decay, in which
an anti-neutrino can produce a positron. By using a large flux of anti-neutrinos from a nuclear
reactor and 10 ton of equipment, including 1400 liters of liquid scintillators, they successfully
detected neutrino, in fact electron anti-neutrino (7.). This experiment was the first reactor
neutrino experiment. In June of 1956, Reines and Cowan sent a telegram informing Pauli of the

discovery [7] [8]. Reines (Cowan passed away) was awarded the Nobel prize 40 years later in
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1995. Figure shows Pauli’s reply.
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Figure 2.2: [Colour online] The letter Pauli sent in response to Cowan and Reines’s telegram.

In 1962, L.M. Lederman, M. Schwartz and J. Steinberger et. al. [9] discovered the existence
of the muon neutrino (v,) at the Brookhaven National Laboratory (BNL). This experiment
utilized an enormous amount of iron shielding plates cut out of the battleship USS Missouri
and marked the first serious accelerator neutrino experiment. The detection of tau (7) neutrino
(v;) was reported in July 2000 by DONUT (Direct Observation of the Nu Tau) collaboration.
The DONUT experiment in Fermilab was built during the 1990s to specifically detect the tau
neutrino. The detection of v, completed the three lepton families, consisting of three charged
leptons (e, p, 7) and the associated neutrinos (ve, vy, v7r).

Neutrinos played an important role in the discovery of parity violation. The violation of
parity in weak interactions was first proposed by Lee and Yang in an attempt to solve the
famous 7 - 0 puzzle[I0]. C.S. Wu showed that there is forward - backward asymmetry of the
electrons emitted from the 3 decay of polarized %°Co and hence the parity violation[TT]. Neutrino
oscillation opened the window on physics beyond Standard Model (SM) as SM predicted that
neutrinos are massless. But the famous ”solar neutrino problem” and its solution unveiled that

neutrinos oscillate and they are massive. The discovery of existence of neutrinos led to a new
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field of research which may reveal many truths about the universe including our own existence.

2.2 Sources of neutrinos

Neutrinos are emitted from several processes. The sources can be classified broadly as natural
and man-made. The energy, flux and process of generation of neutrinos depend of the kind of
source they emerge from. As their interaction cross section is very low, they prove to be very
efficient messengers of their sources. Hence they are also known as “messenger particles”. This

section discusses the important sources of neutrinos.

2.2.1 Solar neutrinos

The Sun is a very powerful source of neutrinos, specially electron neutrinos, of energy of the
order of 1 MeV. These neutrinos are produced in the thermonuclear fusion reactions in the
core of the sun. As the interaction of neutrinos with matter is very weak, practically all the
neutrinos produced pass undisturbed through the interior of the sun. The solar neutrino flux
on the earth is ~6x10'° cm~2s~! [I2]. The solar neutrinos were first detected in 1970 in the
Homestake Experiment [13], [I14]. The Sun shines because of the energy produced in its core by
thermonuclear reactions. There are many models which predict about these thermonuclear reac-
tions. According to the Standard Solar Model [15], these thermonuclear reactions are exothermal

thermonuclear fusion of hydrogen to helium. This process can be written as

4p = He + 2e™ + 2v, + 26.731MeV (2.1)

This energy is released in the form of photons or kinetic energy of the neutrinos (only a small
fraction). The kinetic energy of He nucleus is negligible because of its large mass. Extremely
large number of these reactions taking place inside the core of the Sun results into such a huge

flux of v.. We, on the earth, receive only a small fraction of the solar neutrinos. Figure
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shows the flux of the solar neutrinos along with their energy. The energy production mechanism
inside the sun can be divided into two cycles: (i) Proton — Proton (PP) cycle, and (ii) Carbon
— Nitrogen — Oxygen (CNO) cycle. Figure and Figure show production mechanisms of
solar neutrinos by PP-cycle and CNO cycle respectively. Figure shows the solar neutrino

energy spectrum along with the uncertainities [16].
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Figure 2.3: [Colour online] Production of solar neutrinos by pp chain [12].

2.2.2 Atmospheric neutrinos

We know that primary cosmic rays consist of mostly protons with a small fraction of heavier
nuclei. When these primary cosmic rays interact with the nuclei in the atmosphere, they gen-
erate secondary cosmic rays which consist of hadrons and their decay products. In particular,
many secondary pions are produced. These pions mainly decay into muons and corresponding

neutrinos as follows :

41



(150)

Figure 2.4:

Flux {cm=2 s~1)

Figure 2.5:

BC+p— BN+~

BN - BC+et +uv,

(JSN)

(17F)

//F_"\__ .
BN +p — 2C + 'He J'\CN; BC+p— YN+
99.9%
B0 5 BN + et + v UN+p =150+~
0.19%
BN+ p — 160 +~ 70+ p — YN+ He
lrao_’_p_) 1?11‘_’_,]_ 1711‘_) 170_'_!:. +Vg
[Colour online] Production of solar neutrinos by CNO cycle[12)].
1012 T T
104 m Bahcall-Serenelli 2005 1
PP 1%
10° Neutrino Specirum (tlc) -
1ol "Be—+{+10.5% ol
1o | ’__“:N-"':: ------ ;::;}?7 N
,’BD"’-— ‘I’ ] )
107 " 11| N
- T 1
-t N
108 i b e T 1 a 1
- Thes L]
108 [ +10.5% | ]
LT
104 /’ i 3
1
LE 3 - 1 1
10 : heps *
102 v L -
L+
101 L L

Neutrino Energy in MeV

at

42

—)/L++I/M

[Colour online] Flux of solar neutrinos[16].

(2.2)



T =+ U, (2.3)

At sufficient high energies, kaons also contribute to the production of muons. Before reaching

the earth’s surface, these muons decay as follows:

pt—=et +re+, (2.4)

poo—=e + v+, (2.5)

Figure [2.6] shows a schematic of the production of the atmospheric neutrinos.

Figure 2.6: [Colour online] Production of atmospheric neutrinos. [12]

The energies of atmospheric neutrinos vary from ~100 MeV to ~100 GeV. These atmospheric
neutrinos are produced ~15 km above the earth’s surface. In order to detect these muon

neutrinos (anti-neutrinos), the detectors must be underground so that a suitable shielding can
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be provided to the cosmic muons. The earth provides a wide range of baselines (path lengths of
neutrinos travelling from the point of production to the detector) from ~few hundreds of km to
~13000 km for the detection of atmospheric neutrinos. From equations [2.2] 2.3] 2.4] and [2.5] it

is clear that at energies <1 GeV, the neutrino fluxes satisfy the following ratios :

(Gv, +¢5,)/ (v + Ow.) =2, b, /b5, 21, Gu./dp. ~ Pur /by (2.6)

At higher energies the number of muons hitting the earth’s surface before decaying increases
resulting in the increase in the ratio of (¢,, + ¢v,)/(¢v. + ¢5.). The basic principles of
detection of atmospheric neutrinos were already known in the 1960s. In 1965 two groups reported
the observation of atmospheric neutrinos by detectors in the Kolar Gold Field Mine in South

India[I7],[18] and in the East Rand Proprietary Gold Mine in South Africa[19].

2.2.3 Relic neutrinos

The Big Bang Theory predicted the existence of the cosmic neutrino background (CvB). The
properties of CvB are closely related to cosmic microwave background. The Big Bang relic
neutrinos are the second most abundant particles in the universe. There are ~336 cm ™3 relic
neutrinos. They are an essential ingredient of the Standard Cosmological Model. At the be-
ginning of the universe, the neutrinos were in thermal equilibrium with other particles through
weak interaction in the hot plasma. As the universe expanded, it cooled resulting a decrease
in the rates of weak interaction processes. As these rates became smaller than the expansion
rate and the neutrinos were relativistic, they decoupled. These neutrinos are hot relics. The
kinetic energy of these neutrinos are predicted to be ~10~%eV which results into even smaller
interaction cross-section (~107%cm?) with matter. Hence, the detection of relic neutrinos is
very difficult and challenging with today’s technology and experimental techniques. As relic

neutrinos are produced during the Big Bang and weakly interacting, they are predicted to be
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good probe to the early universe.

2.2.4 Accelerator neutrinos

Accelerator neutrinos are produced by the decay of charged pions and kaons. When a beam
of high energy protons is bombarded on a specific target, several particles like pions and kaons
are produced. The charged pions and kaons are focussed using a magnetic horn towards an
evacuated decay tunnel where they eventually decay to muons and neutrinos. The remaining
mesons and the produced muons are absorbed in a beam dump at the end of the tunnel. This
ultimately, produces a neutrino beam consisting of muon neutrinos. Another way of producing
accelerator neutrino beam is by the semi-leptonic decay of the charmed particles. These particles
are produced when a high energetic proton beam is stopped by a thick target generating heavy
hadrons. These charmed heavy hadrons decay producing equal fluxes of high energy electrons

and muon neutrinos.

2.2.5 Supernovae neutrinos

Supernovae are extremely powerful explosions which terminate the life of some stars. Supernovae
produced by the collapse of the core of massive stars produce large fluxes of neutrinos that
could be detected on the Earth. The supernovae neutrinos are produced by the electron capture
of nuclei and free protons. The hot core of the resultant proto—neutron star, too, produces
neutrinos through various processes. As neutrinos are weakly interacting, they easily escape
the highly dense core of these stars and may reach the earth earlier than the photons from the
explosion. The flux of the supernovae neutrinos is very high, hence they are very efficient source
to study supernovae as well as neutrino characteristics. Neutrinos of all flavours are produced
in the hot core of the proto-neutron star, which has a temperature of about 40 MeV, through
electron—positron pair annihilation. The only supernova that has been detected through the
neutrino burst is The SN1987A which has provided landmark results in the neutrino astronomy

[20], [210, [22].
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2.2.6 Galactic and extra galactic neutrinos or Astrophysical Neutrinos

Astrophysical sources like Gamma-Ray Burst (GRB), Active Galactic Nuclei (AGN) emit neu-
trinos with very high energy. Astrophysical sources like Supernova Remnants (SNRs), AGNs,
GRBs can accelerate protons to very high energies by the Fermi acceleration mechanism. Ultra

high energy (UHE) neutrinos are produced by the interaction of these protons with matter or

+

soft photons by several processes like py, pp — 7+ X, 7+ — ,uiu# V), pt — eiﬁu (Vu)ve(Pe)

with a flux ratio of ¢,, : ¢Vu : ¢y, 1 : 2 : 0. These neutrino fluxes do not get bent in
the interstellar magnetic field. As the flux of these neutrinos reaching the earth is very low,
large volume neutrino telescopes are required to detect them. One such telescope, the IceCube
detector has already detected a total of 37 neutrino events with deposited energies ranging from

30 TeV to 2 PeV [23], [24], [25]. The event with 2 PeV energy is the highest-energy neutrino

event ever observed.

2.2.7 Reactor neutrinos

Nuclear reactors are copious sources of artificially produced neutrinos. These neutrinos are
mainly electron anti-neutrinos. These are produced by the chain -decays of the fission products.
The flux of these neutrinos is very high which ultimately depends on the power of the reactor.
The power generated by a conventional nuclear reactor is mainly due to the fission of four isotopes
U-235 (~56%), U-238 (~8%), Pu-239 (~30%) and Pu-241 (~6%). The reactor electron anti-
neutrinos are detected through inverse neutron decay process. In fact the first neutrino detected
was reactor electron anti-neutrino by this process [7], [§]. The energy of reactor neutrinos varies

from 0.1 MeV to ~10 MeV.

2.2.8 (Geo-neutrinos

Geo-neutrinos are electron anti-neutrinos emitted in 8- decay of a radionuclide like U-238, Th-
232, K-40, naturally existing inside the Earth [26], [27], [28]. These are produced by the following

decay schemes:
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281 2% ph 4 8+ 8e™ + 67, + 51.7TMeV (2.7)
227h 28 Ph 4 6o+ de” + 4T, + 42.TMeV (2.8)

Vg 0 Ca+ e +7,+ 1.31MeV (2.9)

As the geo-neutrino flux and the radiogenic heat generated are in a well fixed ratio, a precise
measurement of the flux of these neutrinos can provide crucial insight to the radiogenic heat

developed and thereafter to the composition to the inner structure of the earth.

2.3 Neutrino Oscillations

Neutrino oscillation is a quantum mechanical phenomenon in which a neutrino of certain flavour
with certain energy oscillates into another flavour during the course of its travel. It was first
proposed in the late 1950s by Pontecorvo in analogy with K © - K" oscillations [29], [30]. Before
the discovery of neutrino oscillations, neutrinos were considered to be massless by the Standard
Model. Other than neutrino oscillation experiments, no experiments have been performed so
far that have detected conclusive deviations from the Standard Model. It is very difficult to
understand how neutrinos get their mass, however small they are, and how they are mixed.
Thus neutrinos play an important role to understand the new physics beyond Standard Model.
The famous “solar neutrino problem”led to the discovery of neutrino oscillations. Solar neutrino
problem was the deficit in the observed solar electron neutrino flux with respect to the predicted
solar electron neutrino flux produced in the Sun by the Standard Solar Model. The solar
electron neutrino flux was first measured in the Homestake experiment [13], [14] which led to
the discovery of solar neutrino problem. This was later confirmed by the observations of the
Kamiokande, GALLEX/GNO, SAGE, Super-Kamiokande, and SNO experiments. In 2002, the
results of the SNO experiment [33] proved useful in solving the solar neutrino problem. The

depletion in the solar neutrinos was found to be due to the oscillations of v, into v, and v inside

47



the Sun by the MSW resonance conversion effects. The SNO collaboration determined the total
number of solar neutrinos of all types (electron, muon, and tau) as well as the number of just
electron neutrinos by combining the SNO and the Super-Kamiokande measurements. The total
number of neutrinos of all types agreed with the number predicted by the solar model. Electron
neutrinos constitute about a third of the total number of neutrinos. But Pontecorvo predicted
the “solar neutrino problem”even before the first measurement of the solar electron neutrino
flux. The discovery and confirmation of neutrino oscillation led to Nobel prize to Prof. Takaaki
Kajita and Prof. Arthur B. McDonald in 2015.

This section discusses the neutrino oscillations in vacuum and matter.

2.3.1 Neutrino oscillation in vacuum

According to the standard theory of neutrino oscillations, a neutrino of flavour a (v,) with
momentum p, is a superposition of massive neutrinos, vy (mass my) with weights proportional

to U}, and can be written as

Vo) =Y Uslw)  (@=eum7) and  (k=1,2,3) (2.10)
k
where, U, is known as the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix or the lepton

mixing matrix. The PMNS mixing matrix can be written as

c12€13 512€13 s13e”"

U= —si2co3 — c12823€" C12C23 — $12523513€" 593€13

i i
512823 — €12€23513€"°  —C12523 — S12C23513€"  C23C13

The massive neutrino states |vg) are the eigenstates of the vacuum Hamiltonian,

Holvk) = Ex|vi) (2.11)
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with energy eigenvalues

Ep = \/p?+m? (2.12)

Using the time dependent Schrodinger equation, the time evolution of the state can be written

as
va(t)) = > Uspe™ ¥ |u) (2.13)
k
so that,
[Va(t =0)) = |Va) (2.14)
Using the unitary relation of U, the massive states can be expressed in terms of flavour states
as

‘Vk> = ZUak‘Va> (215)

Substituting equation (2.12) in equation (2.10), we get

va(t)) = D O Uske "+ Usi)lvg) (2.16)
k

B=e,p,T

The amplitude of v, — v is the coefficient of |v3),
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Aramay 1) = lvat) = S Usu U™ (2.17)

The probability of neutrino oscillation from one flavour to another flavour (P, —.,), known

as transition probability, is given by

Py (t) = |Ave s, (O =D U UpiUaUpje "B Eo)! (2.18)
k,j

For ultra-relativistic neutrinos,
2
Am

E,—FE;~ 2Ej’ where, Amij = (m2 — m?) and FE = |p| (2.19)

With the above substitution in equation (2.15), it becomes,

Amkj

Va—>VB Z kUﬁkUajUﬁjexp( 2F

(2.20)

In neutrino oscillation experiments, the propagation time t is not measured. What is known
is the distance traveled by the neutrino(s) (L) between the source and the detector. Since the
neutrinos are ultra-relativistic, it is possible to approximate t = L, which makes equation (2.17)

as

. § .AmijL
P,y (LE) = E UakUﬂkUajUﬁjexp(—z 5E
k,j

(2.21)

Equation (2.18) is the probability of oscillation of neutrino with energy, E, and traveling a
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distance, L, from one flavour to another in vacuum. Equation (2.18) can also be written as

L
Pyo—sv,(L, E) Z| 2illUBk| + 2R Uk UsUaUpjep(— 2”Lgs.c) (2.22)
k>j J
AT E
where b= Wi] (2.23)

is called the oscillation length. It is the distance at which the phase generated by Ami y becomes
equal to 2.

Separating the real part and imaginary part, equation (2.18) can also be written as

Am?.L
Py sy (L, B) = bap =4 R[ULUsrUasU" ;] sin®( 45
k>j
Am?2.L
+2 " QUL UstUaj Ul sin(—22—) - (2.24)

k>j

The oscillation probabilities (P, ;) with a # 8 are known as transition probabilities
whereas those with o = § are known as survival probabilities.

For anti-neutrinos, equation (2.9) looks like

Pa) =D Uakltr)  (ax=e,p,7). (2.25)
k
Applying the similar procedure as in neutrino oscillations, the oscillation probability of anti-
neutrinos from one flavour to another can be obtained as

.AmijL
2F

Py, —,(L, E) ZUakUBk Usjexp(— (2.26)
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Separating the real and imaginary parts, equation (2.23) looks like

* * 2 Am%JL
Py, —5,(L, E) = 0a5 — 4> RUZUprUaiUp;) sin (—p—

k>j

Am% L

—2)  S[ULUskUa;Uj;] sin(
k>j

) (2.27)

From equations (2.18) and (2.23), we can note that the oscillation length of neutrinos and
anti-neutrinos are the same. The oscillation length of neutrinos (anti-neutrinos) depends only
on the kinematical properties of massive neutrinos (anti-neutrinos). From equations (2.21) and
(2.24), one can note that the oscillation probability of anti-neutrinos differs from that of neutrinos
only in the sign of the terms depending on the imaginary parts of the quartic products of the

elements of the mixing matrix.

2.3.2 Neutrino oscillation in matter

Neutrinos traveling through matter experience a potential, equivalent to an index of refraction,
because of the coherent and incoherent scattering with the particles (electrons and nucleons)
in the medium . This modifies the mixing of neutrinos in matter significantly as a result the
oscillation probability of neutrinos traveling through matter differs from those traveling through
vacuum. The effective mixing of neutrinos travelling through matter for three neutrino case was
formulated by S.P Mikheev, A.yu. Smirnov and L. Wolfenstein. This phenomenon is known as
MSW mechanism [32], [34], [35].

A neutrino of certain flavour with momentum p can be written as a combination of the
massive neutrino states which are the eigen states of the vacuum Hamiltonian, Hg, as described
in equations (2.9), (2.10) and (2.11). But the total Hamiltonian in matter is different from that

in vacuum and is given by

H = Ho + Hy, with Hilva) = Valva) (2.28)
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where,
1
Valva) = \/EGF(Ne(Sae — §Nn) where a=e, T (2.29)

N, and N, in equation (2.28) are the electron and nucleon density respectively in the medium
and Gp is the Fermi coupling constant. Further, it can be shown that the relevant evolution

equation for flavour transition amplitudes can take the form

d
i = Hrla (2.30)

with the effective Hamiltonian matrix Hg in the flavour basis

_ 1 207t
Hp = 5 (UM +.4) (2.31)
where,
Yae 0 0 0 Acc 0 0
Vo= o |[» M=]0 am3 o |, A=] 0 00
Var 0 0 Am3 0 00
where,
Acc = 2EVee = 2V2EGEN..  with Voo = V2GgN,. (2.32)

Ve is the charged current potential.
For a two neutrino case with initial v, state i.e v. — v, it can be shown that the effective

mixing matrix in matter is given by

cos¥y  sinty

Un
—sindpy  cosO
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and the effective mass-squared difference is given by

Am2; = \/(Am2cos20 — Acc)? + (Am2sin20)? (2.33)

The effective mixing angle in the matter (/) is given by

tan2y
Am?Z2cos29
There is a resonance in oscillation when Acc becomes equal to
AL = AmPcos20, (2.35)
corresponding to the electron number density
R Am?cos29 (2.36)

© 2V2EGE

At the resonance the effective mixing angle is equal to /4, hence, the mixing is maximal. This
leads to the possibility of total transitions between the two flavors if the resonance region is wide
enough. This mechanism is called the MSW effect.

Since, in normal matter, Acc is positive, a resonance can exist only if ¥ < 7/4, because for
¥ > 7/4, cos 209 < 0. Therefore, the behavior of neutrino oscillations in matter is different from
that of neutrino oscillations in vacuum, whose probability is symmetric under the exchange 1
— /2 - 9, as for two neutrino case, the oscillation probability of neutrinos in vacuum is given

by

Am2L
4F

Py (L E) vacuum = sin*20sin’(

), for a#p. (2.37)

For the case of anti-neutrinos, the potential is reversed, hence the resonance can occur only if

9> /4 [12.
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If d¥pr/der = 0, i.e the matter density is constant, where = is the distance traveled by the

neutrino through matter, the oscillation probability becomes

Am?wx

P, (x) = sin?20)rsin?( 1B

VQA)V3

) for a#p. (2.38)

Equation has the similar structure as that of equation i.e the structure of two
neutrino transition probability in constant matter density is same as that in vacuum except
that the mixing angle and mass squared difference are replaced by their values in matter. The

oscillation in matter is given by

A E

Lo = " (2.39)
Am?\/l

For variable matter density profile, the effect of ds/dx has to be taken into account, which is

given by

d’l9M . 1 sin219M dACC

S 2.4
dx 2 Am%\/[ dx (2.40)

Since the oscillation probability is effected by the presence of matter, studying the same by
separating the neutrino and anti-neutrino events may give an idea about the density profile of

the matter through which the neutrinos pass.

2.4 Present status of neutrino oscillation parameters

Neutrinos are ubiquitous and have always surprised mankind. Observation of neutrino oscillation
has shown that neutrinos are massive and there is physics beyond the Standard Model. For three
flavour neutrinos, the oscillation is governed by three mixing angles 612, 013 ,023, a CP violating
phase d., and two mass squared differences Am3, and Am3,. Several experiments are dedicated
to study the neutrino oscillation phenomenon and the precision measurement of the oscillation

parameters with neutrinos from different sources and in different energy ranges. Table gives
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a list of the present experiments with the determination of the oscillation parameters and table
gives the list of recent best fit and 30 range of the oscillation parameters for both normal and

inverted hierarchies. The measurement of solar neutrino oscillation parameters (Am32;, 012)

H Experiments ‘ Dominant ‘ Important H
Accelerator LBL v, appearance (Minos, NOvA, T2K) dcp 013, 023, sign(AmZ,)
Accelerator LBL v, disappearance (Minos, NOvA, T2K) | [Am?3l], 623
Atmospheric experiments 023 |Am§l|, 013, cp
Reactor LBL ( KamLAND ) Am3, 012, 013
Reactor MBL (Daya-Bay, RENO, D-Chooz) 013 |AmZ,|
Solar experiments 012 Am%l, 013

Table 2.1: Experiments contributing to the present determination of the oscillation parameters. Here,

= 1 for Normal Hierarchy (NH) and | = 2 for Inverted Hierarchy (IH).For NH, Am? = Am%, > 0 and
for IH,Am3, = Am3, < 0. LBL and MBL stands for Long Baseline and Medium Baseline respectively.
This table has been taken from reference [31].

Oscillation Best  fit Best  fit

arameter value +lo | 30 range (NH) | valuetlo | 30 range (IH)
P (NH) (IH)
sin%6;5 0.30470015 | 0.270 — 0.344 0.30470915 | 0.270 — 0.344
012(°) 33.487078 | 31.29 — 35.91 33.487978 | 31.29 — 35.91
sin20a3 0.4527505% | 0.382 — 0.643 0.57975:02> | 0.389 — 0.644
023(%) 42.3132 38.2 — 53.3 49,5715 38.6 — 53.3
sin®f13 0.021815-00101 0.0186 — 0.0250 | 0.0219F9-0014| 0.0188 — 0.0251
013(%) 8.5070:37 7.85 — 9.10 8.5170:20 787 — 9.11
ocp(°) 306135 0 — 360 254183 0 — 360
An, (1075V2) [ 750%01 | 7025800 | 7507010 | 7.02 - 5.09
Am32,(1073eV2) | +2.457700T) 19317 — 42,607 | -2.449799% | _2.590 — 2.307

Table 2.2: Recent best-fit and 3orange of the oscillation parameters. . Here, | = 1 for Normal Hierarchy
(NH) and [ = 2 for Inverted Hierarchy (IH). This table has been taken from reference [31].

have been done from the combined analysis of KamLAND 7, and solar neutrino experiment

like Chlorine, Gallex/GNO, SAGE, SNO, Borexino, four phases of Super Kamiokande data
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whereas the atmospheric neutrino oscillation parameters (Am32;, sin?fs3) have been measured
from the Super-Kamiokande (SK) atmospheric, T2K, MINOS and other atmospheric neutrino
experiment’s data. Results from the v, appearance events in T2K and MINOS along with the
data from Daya-Bay, RENO, Double Chooz have provided a clear indication of non-zero 6:3.
The Dirac phase has not been measured accurately yet.

Over the past few decades several neutrino physics experiments have produced very exciting
results. Still there are several open challenges in neutrino physics which require experiments
with higher capability and sensitivity. The major challenges for neutrino oscillation experiments

includes
e Determination of neutrino mass hierarchy.
e More precise measurement of the oscillation parameters specially 623 and dcp
e Probing of CP violation in the leptonic sector, analogous to the quark sector.
Apart from these challenges there are several other open problems in neutrino physics like

e The mass generation mechanism of neutrinos.

Are neutrinos Dirac or Majorana particles 7

Absolute mass scale of neutrinos.

Detection of relic neutrinos.

Are there more than 3 kinds of neutrinos ?

The Iron Calorimeter (ICAL) experiment in the India based Neutrino Observatory is an
upcoming atmospheric neutrino experiment whose prime aim will be to determine the neutrino
mass hierarchy. Till now we know that there are three mass eigen states (1 of mass my, vo of
mass mg and v3 of mass mg) of neutrinos. The oscillation experiments can determine the mass

squared difference of these states as the oscillation probability depends on the mass squared
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difference term. The magnitude and sign of Am3; is known, however in case of Am2, (or,
Am3,) only the magnitude is known. This leads to two possible arrangements of the mass states
- 1) mg > mg > mj, known as Normal Hierarchy (NH), or ii) mg > m; > mg3, known as Inverted

Hierarchy (IH), as shown in Figure The ICAL experiment will also study the matter effects

¥ I (m_‘)2 (ml)g— E— 4
(zf:\m:)mI
(m,)’ -
v\.
(am),,,
Vu (Am:)_‘lm 2
v, m
I I (m:)2
(Am")_,
A - () (m,)"m N —
? ?
Normal Hierarchy Inverted Hierarchy

Figure 2.7:  [Colour online] Two possible arrangements of the neutrino mass eigenstates, normal hierar-
chy (left) and inverted hierarchy (right). The coloured bands signify the respective contributions of the
flavour components in the mass eigen states.

in neutrino oscillation. The ICAL detector, its physics motivations and configuration will be

discussed in the following chapters.

2.5 Outline of this thesis work

In order to understand neutrinos, several experiments have been operational for over past few
decades like SK, ICE CUBE, Daya - Bay, RENO etc. and several experiments will be coming
in near future like INO-ICAL, Hyper-Kamiokande, DUNE etc. All these experiments will take
us to the mysterious world of neutrinos. Motivated by what neutrinos can do, this thesis

mainly focuses on the simulation study of neutrino oscillation of atmospheric neutrinos passing
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through the Earth and related detector development for the INO-ICAL experiment. The thesis
is organized as follows :-

Chapter 3 describes about the upcoming Iron Calorimeter experiment in the India based
neutrino Observatory, its physics motivation, design and about the active detector elements of
ICAL which are Resistive Plate Chambers.

Chapter 4 describes our study about probing the matter density profile of the inner structure
of the Earth with atmospheric neutrinos and INO-ICAL.

In chapter 5 the details of Resistive Plate Chamber (RPC) have been discussed including its
history of evolution, working principle, operational choices and applications. RPCs will be the
active detector element in the INO-ICAL experiment.

Chapter 6 describes about the detailed development of large sized oil-free bakelite RPC that
might be used in the INO-ICAL experiment. Failures and successes on the way of development
have been addressed along with its various test results.

In chapter 7 we have discussed about a possible societal application of Multi-gap Resistive
Plate Chamber (MRPC). MRPC may be a possible replacement in TOF-PET imaging. The
details of detector development for this purpose and various test results have been reported.

Chapter 8 is the summary of the thesis and its main conclusions.
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Chapter 3

The Iron CALorimeter (ICAL) in
the India based Neutrino
Observatory (INO)

Neutrino physics is largely an art of learning a great deal by observing nothing.

Haim Harari

3.1 The India-based Neutrino Observatory

The Indian neutrino physics community got their attainment in 1960’s with the first detection
of atmospheric neutrino induced muon events in the Kolar Gold Field Experiment in Karnataka
in South India [1],[2]. Two weeks later, similar discovery was made in East Rand Proprietary
(ERP) mines in South Africa [3]. Discoveries like solar neutrinos, atmospheric neutrinos, neu-
trino oscillation have encouraged the neutrino physicists all over the world for newer neutrino
detectors, long base line experiments and so on. It is in this context that Indian neutrino physics
community have decided to resurrect the underground neutrino experiments in India and hence

came the birth of the concept of the India based Neutrino Observatory (INO). Basically, INO
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will be a multi-institutional underground neutrino laboratory which will accommodate several
experiments like neutrino oscillation study using an Iron CALorimeter (ICAL), Neutrino-less
Double Beta Decay (NDBD) and Dark matter searches at INO (DINO). INO will be built inside
a large underground cavern with ~1 km or more rock overburden, under Bodi West Hills near
Pottipuram village, 110 km away from the city of Madurai, at 9°58 "N 77 °16 "E in Theni district
of Tamil Nadu in southern India. The rock coverage will help to reduce the background due
to cosmic muons significantly. Figure shows a comparison of the cosmic muon flux at vari-
ous undergrond experiments. It is noteworthy that the experimental site at KGF (Kolar Gold
Mines) is the deepest site. This is where the detection of the atospheric neutrinos was reported
for the first time. Figure shows a schematic view of the proposed INO facility under the

mountain.
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Figure 3.1:  [Colour online] The suppression in intensity of atmospheric muon flux at various under-
ground sites, compared to the INO cavern [4].
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Figure 3.2: [Colour online] Schematic view of the underground neutrino lab in India[5].

Iron Calorimeter (ICAL) will be the key apparatus in INO. ICAL with Resistive Plate
Chambers as the active detectors, will study the oscillation of atmospheric neutrinos. One of
the main aims of this experiment will be to determine the neutrino mass hierarchy by studying
the oscillations of the atmospheric neutrinos and anti-neutrinos passing through the earth. As
ICAL will have a huge electromagnet, it will have the ability to separate the neutrinos from
anti-neutrinos. Apart from this, ICAL will also be able to determine the atmospheric neutrino
mixing parameters and provide hints of any non-standard interactions of neutrinos and hence
new physics.

Other than the neutrino oscillation studies, INO will host several other experiments in neu-
trino physics like NDBD and DINO. These experiments have respective physics motivations like
NDBD has the potential to figure out if neutrinos are Dirac or Majorana particles. Dark matter
have always fascinated the particle physicists. As neutrinos are suitable probes for dark matter
searches, experiment like DINO will be fruitful in this field.

The details of the ICAL detector and its physics motivations have been discussed in the next

section.
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3.2 The Magnetized Iron CALorimeter (ICAL)

3.2.1 Physics goals of the magnetized ICAL

The ICAL detector is to detect atmospheric neutrinos primarily by detection of muons produced
in charged current (CC) neutrino interactions. The major physics goals of the ICAL detector

are

e To reconfirm oscillation of the atmospheric neutrinos by observing the v, disappearance

channel,
e To study of matter effects of v, and 7, interactions,
e To determine the sign of Am%l and hence determine the neutrino mass hierarchy,
e To measure the neutrino oscillation parameters (623 and |Am3,|) precisely,
e To measure the deviation of f23 from maximality and hence resolve octant degeneracy,

e Study of Kolar events, possible identification of very-high energy neutrinos and multi-muon

events.

Apart from the above mentioned oscillation related measurements, ICAL detector has the po-

tential to study new physics like,

Studying the Charge conjugation — parity — time (CPT) violation in the leptonic sector

and hence the matter-antimatter discrepancy

Searching for the possible existence of sterile neutrinos.

Searching for non standard interactions (NSI) in neutrino oscillations.

Searching for dark matter.

Studying solar, supernova and geo-neutrinos.
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e Studying tomography of the earth using natural and laboratory neutrino sources.

Charge determination is necessary to achieve most of the physics goals mentioned above. It is
well known that the oscillation probability of neutrinos depends on the distance travelled by
them (L), their energies (E) and the mixing parameters. To explicitly detect the oscillation
pattern in the L/E spectrum of atmospheric muon neutrinos, the energy E and direction 6 of
the incoming neutrinos have to be accurately measured in each event. The direction of the
neutrino can be estimated from the direction of the muon produced from the v, charged-current
interaction. Energy of a neutrino will be estimated by measuring the energy or momentum
of the corrosponding muon and the hadrons produced in each event. The energy and angular
resolution of the detector should therefore be crucial for L/E to be measured with an accuracy
better than half of the neutrino oscillation modulation period. In order to estimate the distance
traversed by the neutrino, it is necessary to establish the flight direction (up vs. down) of
the muon produced from the neutrino with high efficiency. Different techniques like increase
of curvature in a magnetic field, multiple scattering along the track or the measurement of
timing in successive detector layers can be used to achieve this. Of these, the time-of-flight
technique is the most effective and allows excellent up-down discrimination by a detector with
a time resolution (o) of 2 nano-seconds or better. Hence, the nanosecond time resolution of
the RPCs (~1 nano-second) will allow the distinction between up-going and down-going muons

(neutrinos).

3.2.2 The choice of detector

In order to achieve the above mentioned goals, the choice of the detector set-up is very important.

The basic features of the detector should have following attributes[4]

e A large target mass to achieve a statistically significant number of neutrino interactions in
a reasonable time-frame (say 5 years) for the confirmation of atmospheric neutrino oscil-

lation. Hence, the detector should be of large volume as neutrinos are weakly interacting.
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e Good energy and angular resolution so that L/E can be measured with an accuracy better

than half of the modulation period.

e Identification of the electric charge of muons so as to distinguish between neutrino and

anti-neutrino interactions.

e Time resolution should be ~2 nano-seconds or better for discriminating between up-coming

and down-going neutrinos.

As the detector should be of large mass, the factors like modularity and the possibility of
phasing, compactness, ease of construction and the existence of other neutrino detectors around
the world in the same time period should be kept in consideration. The Iron Calorimeter
(ICAL) detector described in this chapter is based on all the design goals listed above. The
ICAL is a sampling calorimeter consisting of magnetized iron plates interleaved with layers
of position sensitive active detectors having a time resolution better than 2 nano-seconds and
spatial resolution ~1 cm. The detector has been divided into 3 modules each of about 17 kton.
Such a detector with a target mass of about 50 kton has been found to be suitable to address
the physics goals listed above [4]. Figure and shows the schematic diagrams of the ICAL

and magnetic coil of the ICAL respectively.

Figure 3.3: [Colour online] Schematic view of ICAL detector.
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Figure 3.4: [Colour online] Schematic view of the magnetic coil of the ICAL detector.

ICAL will study the v, and 7, by their Charged Current (CC) interactions. The CC interac-
tion of v, gives a u~ whereas that of 7, gives a u*. Magnetized ICAL need to separate between
p~ and p*, hence v, and 7, in order to study the matter effects in neutrino and anti-neutrino
oscillation and hence determine the mass hierarchy. As ICAL will have layered structure, the
timing in each layer through which the created muons pass will help to seperate between up-
coming and down-going neutrinos. The identification of the charge of the muons will be done in
the presence of magnetic field. Hence ICAL can distinguish between up-coming v, up-coming
vy, down-going v, and down-going 7,,. ICAL will consist of ~50 kTon of low carbon iron in the
form of plates, stacked one over the other. It will have 3 modules, each of dimension ~ 16 m x
16 m x 14.5 m. The thickness of each plate will be 5.6 cm and gap between two layers of iron
plates will be 4 cm. Figure [3.5 shows the schematic view of ICAL consisting of 3 modules each
having 151 layers of iron plates (each plate 5.6 cm thick) stacked one over the other with a gap
of 4 cm.

The roles of iron in ICAL are as follows :-

e It will act as the main target for neutrinos to interact to produce p~ and put by CC

interactions.

e It can be magnetized easily and hence p~ and p+ can be separated.

Table (3.1 summarizes the specifications of the ICAL detector. An extensive study has been

carried out for design of the ICAL magnet system and its response to the muons produced by
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Figure 3.5: [Colour online] Schematic view of the ICAL consisting of 3 modules each having 151 layers
of iron plates stacked one over the other. The proposed thickness of each iron plate is 5.6 cm and the
separation between two adjacent iron plates is 4.0 cm.

No of modules 3
Modular dimension 16m x 16 m x 144 m
Total dimension 48m x 16 m x 14.4 m
Number of layers 151
Iron plate thickness 5.6 cm
Gap for RPC assembly 4 cm
Magnetic field ~14T

Table 3.1: Specifications of the ICAL detector.

CC interactions of neutrinos inside ICAL [6]. Figure shows the overall distribution of the
magnetic field inside iron plates having continuous slots carrying four coils (5 kA current per
coil) in one module of ICAL. The direction of the arrows denote the direction of the magnetic
field, while the length of the arrows indicate the field magnitude. The white circle and cross
symbol show the outward and inward direction of current, respectively.

From Figure|3.6]it is clear that magnetic filed is lower at the peripheral regions of the plate as
compared to the regions near the coils. Hence, all parts of the plate will not be equally effective

for reconstruction of momenta and charge of the muons produced after neutrino interactions.
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Figure 3.6: [Colour online] Distribution of magnetic field in a module of INO-ICAL magnet having
continuous slots containing four coils at 20 kA-turns [6].

3.3 Choice of Active Detector for INO-ICAL

The total active area of ICAL will be ~97,500 m?. Keeping in mind the large active area, the
choice of active detector for INO-ICAL should have features like low cost, can be fabricated over
a large surface area, modular in construction with elements of a size suitable for mass production
on a time scale consistent with the requirement that the detector be internationally competitive.
Based on the physics goals of INO-ICAL, the active detectors should also have position and time
resolution of ~1 cm and ~1 nano-second respectively. Considering all these factors the Resistive
Plate Chamber (RPC) seems to be the most appropriate choice as the active detector.
Resistive Plate Chamber (RPC) is a type of gaseous detector that works on the principle of
gas ionization and is made up of two high resistive plates of certain dimension seperated by a
certain gap-width. The volume of separation between two plates is known as gas gap which is
maintained by spacers (side and button spacers). A nearly uniform graphite / semi-conductive
paint is applied on the outer surface of both the plates. Figure shows the schematic of a
typical RPC to be used in INO-ICAL experiment. The signals are read out of the RPC with
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Figure 3.7:  [Colour online] Schematic of a single gap RPC to be used in the upcoming INO-ICAL
experiment.

the help of pick up strips placed on the top and bottom sides of the RPC, orthogonal to each
other. The pick up panels are kept orthogonal to each other so as to get the X and Y positions
of the particle falling on the RPC. INO-ICAL will deploy single gap RPCs of ~2 mm gas gap
thickness. These RPCs will track the paths of u~ and u produced during neutrino interactions.
The timing property of the RPCs will provide informations on whether a muon is up-coming or
down-going. The details about RPCs have been discussed in chapter 5 and the development of
RPCs for INO-ICAL have been discussed in chapter 6. Table summarizes the specifications
of the RPCs to be used in ICAL detector.

Total number of RPC units 28, 800
RPC unit dimension 195 ¢cm x 184 cm X 2.4 cm
Gas gap of each RPC 0.2 cm
Readout strip width 2.8 cm
Number of RPCs/Road/Layer 8
Number of RPC units/Layer 192
Number of electronic channels ~3.7 x 10°

Table 3.2: Specifications of the RPCs to be used in ICAL.

In order to understand the technical challenges to build the INO-ICAL, an ICAL prototype

detector had been installed and operated in Variable Energy Cyclotron Centre (VECC), Kolkata,
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India. The prototype detector consists of 13 layers of iron plates, each of 5 cm thick, separated
by ~5 cm gap for placing RPCs in the gap acting as the active detectors. In this prototype
stack, there are single gap (2 mm gas gap) RPCs made of two types of electrodes, 8 are made
of glass and 4 are made of bakelite. Figure shows the picture of the prototype stack. The

parameters of the ICAL prototype detector are as follows
e The total modular size is 2.48 m x 2.17 m x 1.3 m
e Total weight of the stack is ~ 30 ton (~ 0.1% of main ICAL).
e 12 layers of RPCs interleaved by iron plates of thickness 5 cm.

e There are 12 RPCs - 8 glass and 4 bakelite. Each RPC is of dimension 1 m x 1 m with
a gas gap of 0.2 cm. The operating voltage for glass and bakelite RPCs is 9.5 kV and 8.0

kV respectively.

e Glass and bakelite RPCs were operated in avalanche and streamer mode respectively using

respective gas mixing systems.
e Magnetic field is ~1.5 Tesla with 500 AT (Ampere Turn) current.

e There are total 768 electronic channels (~0.02% of main ICAL).

3.4 Performance Studies of Neutrino Interaction and Oscillation

with INO-ICAL

The cosmic rays reaching the earth’s surface mostly consist of u*, p=, v,. U, ve. Te ete.
For detection and studies of atmospheric neutrinos in INO-ICAL, these pu* and pu~ act as
background. Going underground with a rock overburden helps to eliminate these backgrounds.
Upcoming INO-ICAL will be sensitive to v, and 7, induced Charged Current (CC) events of

atmospheric neutrinos interacting with the iron plates of the ICAL. The energy of atmospheric
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Figure 3.8: [Colour online] The INO-ICAL prototype stack at VECC, Kolkata.

neutrinos varies from ~10% eV to ~10" eV with maximum flux at ~10'2 eV. Figure and
shows the CC interaction cross sections of v, and .. It is clearly seen from both the figures
that atmospheric v, and 7, will interact with the iron target in the ICAL mostly through quasi-

elastic (QE) process at sub-GeV neutrino energy region. Resonance Scattering (RS) and Deep

Eé(w"c
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= I = A

i
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Figure 3.9: [Colour online] The cross sections of various CC induced v,, interaction processes [7].
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Figure 3.10: [Colour online] The cross sections of various CC induced 7,, interaction processes [7].

Inelastic Scattering (DIS) processes will also contribute significantly and their contributions
increase with increase in the neutrino energy. At few tens of GeV of neutrino energy, DIS
completely dominates. There is a negligible probability of diffractive and coherent processes
playing their roles. The ICAL detector will be most sensitive to the atmospheric muon neutrinos
in the energy range 1 — 10 GeV. Typically, a 1 GeV muon generated from v, or 7, interactions
with ICAL, can pass through 5 - 12 RPC layers of the INO-ICAL depending upon the angle of
incidence[8] whereas the electrons or positrons generated from v, or 7, interactions will hardly
cross a few layers. Hence, a suitable selection criterion on the number of layers crossed by the
charged particles can help to remove the v, or 7, events. The atmospheric neutrino flux provides
a wide spectrum in the neutrino energy and the ICAL structure will enable it to be sensitive to
a broad range of the path length (L) for the neutrinos penetrating through the Earth. These
features would be very helpful to study the atmospheric neutrino oscillation and also the the
matter effects on neutrino oscillation and hence the neutrino mass hierarchy as the neutrinos
and the anti-neutrinos experience different matter effects while propagating through matter (for
the case of ICAL, it will be the Earth). The neutrino oscillation depends on the energy, path
length and also on the density of the matter through which it passes. As the inner structure

of the Earth has a wide range of density variations, the neutrinos passing through the Earth
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experience varying oscillation. The atmospheric neutrinos passing through the core of the earth
and reaching INO-ICAL will experience dissimilar oscillations with respect to the ones passing
only through the mantle or crust of the Earth. Hence, studying the oscillation of the neutrinos
passing through the Earth may help us to understand the density profile of the inner structure
of the Earth. As INO-ICAL will be sensitive to the broad range of path lengths of the neutrinos
passing through the Earth, it will be possible to study the oscillations of the neutrinos passing
through the core, mantle and crust separately. The next chapter will discuss the details about

this study.

3.5 Summary

INO is an upcoming facility in India to study atmospheric neutrinos. It will host several neutrino
experiments like ICAL, NDBD, DINO. ICAL will be the prime experiment in INO whose aim will
be to study oscillation phenomenon in atmospheric neutrinos and determine the mass hierarchy.
The major advantage of ICAL over several other neutrino experiments is seperation between
p~ and pt events due to the v, and 7, interaction with iron in ICAL. ICAL will be a tracking
calorimeter with magnetised iron plates stacked one over the other. RPCs will be the active
detectors to get the hit points of the passing ;= and pu*. the RPCs will be single gap with
electrodes made of either glass or bakelite. The RPCs will be inserted between the iron plates.
The time information obtained from the respective layers of RPCs will help to distinguish
between up-coing and down-going events whereas the bending of the muon tracks in presence of
magnetic field will distinguish between v, and 7,,. A protopye of INO-ICAL had been operated
in VECC, Kolkata which is ~1000 times smaller than the actual ICAL.
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Chapter 4

Probing the Earth Matter Density
through INO-ICAL

Without experimentalists, theorists tend to drift. Without theorists, experimentalists
tend to falter.

T.D. Lee

4.1 Introduction

The Earth has many mysteries, may it be the life on it or its ecology or its structure . Over many
centuries, mankind has tried to solve the mysteries and succeeded in many of them. Among
those, the inner structure of the earth has always been interesting and exciting as it may help
us to understand the dynamics of the core and mantle, the gravitational field, the mechanism
of the geomagnetic dynamo, the bulk composition of the Earth etc. The inner structure of the
earth played a vital role for the evolution of life and continues to do so to sustain life. Over
the centuries, mankind has tried to know about the inner structure of the earth by studying
meteorites, rocks originating from depth, from geomagnetic data, geodynamical data, solid state

theory, high temperature-pressure experimental results and so on. But most of the knowledge
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we have about the internal structure of the Earth and the physical properties of its different
layers come from the data we obtain from seismic waves (precisely from the velocities of P-
waves, S-waves and K-waves). Several models have been proposed about the inner structure.
Among those the most widely accepted model is Preliminary Reference Earth Model (PREM)
[1]. Neutrinos may also prove to be an essential tool to probe the density profile of the inner
structure of the earth. Neutrino oscillation tomography, neutrino absorption tomography and
neutrino diffraction are the proposed phenomena to study the inner structure of the earth.
Neutrino oscillation tomography exploits the matter effects on neutrino oscillation specially
the matter effects due to #13. Neutrino beams from accelerators, solar neutrinos [2],[3],[4],[5]
and supernova neutrinos [6], [7] have been very useful to study the matter effects. Neutrino
absorption topography uses the information of absorption of very high energy neutrinos to
explore the composition of the earth [8]. Neutrino diffraction is based on the fact that neutrinos
may undergo coherent scattering due to the presence of crystalline matter inside the earth[9].
Studying the diffraction pattern may help to know the inner structure.

Atmospheric neutrinos may prove themselves to be a suitable tool to probe the matter
density profile of the earth as they have a wide range of energy and also can provide a wide
range of baseline through the earth. As resonant effects are very sensitive to the density of the
matter through which the neutrinos traverse, neutrino oscillation tomography with atmospheric
neutrinos of energies in GeV range may be exploited. The resonant effects in the propagation
of GeV atmospheric neutrinos (anti-neutrinos) through the earth significantly affect the sub-
leading v, — v, and ve — v, (V, = V. and U, — 7,) transitions that can be explored. When
atmospheric neutrinos pass through deep inside the earth, MSW effect, resonant effect etc.
could show up. These effects are well known since last few decades and they have major physics
potentials which can be studied in magnetized iron calorimeter detector like INO-ICAL, liquid
argon detectors water-Clerenkov detectors etc.

In this thesis a model-based study of the sensitivity of INO-ICAL to the density of the core

of the earth by using a neutrino generator (GENIE), atmospheric neutrino flux (HONDA flux
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at Theni, the site of INO) and ICAL detector response has been done. In this work, the ratio of
the number of “the up-coming neutrinos” and “the down-going neutrinos” measured at a time
interval v/s “L/E”, where “L” is the distance traveled by the neutrinos and “E” is the energy

of the corresponding neutrinos, has been used as a tool.

4.2 Matter Density Profile of the Earth

The shape of our Earth is Oblate Spheroid, flattened at the poles and bulges at the equator.
The internal structure of the earth is divided into three main approximately spherical concentric
shells - the core, the mantle and the crust. The core further consists of inner core and outer
core. Inner core is highly dense solid shell and the outer core is liquid, both consisting of an
alloy of iron (major content) and nickel with a small mixture of lighter elements. The density of
these internal structures varies quite significantly from each other with discontinuity in density
at the interfaces. During several years, the most widely used radially symmetric model of the
earth’s interior structure has been the Preliminary Reference Earth Model (PREM). This model
is mainly based on astronomic-geodetic data, free oscillation and long-period surface wave data
and data from travel times of body waves. In PREM, the density, velocity of S and P-waves for

the following principle regions within the earth have been considered
e Ocean layer
e Upper and lower crust
e Region above the low velocity zone (LID)
e Low velocity zone (LVZ).
e Region between low velocity zone and 400 km discontinuity
e Transition zone spanning the region between the 400 and 670 km discontinuities.

e Lower mantle.
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e Outer core
e Inner core

The lower mantle and the transition zone has been further divided into three concentric sub-
shells. Table[d.2]lists out the matter density of the different inner shells of the earth as a function

of normalized radius z = R/Rp, with Rg being the radius of earth (6371 km) according to

PREM.
H Radius (km) ‘ Region Density (g/cm?) H
0-1221.5 Inner Core 13.0885 - 8.8381x2
1221.5 - 3480.0 Outer Core 12.5815 - 1.2638x - 3.642z2 - 5.528123
3480.0 - 5701.0 Mantle 7.9565 - 6.47612 + 5.528322 - 3.080723
5701.0 - 5771.0 Mantle 5.3197 - 1.4836x
5771.0 - 5971.0 Mantle 11.2494 - 8.0298x
5971.0 - 6151.0 Mantle 7.1089 - 3.8045x
6151.0 - 6346.0 Mantle 2.6910 + 0.6924x
6346.0 - 6356.0 Oceanic Crust 2.900
6356.0 - 6371.0 | Continental Crust 2.600

Table 4.1:  Density Profile of the Earth as a function of normalized radius x = R/Rg according to
PREM [I0].

Figure shows the density profile of the inner structure of the earth as a function of its
radial distance. From this figure we can see that there are discontinuities in the density at the
interfaces of the sub-shells. The core has average density (pcore) of 11.83 g/ em? and electron
fraction (Y,2"¢) of 0.466, while the mantle has average density (pmantie) of 4.66 g/em? and
electron fraction (Y, %"¢) of 0.494. The electron fraction is defined as

Np

Y,=—2%2 4.1
© N+ N, (4.1)

where, where IV, and N,, are, respectively, the numbers of protons and neutrons.
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Figure 4.1: [Colour online] Density profile of the various inner sub-shells of the earth.

4.3 Probing the Matter Density Profile of the Earth through
INO-ICAL

It is a very well known fact that the presence of matter affects the neutrino oscillation. Neutrinos
of electron flavours are directly affected when they travel through the Earth matter. However,
this effect gets induced into the other neutrino flavors indirectly through mixing cum oscillation
phenomenon. The neutrinos with muonic flavours are affected either by mixing between the
electron like flavor and the third physical neutrino or by sub-dominant oscillations between elec-
tron like and muon like neutrino flavors, driven by Am3; [L1]. For three flavour neutrinos, with
One Mass Scale Dominant (OMSD) approximation (neglecting the smaller mass-squared differ-

ence, Am3, with respect to Am3,) the oscillation probabilities (P, Py _,,) for neutrinos
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travelling through matter is given by [11], [19]

A 2 A A 2 \m L
Py, =1— cos®dfysin®205;sin” [1.27( mg; + A+ (Amg,) ) L

2 E

Am3, + A — (AmZ)™\ L
— sin®7Lsin?20%5% sin? [1.27( M F (Amg,) )

2 E

— sint935in? 207, sin?

1.27(Am§1)mg] (4.2)

L
1.27(Am3)™ =

Py . = sin19935in? 2074 sin’ z

(4.3)

As the OMSD analytical expressions are insensitive to dop and the probability for the time-
reversed transition P is same as P’ with the replacement dcp — —dcp, hence P

Vy—rVe Ve—Vp Vy—rVe

= PLZI—H/H [8]
In this work we have used nuosc++ which is a library for calculating three neutrino (anti-
neutrino) oscillation probabilities with and with out matter effects as well as the possibility for

a nonzero Dirac CP phase. nuosc++ calculates the oscillation probabilities by solving the

@)oo

where, U is the mixing matrix (potentially complex), M? is diag(0, Am3,, Am3,) and V is

evolution equation

dv

i v(z) (4.4)

diag(Acc, 0, 0) which is the matter effect term. In the case of anti neutrinos the sign of Acc
and of the CP phase are inverted. Figure shows the oscillation probabilities obtained from
nuosc++ for v, — v, v, = Uy, Ve — v, and U, — V), as a function of energy for the neutrinos
and anti-neutrinos travelling through the Earth with a baseline of 12740 km for both normal and
inverted hierarchies. Table lists the values of different oscillation parameters used in nuosc++.

It is clear from Figure[4.2]that the oscillation probabilities for v, — v, and ¥, — 7,, channel
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H Oscillation parameter

Value

Am3, 7.5 x 107 %eV?
Am}, 2.44 x 10 3eV?

Y12 31.7°

a3 45.0°

Y13 8.878°
sin%291 0.846
sin?2093 1.0
sin?2913 0.093

5cp 0

Table 4.2:  The values of the oscillation parameters used to calculate the transition probabilities ny
nuosc++. For inverted hierarchy, Am3, — —Am?31.

in the Earth matter for Inverted Hierarchy (IH) deviates slightly from Normal Hierarchy (NH).
The oscillation probabilities in v, — v, channel for NH rises over the corresponding values of
IH and in 7, — 7, channel, IH rises over NH. This is due to the fact that electron neutrinos are
more affected by the presence of matter which has been well explained in chapter 9 in reference
[12].

Atmospheric neutrinos are generated at ~15 km above the Earth’s surface by the interaction
of primary cosmic rays with the nuclei in upper atmosphere. The oscillation probabilities of
neutrinos depend on the length they travel. The length traveled by the atmospheric neutrinos

before they reach INO-ICAL has been calculated by the following formulae.

Ldown = V(R + Ly)2 — (Rsinb.,)? — Reosb., (4.5)

Lup = V(R + Lo)? — {Rsin(m — 0,)}2 — Rcos(t — 6.,) (4.6)

where,

R is the radius of the Earth.
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Figure 4.2:  [Colour online] The oscillation probabilities for v,, — v, (top left), v, — U, (top right),
ve — vy, (bottom left) and U. — 7, (bottom right) channels as a function of energy for the neutrinos and
anti-neutrinos travelling through the Earth with a baseline of 12740 km for both normal and inverted
hierarchies. NH stands for Normal Hierarchy and IH stands for Inverted Hierarchy. The matter density
profile of the Earth is according to PREM.

Ly = 15 km, is the distance from the Earth’s surface where atmospheric neutrinos are created.
6. is the zenith angle of the incoming neutrino.
Liown and Ly, are the distance traveled by the down-going and up-coming neutrinos (as shown
in Figure respectively.

The replacement of the zenith angle, 8, <— (7 - 6,), effectively changes the sign of the
second term in Equation thus relating a down-going neutrino to an up-coming one. We
define the reference path length L for down-going neutrinos to be that of the associated up-

coming neutrino with zenith angle (7w - 6, ) so that the range of L/E remains the same for
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Figure 4.3: [Colour online] Direction of the atmospheric neutrinos reaching the INO-ICAL.

up-coming and down-going neutrinos. The ratio of up-coming to down-going neutrinos is a
useful measure of neutrino oscillations. The up-coming fluxes corresponding to the down-going
fluxes reaching a detector are expected to be similar in absence of oscillation , especially for
larger neutrino energies ( E > a few GeV). Hence, the ratio is expected to be near unity. But,
in presence of oscillation, the upcoming neutrino fluxes are expected to be modified resulting in
a deviation of the up-down ratio from unity causing the asymmetry of the up-down fluxes. This
technique gives a direct measure of the oscillation probability. In case of vacuum oscillations,
the neutrino event rates are a function of L/E only whereas they become separately a function

of L and F in presence of matter[I5]. Let us define

Up
Down (L/E)

No. of events from up-coming muon neutrinos (L/E)

R(L/E) = [05]. (4.7)

~ No. of events from down-going muon neutrinos (L/E)

On plotting this R as a function of L/FE, a “dip”is obtained as shown in Figure It has been
observed that the position of the dip is sensitive to the effective magnitude of Am?; while the
value of the ratio at the dip is sensitive to effective sin?26a3 [I5]. For the neutrinos traveling

through matter, the effective values of the oscillation parameters change due to the matter
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effects. This fact establishes the motivation of this thesis.

We know that neutrino oscillation also depends on the energy of the neutrinos. The energy
range of the atmospheric neutrinos is very wide (approximately 0.1 GeV to 10* GeV). The
numbers of the atmospheric neutrinos reaching the Earth’s surface are different at different
latitudes and longitudes. There are several models on the flux of the atmospheric neutrinos
reaching the Earth’s surface. For our work, the Honda neutrino flux [13], [I4] without mountain
cover and averaged over the azimuthal direction at the INO site has been used. The oscillation
probabilities for v, — v,, v, — V,, ve = v, and U, — 7, channels have been calculated for
down-going neutrinos assuming that they travel through matter of constant density (average
density of troposphere which is ~0.001225 g/cc) with different calculated travel length (Lgown)
and energy (obtained from HONDA flux file). Similarly the transition probabilities for the above
mentioned channels have been calculated for up-coming neutrinos travelling through the Earth
matter profile with different L, and neutrino energy. In order to probe the matter density
profile of the Earth, we have taken the density profile provided by the PREM as a reference.
The density profile of the core of the earth has been changed by £5%, +10%, £15% and £20%

keeping the overall mass of the Earth constant and the density of the crust unchanged. Figure[4.4]

new /pdefau%

mantle/ Fmantle

neu}/pd@fauu. }X

for the corresponding ratio of pl5% /pcore

shows the values of the ratio of p

value of pnew /pdefault — 1 represents the density profile of the Earth according to the PREM.

core

A change in the core density is reflected by a change in the mantle density according to the

equation
new de fault
Veore _ Pmantle ~ Pmantle (4 8)
- de fault '
Vimantle prety — Pcmfe
where,

Veore and Viantie are the volume of the core and the mantle respectively.

de fault

plela and pdefault

mantle

are the density of the core and the mantle respectively according to PREM.

new

peet is the changed core density.
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pr e 1s the changed mantle density due to the changed core density.
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In order to generate the neutrino events, we have used GENIE Neutrino Monte Carlo gener-
ator [16] and a detailed ROOT-based INO-ICAL detector geometry. Three million events were
generated using the gevgen_atmo application of GENIE, for the down-going neutrinos travelling
through matter of constant density (~0.001225 g/cc), up-coming neutrinos travelling through
the density profile of the Earth according to the PREM and up-coming neutrinos travelling
through the changed density profile of the Earth as per Figure For the analysis of the

generated data, the angular cuts used have been listed out in table INO-ICAL detector

H Baselines Down-going events ‘ Up-coming events H

Through the Core

0° < Odown < 30°

150° < 6, < 180°

Through the Mantle

30° < Ogown < 85°

95° < O, < 150°

All baselines

0° < edown < 90°

90° < 0, < 180°

Table 4.3: The angular cut values used during the analysis of the generated data. The angular values
are w.r.t the zenith direction.

parameters like energy resolution, direction resolution, muon detection efficiency, charge iden-

tification efficiency [I7], [I8] have been taken into account during the analysis of the generated
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data. The results have been discussed in the next section.

4.4 Results and Discussion

4.4.1 The “Up/Down”ratio plots

This work aims at the observation of the deviation in the matter density profile of the core of the
Earth from the predicted density profile according to PREM, by studying the oscillation in the
atmospheric neutrinos (anti-neutrinos) at INO-ICAL. The ratio of up-coming neutrinos (anti-
neutrinos) to the down-going neutrinos (anti-neutrinos) as a function of L/E has been chosen
as an observable as the ratio tells us how much the up-coming neutrinos (anti-neutrinos) flux
passing through the Earth have oscillated in comparison to the respective down-going neutrinos
(anti-neutrinos) flux. For our work, we have separated the baselines which pass through the core
and the mantle of the earth. Among the generated v, events, ~6% of them pass only through
the core and ~50% pass only through the mantle of the Earth. Whereas for the generated 7,,,
~8% of them pass only through the core and ~65% pass only through the mantle of the Earth.
Those passing through the core see the mantle twice whereas those passing only through the
mantle does not see the core at all. A plot of Up/Down (Up-coming events/Down-going events
) v/s logio{L(km)/E(GeV)} for the baselines passing only through the core of the Earth will be
different from those passing only through the mantle due to the change in the matter density.
Figure shows such a plot for all the baselines, Figure shows for the baselines passing
only through the core of the Earth and Figure [4.7| shows the same for all baselines passing only
through the mantle of the Earth, for the density profile of the Earth according to the PREM. In
Figure and Figure there are very clean dips at logjo(L/E) = ~3 and ~ 3.7 respectively.
Figure shows two clean dips at logjo(L/E) =~2 and ~2.8 respectively. These dips are the
effects of neutrino oscillations. The position of these dips are sensitive to the effective Am%l,
which is different for different matter densities through which neutrinos (anti-neutrinos) travel.

As the densities of the core and the mantle of the Earth are different, the effective Am3, changes
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Figure 4.5: [Colour online] The ratio of up-coming v,, to down-going v, (as measured by using INO-
ICAL detector parameters) as a function of L/E for all baselines taken together. The density profile of
the Earth is according to the PREM. Each bin width along X-axis being log1o(L/E) = 0.10, where L is
in km and E is in GeV.
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Figure 4.6:  [Colour online] The ratio of up-coming anti-neutrinos to down-going anti-neutrinos (as
measured by using INO-ICAL detector parameters) as a function of L/E for baselines passing only
through the core of the Earth. The density profile of the Earth is according to the PREM. Each bin
width along X-axis being log1o(L/E) = 0.10, where L is in km and E is in GeV.

for the baselines passing only through core and only through mantle.
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Figure 4.7:  [Colour online] The ratio of up-coming anti-neutrinos to down-going anti-neutrinos (as
measured by using INO-ICAL detector parameters) as a function of L/E for baselines passing only
through the mantle of the Earth. The density profile of the Earth is according to the PREM. Each bin
width along X-axis being log1o(L/E) = 0.10, where L is in km and E is in GeV.

4.4.2 Comparison of Up/Down ratio for neutrinos and anti-neutrinos passing

through different baselines

The effective Am3; and sin?26s3 are different for neutrinos and anti-neutrinos as they see dif-

ferent matter potentials, however small, when traveling through matter. This change in the
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Figure 4.8: [Colour online] Comparison of Up by down ratio for neutrino and anti-neutrino events in
INO-ICAL for all baselines.
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Figure 4.9: [Colour online] Comparison of Up by down ratio for neutrino and anti-neutrino events in
INO-ICAL for baselines passing through the core of the Earth only.
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Figure 4.10: [Colour online] Comparison of Up by down ratio for neutrino and anti-neutrino events in
INO-ICAL for baselines passing through the mantle of the Earth only.

matter potential term is reflected in the transition probabilities, effecting the Up/Down ratio,
as seen in figures and for neutrinos and anti-neutrinos for all baselines, baselines
only through the core and baselines only through the mantle respectively. The v, and 7, events
corresponds to the = and p* events in the INO-ICAL respectively. The bin size along X-axis
for all the three figures is 0.10 km/GeV. It can be seen from the figures and that

the position as well as the value of the Up/Down ratio are different for the v, and 7, events.
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This is due to the difference in interaction of neutrinos and anti-neutrinos with matter which

has been discussed in section 2.3.2.

4.4.3 Comparison of Up/Down ratio for different core densities

We have analyzed each data set generated by varying the core density by 5%, £10%, +£15%
and +20%. The Up/Down ratio was plotted as a function of log;oL/E for each data set and then
compared with the same plot for density profile of the Earth according to PREM. Figure [£.11]
[A.12]and [£.13|show the comparison for all baselines, baselines only through the core and baselines
only through the mantle respectively. The bin size for all the plots are 0.10 km/GeV. The
histograms on left sides of the figures correspond to v, events (u~ events) and the right side
histograms correspond to 7, events (1T events). The histograms at the bottom line in each of
the three figures show the zoomed versions of the dips obtained. The values in the legend of

the figures show the ratio of new (changed) core density to the core density according to the

PREM, i.e pt¢¥/pEREM Tt is very clear from figures [4.11) |4.12| and [4.13| that there is a

core

difference in the dip values when the density of the core is changed. As discussed earlier, this
difference is due to the change in the effective sin?2623 due to the change in the density profile
of the core and hence that of the Earth. The positions and values of these dips for v, events
in the INO-ICAL for all baselines, baselines passing only through the core and mantle of the
Earth have been tabulated in table and the same for 7, events in the INO-ICAL have been
tabulated in table From the bottom left histogram in Figure [£.13|and table [£.4] we can see
that the position of the dip for the v, events in INO-ICAL for neutrinos passing only through
the mantle of the Earth changes when the density of the core is changed by +15 % and £20 %.

Table summarizes the % change in the values of the dips obtained for events due to 7,, and
v, reaching INO-ICAL through all baselines, baselines passing only the core and mantle of the
Earth. Figure shows the correlation between the measured dip values for v, events in INO-
ICAL due to atmospheric neutrinos travelling through all baselines and baselines only through

the core. By knowing the respective dip values, one can predict the deviation in the density

93



v events QP events
B

——— 080
—— 085
0.90
1 ——— 095
e 1 —— 1.00
g = | 1.05 i
[ 3 L 110 |
E - 115 Fﬂ%
[-% =3 1.20
=] = e
10" .
10"
- PRI BT R PRI R R
1 15 2 25 35 0 a5 1 5 2 25 3 38 4 4.5
log((L / E) (km/GeV)) log((L / E) (km/GeV))
0.065
I o082
" os0 : 0.80
v0ss| - — 0.85 —085
N 0.90 0.08[ 0.90
g —0.95
E voes 0.95 2
S [ 1w Soors|. — 100
- 1.05 -E- 1.05
:n:. 0.062— 1.10 =} 1.10
0.076|—
Lo 115 ’ - 118
onetl -~ 1.20 s 120 ‘ .
0.074 | :
o P T S p— S 28 76 29 765 3 555 31
log((L / E) (km/GeV)) log((L / E) (km/GeV))

Figure 4.11:  [Colour online] Comparison of Up/Down ratios for neutrino and anti-neutrino events

coming from all baselines in INO-ICAL for the default (PREM) density and the new (changed) densities

of the core of the Earth. The values in the legend with colour coding show the ratios of ptc /plPREM

The histograms on the left side are for v,, events whereas those on the right are for v, events.

profile of the core of the Earth compared to that from PREM. Similarly, Figure [£.15] shows
the correlation between the measured dip values for 7, events in INO-ICAL due to atmospheric
neutrinos traveling through all baselines and baselines only through the core whereas Figure[4.16
and [£.17]shows the same for neutrinos and anti-neutrinos passing only through mantle and core
of the Earth respectively. We have also studied the correlation between the neutrinos and anti-
neutrinos passing only through the core of the Earth, which is shown in Figure [4.18] Hence,

from these correlation plots and by the measured values of the dip in the ratio of Up/Down
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Figure 4.12:  [Colour online] Comparison of Up/Down ratio for neutrino and anti-neutrino events
passing only through the core of the Earth and reaching INO-ICAL, for the default (PREM) density and
the new (changed) densities of the core of the Earth. The values in the legend with colour coding show
the ratios of pre® [pEREM - The histograms on the left side are for v,, events whereas those on the right
are for v,, events.

neutrinos and anti-neutrinos reaching INO-ICAL through several baselines (directions) can help
us to obtain the density of the core of the Earth and thus the matter density profile of the inner

structure of the Earth.
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Figure 4.13:  [Colour online] Comparison of Up/Down ratio for neutrino and anti-neutrino events

passing only through the mantle of the Earth and reaching INO-ICAL, for the default (PREM) density
and the new (changed) densities of the core of the Earth. The values in the legend with colour coding
show the ratios of pe® /pPEEM - The histograms on the left side are for v, events whereas those on the
right are for v,, events.

4.5 Summary

Atmospheric neutrino flux mostly consists of v, and 7, along with v, and 7. in a ratio of
(vy + 7,)/ (Ve + Ue) = 2. Atmospheric neutrinos can be used as a suitable tool to probe the
density profile of the inner structure of the Earth as they come with wide range of energies and
provide a wide range of baselines. INO-ICAL, an upcoming atmospheric neutrino experiment

with excellent direction resolution and charge identification efficiency, will be able to detect v,
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p’;&;% Baselines through
All Core Mantle

Position || Value Position || Value Position || Value
0.80 2.9-3.0 0.0637 4.0-4.1 0.1077 2.1-22 0.0876
0.85 2.9-3.0 0.0630 4.0-4.1 0.1151 2.1-22 0.0854
0.90 2.9-3.0 0.0638 40-4.1 0.1082 2.0-21 0.0868
0.95 2.9-3.0 0.0626 4.0-4.1 0.1123 20-2.1 0.0862
1.00 2.9-3.0 0.0623 4.0-4.1 0.1133 20-2.1 0.0859
1.05 2.9-3.0 0.0608 4.0-4.1 0.1138 2.0-2.1 0.0860
1.10 2.9-3.0 0.0606 4.0-4.1 0.1147 20-2.1 0.0844
1.15 2.9-3.0 0.0611 4.0-4.1 0.1160 21-22 0.0853
1.20 2.9-3.0 0.0615 4.0-4.1 0.1142 2.2-22 0.0857

Table 4.4:  Summary of positions and values of the dips obtained for events due to v, reaching INO-
ICAL.

lgér‘geééM Baselines through
pcore
All Core Mantle

Position || Value Position || Value Position || Value
0.80 29-3.0 0.0734 3.7-3.8 0.1058 2.0-2.1 0.0840
0.85 29-3.0 0.0735 3.7-3.8 0.1092 2.0-2.1 0.0827
0.90 2.9-3.0 0.0744 3.7-3.8 0.1063 2.0-2.1 0.0845
0.95 2.9-3.0 0.0746 3.7-3.8 0.1077 2.0-2.1 0.0849
1.00 2.9-3.0 0.0737 3.7-3.8 0.1024 2.0-21 0.0836
1.05 29-3.0 0.0740 3.7-3.8 0.1026 2.0-2.1 0.0834
1.10 29-3.0 0.0759 3.7-3.8 0.1042 2.0-2.1 0.0852
1.15 29-3.0 0.0757 3.7-3.8 0.1043 2.0-2.1 0.0850
1.20 2.9-3.0 0.0772 3.7-3.8 0.1112 2.0-2.1 0.0869

Table 4.5:  Summary of positions and values of the dips obtained for events due to U, reaching INO-
ICAL.

and 7, events in the oscillation channels v, — v,, v, = 7, v, — v, and U, — V,. Neutrino
(anti-neutrino) oscillation in vacuum is different from that in matter and also the matter effects
in neutrino oscillation is different from the matter effects in anti-neutrino oscillation. The ratio
of Up-coming neutrinos to Down-going neutrinos as a function of L/E, where L is the travel
length and E is the energy of the neutrinos, can be a suitable tool to probe the density profile

of the core of the Earth. A comparison in the measurement of the dip values in the Up/Down

97



fg“r% Baselines through
A All Core Mantle
Vp vy Vp vy Vp vy
events events events events events events
0.80 +2.25 -0.41 -4.94 +3.30 +1.98 +0.48
0.85 +1.12 -0.20 +1.59 +6.60 -0.58 -1.08
0.90 +2.41 +0.95 -4.50 +3.80 +0.99 +1.08
0.95 +0.5 +1.22 -0.90 +5.18 +0.35 +1.56
1.05 -2.49 +0.41 +0.40 +0.20 +0.12 -0.24
1.10 -2.70 +2.99 +1.23 +1.76 -1.80 +1.91
1.15 -1.93 +2.71 +2.38 +1.86 -0.70 +1.67
1.20 -1.28 +4.75 +0.80 +8.60 -0.23 +3.95

Table 4.6: % change in the values of the dips obtained for events due to U, and U,, reaching INO-ICAL
through all baselines, baselines passing only the core and mantle of the Earth. The change is w.r.t the
PREM density profile of the Earth. The ”+” sign indicates the increment and ”-” sign indicates the
decrement in the dip values w.r.t to PREM density profile.
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Figure 4.14:  [Colour online] Variation of the dip values for v,, events obtained from INO-ICAL for

neutrinos passing through all baselines and only through core of the Earth

ratio by the INO-ICAL for neutrinos (anti-neutrinos) passing only through the core and mantle

and through all baselines will help in the determination in the deviation of the Earth matter
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Figure 4.15:  [Colour online] Variation of the dip values for 7, events obtained from INO-ICAL for
neutrinos passing thorugh all baselines and only through the core of the Earth.
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Figure 4.17:  [Colour online] Variation of the dip values for 7, events obtained from INO-ICAL for
neutrinos passing only through the mantle and core of the Earth.
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Figure 4.18: [Colour online] Variation of the dip values for 7,, and v,, events obtained from INO-ICAL
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density from the standard PREM.
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Chapter 5

Resistive Plate Chamber

Detectors are our best friend to guide us through the vast sea of knowledge.

5.1 Introduction

Gas filled detectors are being extensively used in several high energy physics and neutrino physics
experiments like ALICE, ATLAS, CMS, OPERA, BaBar, STAR, Belle, BES-III and so on. Sev-
eral upcoming experiments like CBM, INO-ICAL, DUNE also aim to use gas filled detectors.
These kind of detectors are of low cost, easy to develop, easy to operate, robust and can be devel-
oped over a large area. The detector parameters like efficiency, rate handling capability, particle
identification capability, time resolution, position resolution, dead time etc. varies among these
detectors. Depending on the experiment requirements, the specific choice of the gaseous de-
tector in a particular experiment is being made. Over the past several decades, this field has
seen appreciable improvement which has led to the development of significantly improved detec-
tors. Different types of gaseous detectors presently used are Multi-Wire Proportional Chamber
(MWPC), Time Projection Chamber (TPC), parallel plate avalanche chamber (PPAC), Gas
Electron Multiplier (GEM), micromegas and so on. Resistive Plate Chamber (RPC)[I] is also
a type of gas filled detector. It was first introduced in the year 1981 by R.Santonico and R.

Cardarelli. RPC has subsequently found wide range of applications in several past, present and
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future high energy physics and neutrino experiments.
This chapter focuses on the Resistive Plate Chamber, its historical evolution, working prin-
ciple, modes of operation, classification and applications of RPC followed by a brief introduction

on the development of oil-free bakelite RPC.

5.2 Historical development of RPC

5.2.1 Evolution of geseous detectors

Detectors play an important role in our daily life. Human eye is an example of a natural
particle detector. Out of curiosity, particle detectors for specific detection purposes are being
developed. The particle detectors of the present era thus evolved slowly. The development of
particle detectors by mankind dates back to 1890s when X-ray and radioactivity were discovered.
The discovery of X-rays opened the door for discovery of radioactivity and hence the birth of
particle detector. The photosensitive paper, blackened by radiation from uranium salt, used
by A. H. Becquerel when he discovered radioactivity, is perhaps the first documented particle
detector. Later, in the beginning of the 20th century, E. Rutherford and E. Marsden used a
scintillating screen to detect the scattering of alpha particles which gave birth to the first atomic
model. Sooner people developed detectors like spark chamber, cloud chamber, bubble chamber,
emulsions, to look for the tracks of charged particles using optical methods. As the technology
developed, electrical methods were chosen over the optical ones. Among the electrical methods,
scintillators with coupled photo multiplier tubes gained importance. Slowly, R&D had started
on ionization detectors. These were the first electrical devices developed for radiation detection.
They work on the principle of gas ionization when a charged particles passes through it. These
kind of detectors gained more importance as they had shown better spatial resolution than that
of the scintillators.

After detailed R&D, in 1928 Geiger and Miiller invented a detector which was capable of

detecting the electron-ion avalanche produced by the amplified ionization of the gas present
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between an anode wire and cylindrical cathode in a coaxial cylinder. The amplification of the
ionization was done by applying high electric field between the central wire (anode) and the
outer cylinder (cathode). The advanced form of these kinds of wire-based detectors like multi-
wire proportional chambers (MWPC)[3], invented in 1967 by G. Charpak, found applications in
several experiments as they provide a good spatial resolution. Due to the geometry of the wire
based detectors, the electric field between the anode and the cathode has a strong dependence
on %, where r is the distance from the wire. As the radius of the anode wire is much smaller
than that of the cathode, the electric field is very high in the vicinity of the anode, hence the
amplification of the ionization happens in this region. This leads to a good spatial resolution
(~ 100m). On the other hand, these kinds of detectors are known to have poor time resolution
because of the fact that the electrons generated in primary ionizations need to drift to the
vicinity of the anode in order to give a detectable signal as the elctric field has % dependency.
The drift of the electrons introduces a time jitter giving a poor time resolution. Removing the
”distance” dependency on the electric field can minimize the time jitter, hence improving the
time resolution. This idea led to the development of parallel plate counters as they have uniform
electric field between the anode and the cathode. The Keuffel Spark counter[4][5] is the first gas

detector developed based on this principle.

5.2.2 Spark Counter

In general, spark counters are made up of two planar metal electrodes with a certain uniform
gap between them. High voltage is applied across these metal electrodes. the gap is filled with
certain mixture of gases. When a charged particle passes through the gas, it causes primary
ionization in the gas that triggers multiple ionization in presence of high electric field resulting
into avalanche formation. As the avalanche grows, it results into a streamer which ultimately
connects the two electrodes in the form of a conducting plasma filament which creates a spark.
The spark mode of operation (streamer mode) results into large signals avoiding the electronic

time jitter, hence increasing the time resolution as compared to wired based gas detectors[2].
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Keuffel Spark Counter

The Keuffel Spark counter[4][5], developed in 1948 by J. Warren Keuffel , is the first gaseous
detector that works on this principle. The electrodes used in Keuffel spark counter were of copper
with a separation of ~2.5 mm between them. The gap between these electrodes was filled with a
mixture of Argon and Xylene at ~ 500 mbar pressure. A uniform electric field of ~4-12 kV/cm
was applied between the electrodes. The time resolution of the Keuffel Spark counter was ~1
nano-second which is far better than Geiger-Miiller counter which was in extensive use during
that time.

However, the spark or discharge created in a spark chamber had several shortcomings. First
of all, it damages the inner surface of the electrodes. The dead area of these kinds of detectors
increases due to the non restriction of the charge as the electrodes are metallic. Also, the dead
time of these detectors were measured to be a few milliseconds which ultimately limits the
rate handling capability of the detectors. In order to overcome these problems, a new kind of
parallel plate gas detectors were introduced with resistive plate electrodes, known as Pestov

spark counters[6] [7].

Pestov Spark Counter

The Pestov spark counter[6] was introduced in 1971 by Yu. Pestov and V. Parchomchuk. It uses
resistive plate electrodes unlike that of Keuffel spark counter. The resistivity of the electrodes
used is ~10° Qem. A special gas mixture was used which absorbed the photons, specially the
UV photons, as they were responsible for the streamers in Keuffel spark counter which resulted
into the damage of the electrodes. The high resistivity of the electrodes led to the localization
of the discharges and the remaining area of the counter was still be available for the incoming
particles, hence reducing the dead area of the detector. The Pestov counter having a gas gap of
~0.1 mm resulted a time resolution of ~25 ps [2] and a noise rate of ~0.2 Hz/cm?[§]. A very
good surface smoothness of the electrodes were needed in Pestov counter as the electric field was

~500 kV/cm in 0.1 mm gas gap. Operation of the detector at a high over-pressure of the gas
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(~12 bar) ensured a very good detection efficiency (close to 100%)[2][8]. The major limitations
of the Pestov counter were the gas pressure, component of the gas mixture (butadiene) and the

lack of availability of suitable electrodes[§].

5.2.3 Parallel Plate Avalanche Chambers

Generally gaseous detectors exploit the avalanche multiplication phenomenon. These detectors
are easy to build and operate. Parallel Plate Avalanche Chamber (PPAC) is also a kind of
gaseous detector which uses this phenomenon and is very similar to spark counter. The electrodes
in a PPAC are made up of materials like metalized ceramic or metals or plastics. The gas gap
varies from 500 ym to 2 mm and is maintained by precise spacers. These detectors are operated
in avalanche mode and hence streamers or discharges are the unwanted side effects. These

detectors were in use during 1990’s. The advantages of PPAC were

1. A proper choice of gas mixture helps in minimizing the streamer formation which results

into improved rate handling capability up to 10 MHz/cm? [12].

2. With proper gas mixture, one can increase the gas gain to 103 — 10* with a very low

discharge probability (down to 107°) for Minimum Ionizing Particles (MIP)[2].
3. A time resolution of ~100 - 250 ps can be achieved[13][14].
The major disadvantages were

1. The PPAC signals were small. The average charge content being ~(1 - 10) fC [14], resulting

into a low signal to noise ratio which affected the detector efficiency.
2. The electronics had to be of very low noise, fast and sensitive for timing purposes|[2]

3. The major limitation being their tendency to discharge when attempting to reach high
gas gain resulting to a spark and causing damage to both the detector and the read out

electronics[9].
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4. The fabrication of PPAC was non trivial.

Because of these disadvantages, the use of PPACs for large experiments and applications was
questionable[I5]. Acknowledging the limitations of the previous parallel plate gaseous counters,
R.Santonico and R. Cardarelli came up with the idea of using high resistive materials for both

the electrodes and hence the birth of Resistive Plate Chamber or RPC.

5.3 Resistive Plate Chamber

Resistive plate chamber is a parallel plate gas filled detector which utilizes a constant and
uniform electric filed maintained between two high resistive electrodes. It is an evolved form of
parallel plate chamber. It works on the principle of gas ionization due to the interaction of the
incoming particles (charged particles) with the gas molecules present in between the electrodes.
RPC was first introduced in the year 1981 by R.Santonico and R. Cardarelli [I]. Figure

shows the schematic of a single gap RPC. Basically a RPC is made up of two parallel plates of
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Figure 5.1: [Colour online] Schematic diagram of a RPC' [2].

high resistive (~ 109 — 10'* Qcm) material, like glass or bakelite, separated by a uniform gap
which is maintained by spacers. Hence, they are called high resistive electrodes. The spacers are
made up of even higher resistive materials. The outer side of the resistive plates are coated with
graphite or conducting paint in order to apply high voltages. The uniformity of the conductive
coating defines the uniformity of the potential distribution and hence the electric field in the

gap between the electrodes. For a single gap RPC, the typical electric field produced in the
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gap is 50kV/em. A certain mixture of gases having specific properties, is flown through the
gap between the electrodes. The mixture of the gas depends on the operation of the RPC. The
most important property of the gas mixture is ionization i.e when a charged particle like muon,
passes through the gas gap, it ionizes the gas molecules. The ionization produces electron-ion
pairs whose number gets enhanced further in the presence of high electric field by secondary
and tertiary ionizations and creates an “avalanche”or a large collection(s) of electron-ion pairs.
This avalanche is then detected in the form of induced signal(s) on read out strips kept on both
the sides (top and bottom) of the RPC. The read out strips are kept orthogonal to each other

so as to get the X-Y positions of the particle that passed through.

5.3.1 Working Principle of Resistive Plate Chamber

When a charged particle like 4+, 1~ having sufficient energy, traverses through the gap, it creates
several primary electron-ion pairs during its course of travel. Under intense electric field, the
primary electrons cause further secondary, tertiary, quaternary and further multiple ionizations.
This multiplication mechanism results in a distribution of free charge in the gas which has the

characteristic shape of an avalanche as shown in Figure These charges then travel towards
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Figure 5.2:  [Colour online] Schematic diagram of a RPC with with a muon passing through the gas
gap which creates an avalanche[I0].

the respective electrodes. As the drift velocity of electrons is much more than those of the ions,

the avalanche takes the shape of a “liquid drop”with the electrons at the head and the ions
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at the tail of the drop. During the process of avalanche formation, several photons are also
generated due to the recombination process, excitation and de-excitation of the electrons during
ionization. Along with the electrons, these photons also contribute significantly to the formation
and size of multiple avalanches which forms the streamers. Based on the size and number of
these space charge clusters created, the operation of RPC is divided into two - Avalanche and
Streamer mode of operation. The next section discusses the details about these two modes.
Moreover, if the ion-electron plasma is so large as to connect the two electrodes, then the so
called “spark” is created between the two electrodes. An avalanche distorts the applied electric
field inside the gas gap. Figure demonstrates in a very simple way, how an avalanche affects
the electric field in the gas gap. The avalanche charge carriers influence the electric field in the
gas gap which affects their own propagation and multiplication. This phenomenon is known as
space-charge effect. However, phenomenon of the actual physical processes inside a RPC is

very complex and one can look into ref. [I7] for the details.
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Figure 5.3: [Colour online] Illustration of the effect on the electric field inside a RPC gas gap in presence
of an avalanche. Ey is the applied electric field. Es is the electric field of a created avalanche. E, and Es
are the resultant electric field in the gas gap near the head and tail of the avalanche.[I7].

The dynamic behaviour of the growing number of space charges induces a signal on the
external read out panels. As the resistivity of the electrodes are very high, they are completely
transparent to these charges. The details of the generation of the signals can be explained by

the Shockley-Ramo theorem[11][34] for induced charges and has been well explained in ref. [10].
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High resistivity of the electrodes prevents high voltage supply from providing the electric
charge that would be necessary to maintain the discharge between the electrodes. Therefore the
electric field drops drastically in the region of the discharge causing it to extinguish with the
typical duration of the discharge of ~10 nano-seconds. The charge-up time after each discharge
is independent of the detector surface dimensions but depends on the time constant of the RPC
which comes out to be ~2 s for a RPC wih electrode resistivity ~5x10'2 Qcm[24][35]. Hence, the
charge-up time is much higher compared to the discharge time. During the charge-up time the
detector behaves as an insulator and remains inactive. But as the area of the detector affected
by the discharge is limited to ~0.1 cm? (called dead area), the remaining area of the detector, is
unaffected and retains its sensitivity to the incoming charged particles. This property of resistive
electrodes vastly improves their rate capability. The resistivity and thickness of the electrodes

and modes of operation of the RPC determines the rate handling capability of the RPC[36].

5.3.2 Modes of Operation of Resistive Plate chamber

There are two modes of operation of a RPC viz. “avalanche mode”and “streamer mode”. The
mode of operation is decided by the gas gain of the detector which is further decided by the
mixture of the gas and the applied high voltage or electric field. Because of the high gas gain, a
change occurs in the avalanche dynamics. The total number of charge carriers in an avalanche
determines the detectability of the signal and hence that of the penetrating charged particle. As
the gas gain of the RPC is increased further, the photons start to contribute to the avalanche
dynamics and streamers or weak sparks are created. The details about the modes of operations
has been discussed below.

Let ng be the number of electrons in a cluster at any particular point inside the gas gap.

The number of electrons reaching the anode is given by [10], [11]

n = ngel@ A7 (5.1)
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where,
« is the number of ionizations per unit length, also known as the first Townsend coefficient.
B is the number of electrons captured by the gas per unit length, also known as the attach-
ment coefficient, and
x is the distance between the anode plate and the point where the cluster is produced.

The gas gain of the detector is defined as

M= (5.2)

The mode of operation of a RPC is decided by Raether limit which is the physical limiting
value of the gas gain (M) or multiplication factor. If M is much lower than 10%, then formation
of additional secondary avalanches is prevented and simple charge multiplication phenomenon
occurs, whereas if M is greater than 10® | then primary ionizations will give rise to streamers with
high probability. Hence, if M > 103, the mode is called the streamer mode and if M << 108
the mode is avalanche mode. Figure and Figure show a schematic description of the
phenomenon in avalanche and streamer mode of operation of a RPC respectively.

The modes of operation of a RPC can also be explained by another notion. As propounded
by Yu. N. Pestov, a planar detector with resistive electrodes can be modeled as a set of discharge
cells which to the first order can be considered independent of each other. The expression for
capacitance of a planar condenser leads to the fact that the area of such cells is proportional to
the total average charge Q, that is produced in the gas gap, as governed by the equation below

_@d

S_eV

(5.3)

where,
d is the gap thickness,
V is the voltage applied to the electrodes and

€ is the permitivity of the gas.
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Figure 5.4: [Colour online] Schematic description of the phenomenon in avalanche mode of operation
of a RPC. a) Primary ionization of gas atoms by through-going radiation culminating in a Townsend
Avalanche in an electric field Ey b) Avalanche dynamics starting to influence the electric field ¢) Owing
to the large differences in mass, electron drift velocity is considerably higher than ions and the electrons
and ions reach respective electrodes at different times. d) When ions finally reach the cathode, the
discharge affects a small area of the electrodes due to its high resistivity, around the region of avalanche
development [2].

From the above equation, it can be concluded that the smaller the Q, the smaller the surface
of the discharge cells and therefore the higher the rate capability. In the streamer mode of
operation, the average charge produced in the gas gap is between 50 pC[37] and a few nCJ[3§],
hence, no pre-amplification is required as the signals are quite large. This makes the read-out
technique simple. Whereas, in the avalanche mode of operation the average charge produced
is ~1 pC, resulting a need for the amplification of the signal. Depending on the experiment
requirements, RPC can be operated in either of the modes. The mode of operation can be
controlled by the two most important factors - the electric field and the mixture of gases inside

the gas gap. A sufficiently high electric field increases the kinetic energy of the electrons sufficient
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Figure 5.5: [Colour online] [Schematic description of the development of a streamer in a RPC a) A
Townsend avalanche developing after the passage of radiation b) At very high values of gas gain, enormous
charge in the sensitive volume of the detector modifies the external electric field strongly. Photons also
play a major role in spreading the avalanche and streamer evolution c¢) Formation of a conductive channel
between the electrodes leads to sparks and discharge of wider regions of the electrodes d) The discharge
causes a reduction of the electric field at the avalanche spot creating a dead area [2].

enough to create more and more multiple ionizations and avalanches resulting into streamer
formations. The electric field can be further controlled by either optimizing the thickness of the

gas gap or by the applied high voltage. The role of the gas mixture has been discussed below.

5.3.3 Role of RPC Gases

In any gaseous detector, the gas mixture flown, is the heart of it as the mixture undergoes
ionization and the gas gap acts as the sensitive medium. Hence the choice of a gas or mixture
is very critical for any gaseous detector. Ideally, the process of ionization, avalanche formation
and multiplication can happen in any gas or gas-mixture provided sufficient energy is deposited

in the gas volume in presence of suitable electric field. However large size experiments with a
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stable performance of the gaseous detectors, require to satisfy certain criteria. Those being
e High gas gain or easily ionizable gas
e Chemically inactive or inert
e Swift recovery
e Extended life time or stable over a longer period
e Easy availability
e Low cost

e Operation at low electric field

Among all the gases, Argon fits properly with all the above conditions and serves as a perfect
choice as an ionizing agent. lonization and excitation of Argon atoms occurs simultaneously due
to the interaction of the argon atoms with an incoming particle. The excitation of argon atoms
leads to the generation of photons which result into undesirable secondary ionizations within
the gas gap, enhancing the avalanche to streamer transition probability. So, detectors operating
with only Argon has the disadvantage of transition to the discharge mode at gas gains ~103 -
10%. It is necessary to dissipate the photon energy via non-radiative processes. The polyatomic
gas molecules having rotational or vibrational degrees of freedom may serve the purpose. These
gases are known as photon quenchers, the examples being methane (CHy), Iso-butane (i-C4Hjy),
carbon dioxide (COz). In order to restrict the probability of avalanche to streamer transition
and formation of multiple avalanches in the sensitive gas gap, it is also necessary to quench the
energetic electrons. This purpose is served by introducing an electronegative additive in the gas
mixture. Freon and SFg are such examples. They act as electron quenchers in gas detector’s gas
mixtures, especially in RPC’s. One more advantage of using Freon is that due to its high atomic
mass and cluster density, it is a suitable ionizing gas for small sized gaps in avalanche mode of
operation. In my thesis work, a gas mixture containing Argon, eco-friendly freon (R134A) and

iso-butane in the ratio of 34:57:9 has been used for the streamer mode of operation of the RPCs.
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5.3.4 Classifications of Resistive Plate Chamber
I. Based on application

Based on the application of RPCs in several experiments, they can be divided into following

types:-

A. Timing RPC

RPCs are known to have very good time resolution. The time resolution of a typical single gap
RPC with a gas gap of 2 mm is of the order of 1 nano-second, whereas in multi-gap configuration,
the same can go down to <50 pico-seconds. The gas-gap maintained in multi-gap configuration
is 0.2 mm to 0.3 mm with an electric field of ~100 kV/cm in the gas gap. Large area (~ m?)
multi-gap RPCs (MRPCs) are widely used in several experiments for Time-Of-Flight (TOF)
measurements. These RPCs are operated in avalanche mode.

The basic principle of operation of timing RPCs may be described as follows. The initial
current, due to the avalanche or space charge created, grows exponentially in time until the
discriminating level is reached. The time delay between the primary ionization and the signal
detection is independent from the position occupied by the initial charges in the gas gap, resulting
excellent timing. The observed timing jitter depends only on the variation of the initial current
(which is due to avalanche and cluster statistics) and inversely on the current growth rate aw,
where « is the first Townsend coefficient and v is the electron drift velocity[18],[35]. It can also
be concluded that in the first approximation, the timing resolution should be independent of the
discriminator level. Both this effect and the inverse dependence on av have been experimentally

confirmed [I§].

B. Triggering RPC

The RPCs which are used for triggering the Minimum Ionizing Particles (MIPs) such as muons

in the muon detector systems are referred as the Trigger RPC. RPCs are used for triggering
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purposes over large areas because of its fast response time and its robustness. These RPCs are
of large area with 2 mm single or double gas gap configuration. These are operated either in
avalanche or streamer mode depending on the particle flux rate. In avalanche mode of operation,
they can handle a particle flux of several kHz/cm? with detection efficiency of ~98% and time

resolution (o) of ~1 nano-second.

I1. Based on design
A. Single gap RPC

The original RPC design, developed by R. Santonico and R. Cardarelli, was a single gap detector.
Since then a number of improvements have taken place. The first RPC used bakelite sheets
having a bulk resistivity of the order of 10’ — 10! Qcm, as electrodes. The two electrodes were
separated by 1.5 mm thick rectangular frame of PVC. Hence the gas gap was 1.5 mm. Nowadays,
most of the single gap RPC has a gas gap of 2 mm. The electric potential to the electrodes is
applied through a semi-conductive layer smeared on the outer surface of these electrodes which
remains transparent to the induced signals. This allows one to operate the pick-up panels at
ground potential, saving the utilization of high-voltage capacitors and avoiding the need for
high-voltage insulation of the strips. These RPCs have a detection efficiency of >95% with a

time resolution (o) of 1 - 1.5 ns. A schematic of single gap RPC is shown in Figure

B. Double gap RPC

The design of the first double gap RPC[19] was introduced by R. Cardarelli, R. Santonico, A.
Di Biagio and A. Lucci in 1988 to improve the detection efficiency along with the avalanche
mode of operation increasing its counting rate capability. Double gap RPCs allow for more
varied structures compared to the single gap RPCs as they have a larger number of elements
(gap gaps, electrodes, pickup panels). Figure shows the schematic of a double gap RPC.
Several experiments like CMS, BELLE, L3 uses double gap RPCs. Double gap RPCs are also

made by sandwiching two independent gas gaps with a common pick-up panel in the middle.
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Figure 5.6: [Colour online] Schematic diagram of a double gap RPC.

The avalanches produced in either or both of the gas gaps induce signals in the common pick-up
strips. CMS uses independent gas gaps with a common pickup panel while BELLE uses two

single gap RPCs stacked one over the other.

C. Multi-gap RPC

The Multi-gap Resistive Plate Chambers (MRPCs) are advanced form of RPC detectors where
the gas gap of a single gap RPC is divided into multiple gas sub—gaps with highly resistive
electrodes to improve the time resolution of the later without sacrificing its other good qualities
like efficiency. The first MRPC was introduced in the year 1996[20]. The high voltages (HV)
are applied only to the external surfaces of top and bottom electrodes and the intermediate
electrodes are electrically floating. Each of these electrodes are well separated from each other
by very thin (~0.250 mm) spacers. The readout panels or electrodes are located outside the
stack and are well insulated from the high voltage electrodes. A passing charged particle may
create an avalanche in any one or more than one or all gas gaps. The avalanches in different gaps
have the same time development. As the intermediate plates are transparent to the avalanche
signals, thus induced signals on external anode and cathode are analogue sum of avalanches in
all gaps. The time jitter in the rise time of the signal is expected to reduce due to smaller sub

gaps, resulting into a much better time resolution than single gap RPC. From the simulation
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Figure 5.7: [Colour online] Schematic diagram of a multi gap RPC[2]].

studies, it has been shown that the efficiency increases and time resolution improves with the
increase of number of gaps[22]. If the gas gap of a single gap RPC is divided into n number
of gaps to form a MRPC, then, it can been shown that the time resolution scales with o;//n,
however, the efficiency does scale with expected scaling law of 1-(1-)" , where o and € are the
time resolution and efficiency respectively of the single gap RPC [22]. The best time resolution
from MRPC is ~15.8 ps[23].

D. Wide gap RPC

The gas gap in a RPC is the heart of the detector. It has two purposes viz. to produce the
primary ionization cluster which later on gives an avalanche or streamer and to provide suitable
gas gain to provide detectable signals. Hence the accumulated charge in a signal depends on the
gas gap, the gas mixture and the electric field inside the gas gap. Depending on the application,
two types of RPC detector can be chosen, the first one is single (gas gap: ~ 2 mm) gap RPC
(also referred as narrow gap RPC) as discussed earlier and the second one is wide gap RP C|[20]

(gas gap: 8 mm or 9 mm). The main advantage of the wide gap RPC is the lower dynamic

120



range of gain which leads to the smaller current flowing through the gas gap and resistive plates.
The time resolution for wide gap RPC is poor as the larger path produces larger fluctuation in

signal arrival time[24].

E. Hybrid RPC

In hybrid RPCs|[25], the electrodes are a combination of resistive and metallic plates and still
retain the main property of a RPC : the absence of heavy discharges. Figure [5.8| shows a

schematic of an hybrid RPC. It is a pair of identical double gap RPCs with a 3 mm thick high
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Figure 5.8: [Colour online] Schematic diagram of a hybrid RPC. The long white rectangles represent
the aluminum electrodes and the black ones the resistive glass electrodes[25].

resistive glass electrode sandwiched between two 2 mm thick aluminum electrodes in each pair.
These RPCs can provide a time resolution (o) <80 ps with a detection efficiency >95%. These
RPCs are easy to construct and mechanically stable. They can be used in TOF and Positron

Emission Tomography (PET) imaging as they have good time resolution.
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F. Micro RPC

A standard RPC is known to have a good time resolution whereas the position resolution is ~1
cm as the majority of RPC applications do not require a very good position resolution. However,
several attempts have been made to optimize their position resolution. Micro RPC[26] is a special

type of RPC which has shown a position resolution of few tens of ym. Figure [5.9] shows a 0.1

X-rays v 2 l

{\/»/_/ et 0.1mm

Converter Readout strips

Figure 5.9: [Colour online] Schematic diagram of a micro RPC[27].

mm gap RPC equipped with a solid X-ray converter and anodic strips placed at a pitch of 30
pum which has shown a position resolution (FWHM) of at least 30 ym. The reasons being the
good localization of the primary charge given by the solid converter and the fact that most of
the charge in the avalanche is developed very close to the anode. Due to its exponential growth

in space, the avalanche yields a very narrow induced charge profile[27].

5.4 Application of Resistive Plate Chambers

Resistive Plate Chambers are one of the most successful and extensively used gas detectors in

high energy physics experiments. The major advantages of using RPCs are as follows
1. They are low cost detectors and easy to fabricate.
2. They can be developed over a large area (~m?).

3. They provide good time resolution (~1 ns in the case of single gap RPC and ~20 ps in

the case of multi-gap RPC).
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Gas

. . Area Electrode Electrod(.e . No. gap Operation

Experiment Application | covered . bulk resistiv- | of gas | thick-
9 material | . mode
(m?) ity (Qcm) gaps ness
(mm)

ALICE-Muon | Trigger 140 Bakelite | 3x10° 1 2 Streamer
ALICE-TOF | Timing 150 Glass 108 10 0.25 | Avalanche
ATLAS Trigger 6550 Bakelite | (1-4)x101° |1 2 Avalanche
BaBar Trigger 2000 Bakelite | 10! - 10'? 1 2 Streamer
Belle Trigger 2200 Glass > 1012 2 2 Streamer
BES III Trigger 1200 Bakelite | 10 - 10%3 2 2 Streamer
CBM-TOF Timing 120 Glass (3-4)x101% |10 0.25 | Avalanche
CMS Trigger 2953 Bakelite | ~1010 2 2 Avalanche
gSXéETRE;X Timing 16 Bakelite | 10'°—10'2 1 2 Streamer
EAS-TOP Timing 40 Bakelite | - 1 2 Streamer
FOPI Timing 6 Glass 10'2 4 0.3 Avalanche
HADES Timing 8 Glass 5x1012 4 0.3 Avalanche
HARP Timing 10 Glass 1013 4 0.3 Avalanche
L3 Trigger 300 Bakelite | 10! 2 2 Streamer
OPERA Trigger 3200 Bakelite | >5x10'" 1 2 Streamer
PHENIX Trigger - Bakelite | 10%° 2 2 Avalanche
STAR Timing 50 Glass 1012 - 1013 6 0.22 | Avalanche
YBJ-ARGO Trigger 5630 Bakelite | (0.5-1)x10'? | 1 2 Streamer

Table 5.1: Summary of RPC application in some past, present and future experiments [24], [35]

4. They are very robust detectors.

5. They provide good position resolution (~1 cm in the case of standard RPCs and ~30 pm

in the case of micro RPCs).

6. Depending upon the need of an experiment, the design and construction of RPCs can be

tuned.

Because of the above mentioned advantages of RPCs, they are increasingly preferred over the

other competing technologies for the accelerator, cosmic ray, neutrino and application based

experiments for timing or triggering or both purposes. Table summarizes the deployment

of RPCs in various configurations, modes of operation and application in past, current and
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future experiments. Several neutrino physics experiments like OPERA [28], DAYA BAY[29] are
using RPCs. RPCs may also find applications in the future neutrino experiments like INO[2],
DUNE[3]. Apart from these, the RPCs are also being explored for the detection of y-rays[30] and
neutrons[31] over a large area. The multi-gap RPC may find potential application in medical
physics like Positron Emission Tomography (PET) by Time Of Flight (TOF) technique[32].
The details has been discussed in the Chapter 7. RPCs may also find application in muon
tomography for cargo containers[33].

In the proposed ICAL experiment in INO in Southern India, the atmospheric neutrino oscil-
lation parameters will be studied. ICAL will consist of a stack of ~151 horizontal layers of ~5.6
cm thick magnetized iron plates separated by ~4 cm gaps which will house the active detector
layers. The total size of the ICAL will be ~16 m x 16 m x 14.5 m. The overall active detector
area will be ~97,500 m?. Hence, it is desirable that the active detector should be of low cost,
modular in construction with elements of a size suitable for mass production, robust, having a
time resolution ~ 1 ns and spatial resolution 1 cm. Considering all these factors, the resistive

plate chamber (RPC) seems to be the most appropriate choice as the active detector medium

in INO-ICAL.

5.5 Towards the development of oil-free bakelite Resistive plate

Chamber

In the last few decades, several developmental works has been done with RPCs. We have achieved
~15 ps of time resolution with MRPCs and about a few tens of ym of position resolution with
micro-strip RPCs. RPCs are one of the front runners in the usage of gas detectors in large
volume experiments. Several high resistive materials have been tried out for their suitability of
RPC electrodes, the most successful being glass and bakelite or high pressure paper laminate.
Bakelite, also referred as High Pressure Paper Laminate (HPL), sheets are extensively used as

RPC electrodes because of the fact that their bulk resistivity can be varied from ~ 108to ~10'3
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Qcm during the process of manufacturing. There are several other advantages of using bakelite
sheets as electrodes like, bakelite RPCs can be operated in both avalanche and streamer mode,
depending on the experiment requirement. But the major point of concern of using bakelite
sheets is their surface finish. The surface smoothness of the electrodes is a major concern as to
develop RPCs as uneven surface can lead to localized intense high electric field which may cause
discharges and may lead into serious damage of the electrodes. Coating the inner surface of the
electrodes with polymerized oil like, linseed or silicone solved the problem. On the other hand,
experiment like BES IIT has done immense R&D to develop oil-free (without any kind of coating
on the electrode surface) bakelite RPCs. We have also taken an initiative to develop oil-free
bakelite RPCs for the upcoming INO-ICAL detector. The next Chapter reports the detailed

developmental procedure.

5.6 Summary

RPCs, developed in 1981 by R.Santonico and R. Cardarelli, are gaseous detectors extensively
used in several high energy physics experiments. They are made up of two high resistive elec-
trodes seperated by a certain distance (gas gap). They work on the principle of gas ionization.
They are known for their excellent time resolution, good position resolution, low cost, robust
in nature and can be developed over a large area. The electrodes of RPCs are mostly made
of either glass or bakelite, each having their own advantages and disadvantages. Based on the
charge collected in each signal, there are two modes of operation - avalanche mode and streamer
mode. Based on the purpose, they can be classified either as trigger or timing RPCs. Based on
the number of gaps, they are classified as single gap, double gap and multi-gap RPCs. They
will find application in the upcoming ICAL experiment in INO as both triggering and timing

purposes.
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Chapter 6

Development of Oil-Free Bakelite
Resistive Plate Chambers for

INO-ICAL!

There are two ways to slide easily through life; to believe everything or to doubt

everything. Both ways save us from thinking.

A. Korzybski

6.1 Introduction

The Resistive Plate Chamber (RPC)[I], introduced in 1981 by R. Santonico and R. Cardarelli,
is a gaseous particle detector based on the principle of “Spark Chamber”, utilizing a constant
and uniform electric field produced by two parallel electrode plates which are made up of a
material with high bulk resistivity. Smooth surface of the electrodes plays an important role in
steady operation of the RPC [2]. Surface roughness of RPC electrode is very important towards

the production of the electric field after applying the high potential as the sharp pin like edge

!The major contents of this chapter are results of the works published in [27], [28], [29].
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in the surface morphological structure may vary the electric field significantly. Roughness of
the electrode surfaces increases the dark or leakage current and noise or counting rate of the
detector. This also causes the aging effect of RPCs. This has been a major problem for bakelite
RPCs. In order to avoid this problem, the inner surface of the bakelite electrodes are coated
with polymerized linseed or silicone oil. At the same time there has been several efforts in the
past few decades to develop bakelite RPCs without any kind of coating by developing suitable
bakelite surfaces. We have also put an effort to develop bakelite surfaces without any kind of
oil coating. This chapter descibes the detailed development of such a RPC which may be used
for the future neutrino experiments like INO-ICAL and DUNE.

6.2 Historical development of oil-free bakelite RPCs :-

RPCs were first introduced in the world of gas detectors in the year 1981 by R. Santonico and
R. Cardarelli. The electrodes used in the development of the first RPC were made up of high
pressure laminate or commonly referred as bakelite. Ever since, several other high resistive
materials have been tried out as electrodes of RPCs. Now a days, the most common materials
which are used as RPC electrodes are glass and bakelite. Among the experiments world-wide
which use bakelite RPCs, most of them use electrodes treated with linseed oil for their optimum
performance. This process has been an essential part and common practice as the physical
features like roughness, defects on the uncoated inner surface of the RPC electrodes may cause
high leakage current, high noise rate [2] which may result into breakdown of the electrodes [3]. It
has been observed that a thin layer of linseed [13] or silicone oil [14] coated on the inner surface
of the bakelite electrodes can significantly improve the surface smoothness, thereby greatly
improving the performance of the RPCs including the long term stability of the RPC modules.

The surface smoothness of the bakelite electrodes can be controlled during the process of
manufacturing of bakelite sheets. A few details of these steps can be found in ref.[3],[I§]. As
it is very difficult to control the surface morphological structure of the bakelite sheets during

their fabrication, coating the inner surface of the electrodes is a suitable solution to optimize the
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RPC performance. Treating the inner surfaces of the electrodes, following steps are followed.
1. The RPC gas gaps are filled with a liquid containing linseed oil.

2. The liquid is then drained slowly leaving behind a thin layer of linseed oil on all surfaces

inside the gap.
3. The oil layer is then cured by flowing dry air through the gaps of RPCs for tens of hours.

In order to get best results, the above processes are repeated up to three times. But there
is a possibility that incompletely uncured linseed oil is left behind inside the gas gap which
may cause serious operational problems in RPC, as observed by BaBar RPC system in late
1990’s[4],[5]. As the resistivity of the uncured oil is much lower than that of cured oil, the
accumulation of uncured oil around the spacers shortens the gas gap. Also, whiskers can grow
from regions of incompletely cured linseed oil. These phenomenon may cause heavy discharges
under high electric field. In the case of oil-treated RPCs, uncured oil droplets in the form of
"stalagmites” [I5] have been observed on the inner surface of the bakelite plates. These droplets
offer a suitable path to the current through the gas gap leading to high leakage current. The
chance of accumulation of these droplets is very high around the spacers of the chamber. It
has also been observed that the surface resistivity of the oil-treated bakelite changes during its
course of operation. The disadvantages of surface treatment of the electrodes with oil are well
documented in [I5]. However, these problems have been solved by the use of minimal cured
linseed oil [16].

Since 1990’s several R&Ds have been done to develop bakelite RPCs without any kind of
oil treatment on its surface[I7], [3]. These R&Ds were mainly focused to improve the surface
quality of the bakelite sheets by using fine paper and melamine resins [3]. However, even after
that, the noise rate of the uncoated RPCs were considerably higher compared to the coated
RPCs [18]. Hence, in most of the cases it has been noted that the attempts to eliminate the
oiling did not give satisfactory results mainly due to significant increase in the noise level of the

RPCs [18], [19].
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Application of uniform coating on the electrodes adds several complexities in the fabrication
procedure. Additionally, the adverse effects of coating on the properties of electrodes are com-
pletely eliminated with the use of uncoated surface. Keeping these aspects in mind, we put an
effort to develop an oil-free bakelite RPC. This work is a parallel effort towards constructing a

large-sized bakelite RPC without any surface treatment.

6.3 Development of oil-free bakelite RPC in VECC, Kolkata

This thesis aims at the development of large sized oil-free bakelite RPC for large neutrino
experiments like INO-ICAL. In order to do so, suitable bakelite sheets have to be developed
with proper smooth surface quality as the surface morphological structure plays a very important
role in the operation of a RPC. A smooth electrode surface not only limits the heavy discharges
but also reduces the ageing effect of the detector. For this work, several bakelite samples have
been tested for their properties like bulk resistivity, surface resistivity, capability to sustain
high voltages. The first criterion that makes the suitability of a high resistive material for
development of RPC is its electrical properties like bulk and surface resistivity. The electrical
properties should remain constant with the variation of applied high voltage in the operating
region. Among the chosen samples, most of them failed in the test. Those samples have shown a
significant change in their electrical properties with applied high voltage. Hence, those samples
were rejected for the development of RPC. The next section reports the failures and successes

of such an effort.

6.3.1 Search for suitable bakelite sample

The electrical properties like bulk and surface resistivities are the first important parameters
that define the suitability of any high resistive material towards the development of a RPC
[20],[21]. The failure has been reported for a particular sample which has shown consistent
behaviour in the electrical properties with the applied high voltage. High resistivity controls

the rate capability of the chamber and helps to localize the avalanche. As INO-ICAL will be
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using a large number of RPCs, it is important to find a suitable bakelite sample that can make
a RPC as well as it should be easily available. We have tested several bakelite samples provided
by an Indian company called Lamtuf Plastics Ltd for their bulk resistivities as listed in table
The average thickness of these bakelite sheets were 3 mm. The resistivities have been
measured by inserting the sample in between two copper plates of certain dimensions connected
to the opposite terminals of the power supply [22]. Table summarizes the variation of bulk
resistivity with applied high voltage for those samples. Among the tested samples, P100, P200
and P201 grade bakelite sheets had shown a significant drop in the bulk resistivity with high
voltage. Hence, these samples were rejected in the first step. Only P301 grade sample was found
suitable for the initial development of oil free RPC as the variation was minimal. The bulk and
surface resistivity of P301 sample were measured and are shown in Figure[6.1] As seen from the

figure, the variation in the electrical properties of the sample is minimal.

Variation of high | Change in bulk resis-
Sample (grade) voltage (V) tivity (Qcm) Result
LPPO1 (P100) 100 to 8000 ~107 - 10° Failed
LPP02 (P200) 100 to 8000 ~1010 - 108 Failed
LPP02 (P201) 100 to 8000 ~101t - 109 Failed
LPP03 (P301) 100 to 8000 ~101 - 1012 Passed

Table 6.1: Change in the bulk resistivity of P-100, P-200, P-201 and P-301 bakelite samples as
a function of applied high voltage.

After the successful measurement of the electrical properties of the P301 sample, a small
prototype RPC (30 cm x 30 cm) with a gas gap of 0.2 cm was fabricated, as shown in Figure[6.2]
In the first module, the inner surface of the electrodes were not treated with any kind of oil. After
the successful fabrication, a gas mixture of Freon:Iso-butane (avalanche mode of operation) in
the volume ratio of 95:5 was flown through the detector for ~1 day. The high voltage connections
were made to apply high voltages on the respective electrodes and the I-V characteristics had
been studied.

Figure [6.3| shows the first I-V curve of the detector. The current readings were noted down
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Figure 6.1:  [Colour online] Electrical properties of the P301 bakelite sample as a function of the applied
voltage

Gas nozzle

Side'spacer

Figure 6.2: [Colour online] Fabrication of a small (30 cm x 30 cm) bakelite RPC with P301 bakelite
sample.

while ramping up and ramping down of the detector. It is clearly seen that the current values do
not match in both the cases and a hysteresis loop is formed. The breakdown voltages also differ
from each other by ~5500 V. The area under this hysteresis loop signifies that the detector stores
the applied potential in the form of energy and does not come back to its previous state and the
voltage is decreased. The roughness of the electrode surface is a major reason for this kind of
effect. Similar effect in I-V test was observed with a gas mixture of Argon:Freon:Iso-butane in

a volume ratio of 55:40:5 (streamer mode of operation). Figure shows the I-V curve for this
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Figure 6.3: [Colour online] I-V characteristics of small prototype RPC in avalanche mode of operation.
This RPC had been fabricated from failed bakelite sample. No silicone oil or any kind of lubricant were
applied on the inner surface of the electrodes.
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Figure 6.4: [Colour online] I-V characteristics of small prototype RPC in streamer mode of operation.
This RPC had been fabricated from P-301 sample. No silicone oil or any kind of lubricant were applied
on the inner surface of the electrodes.

After it was realized that the surface of the P301 sample was rough, a fresh RPC was

fabricated with fresh P301 sample by coating the inner surface of the RPC with a thin layer of

silicone oil. Similar procedure was followed and the I-V characteristic of the RPC was studied

with a gas mixture of Argon:Freon:Isobutane in a volume ratio of 55:40:5. The I-V curve has been
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Figure 6.5: [Colour online] I-V characteristics of small prototype RPC in streamer mode of operation.
This RPC had been fabricated from failed bakelite sample. The inner surface of the RPC electrodes were
coated with silicone oil.

shown in Figure Similar effect was obtained but with a slight improvement. If Figure [6.4
and are compared, then it can be concluded that the area under the hysteresis loop decreased
after oil coating. This confirms the fact that the surface roughness of the electrodes may be
a major reason for the observed hysteresis loop as oil coating improves the surface quality.
Nevertheless, oil coating does not remove the roughness completely and leaves a possibility of
producing uncured oil droplets as mentioned in before. Hence, it reduces the area under the
hysteresis loop but does not eliminate it completely for this particular bakelite sample.

After the failures of the samples mentioned in Table for the development of RPC,
the company was approached by providing with the necessary reasons for the failures and was
requested to improve the surface morphological structure. After several R&D, the company
provided with a new sample (P302 OLTC grade) with improved surface quality. A new 30 cm
x 30 cm RPC was fabricated with the sample. In order to improve the surface finishing, a
special grade of paper was used by the company. The following subsection explains the detailed

fabrication and test results with cosmic rays of the new RPC.
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6.3.2 Fabrication and testing of small (30 cm x 30 cm x 0.2 cm) oil free

bakelite RPC
Electrical properties of the bakelite sample and fabrication of small prototype RPC

The electrical properties like bulk resistivity and surface resistivity play an important role for
the performance of a RPC which has been well explained in reference [22]. They also determine
the rate handling capability of a RPC. For the P302 OLTC grade bakelite, the bulk resistivity
was measured as described in reference [22] and the surface resistivity was measure as described
in reference [26]. Figure shows the measured bulk and surface resistivities of the bakelite
sample as a function of the applied high voltage. The average value of the bulk resistivity of the
bakelite sample was found to be ~ 9 x 10! Qcm whereas the surface resistivity was measured

to be ~ 3 x 10'2 /0. The values are found to suit the requirements of RPC electrodes [22].
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Figure 6.6:  [Colour online] Electrical properties of the bakelite sample as a function of the applied
voltage [28].

A single gap 30 cm x 30 cm X 0.2 cm bakelite RPC from 0.3 ¢cm thick P302 OLTC grade
bakelite sheets was fabricated. A gap of 0.2 cm was maintained between these electrodes with
the help of 4 button spacers, each of diameter 1 cm and height 0.2 cm and 4 side spacers of
length 28 cm and height 0.2 cm along with two gas nozzles. The side spacers, button spacers

and gas nozzles were made of polycarbonate material. The outer surfaces of both the electrodes
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were painted with conducting black graphite paint mixed with special thinner in 1:1 ratio in
order to apply uniform electric field across the plates. Figure shows the different components
of the fabricated RPC.

! \ RPC after gluing

Button
spacers
Black
Side copducting
spacers paint
Gas Complete
nozzle

RPC

Figure 6.7: Components and different stages of fabrication of small size (30 cm x 30 cm x 0.2 cm) RPC

The surface resistance of the painted surfaces of both the electrodes were measured with the
help of a 5 cm x 5 cm Aluminum zig. Figure [6.8] and shows the resistance profile of both

the surfaces. It can be seen form both the above figures that the semi-conductive coating was
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Figure 6.8: Surface resistance profile of the painted surface of the top electrode.
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Figure 6.9: Surface resistance profile of the painted surface of the bottom electrode.

quite uniform with some variations around the edges of the electrodes. As the painting was
done manually with spray gun hence it is quite difficult to remove these variations. After the
successful fabrication of the small prototype RPC, it was tested with cosmic rays in a standard
cosmic ray test set-up. We have used three plastic scintillators - two paddle scintillators (20 cm
x 8.5 cm) and one finger scintillator (7 cm x 1.5 cm). The overlap area between the scintillators
has been used to obtain the cosmic ray efficiency for a particular set-up.

High voltage (HV) was applied to the chamber using the CAEN N471A module. The current
was monitored from the display of the HV supply. The signal from the chamber was tapped
with the help of the copper strips of the pick-up panel. The pick up panel consisted of 30 cm
x 3 cm copper strips with a gap of 0.2 cm between them, pasted on a 30 cm x 30 cm X 1 cm
plate made up of foam and thermocol. A CAEN N841 16 channel Leading Edge Discriminator
(LED) has been used to convert the signals from the scintillatos and RPC into logic signals.
The coincidence of the three scintillator logic signals form the 3-fold master trigger. Further
coincidence with the RPC logic signal forms the four-fold signal. The efficiency is defined as the
ratio of the 4-fold counts to the 3-fold counts during a fixed time interval. The average master

trigger rate was ~ 0.008 Hz/em?. The following subsections discusses the test results.
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I-V characteristics and current stability of RPC

The I-V test is the first and important test of a RPC which tells about the health of the detector.
This test shows a common feature that the current-voltage curve has two distinctly different

slopes. The reason can be explained by the equivalent circuit of RPC, as shown in Figure [6.10!

+V

R electrode

R spacer /ZX/ R gap

R electrode

-V

Figure 6.10: Equivalent electrical circuit of a RPC[24].

At low voltage region i.e voltages below discharge, the gas gap behaves as an insulator as no

avalanches or streamers are formed,

Rg(lp = o0, and Rspacer > Relectrode (61)

Hence,

av

E - Rspacer (62)

low voltage

So, the slope of the I-V curve at low voltage region gives the conductance of the spacers. Whereas,

at very high voltage region i.e voltages above discharge, the gas gap behaves as a conductor as
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large avalanches or streamers are formed,

Ryap >~ 0 (6.3)

Giving,

av

E == Relectrode (64)

high voltage

Hence, the slope of the I-V curve at high voltage region gives the conductance of the electrodes
of the RPC.

The variation in the current through the RPC as a function of the applied high voltage was
studied. The current values were noted down while ramping up and also ramping down the RPC.
Figure[6.11]shows the variation in the current with respect to the applied voltage. It is very clear
from the figure that there is no hysteresis loop, as obtained in the I-V curve of RPCs developed
from previous bakelite samples (P-301). This signifies that the surface morphological structure
of P-302 bakelite sample is suitable for the development of a RPC. The I-V characteristics
of the fabricated bakelite RPC has been studied in streamer mode of operation with a gas
composition of Argon:Freon(R134a):Iso-butane::55:40:5 as shown in Figure The gas flow
rate was maintained at ~12 Standard Cubic Centimeter per Minute (SCCM) giving 1 volume
change in ~15 minutes. Two distinct slopes in the I-V characteristics have been obtained with
a breakdown voltage at ~7000 V (£ 3500 V). The RPC has been tested for current stability for
~50 hrs at 12,000 V (& 6000 V) as shown in Figure The current of the chamber was found
to be stable over the time period and also thereafter. Prior to observe the current stability, the
detector was kept in gas flow with high voltage ramped up, for ~2 days giving sufficient time

for it to stabilize.
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Figure 6.11: Variation in the current of the RPC as a function of the applied volatge while ramping up
and ramping down of the RPC.
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Figure 6.12: Shows the I-V characteristics of the bakelite RPC.

Efficiency and noise rate

The efficiency and noise rate of the RPC with cosmic rays have been measured. A signal
threshold of 20 mV was applied to all the three scintillators and the RPC. An efficiency plateau
was obtained for the RPC beyond 8000 V. The efficiency, as shown in Figure was found
to be ~98%.

During this test, noise rate of the RPC was also calculated and was found to

be ~1.7 Hz/em? at 9000 V. A linearly varying behaviour of the noise rate with the applied
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Figure 6.13: Shows the current stability of the bakelite RPC at + 6000 V.

voltage is shown in Figure The noise rate is nearly twice than the RPC modules used in
existing neutrino experiments [30] due to large argon content in the gas mixture, low threshold

and absence of electron quencher in the gas mixture.
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Figure 6.14: Shows the variation of efficiency with applied high voltage of the fabricated bakelite RPC.

With the successful results of the small (30 cm x 30 cm x 0.2 cm) bakelite RPC and
acceptable values of bulk and surface resistivity of the bakelite sample, we started to develop
large size (240 cm x 120 cm X 0.2 cm) bakelite RPC. For this purpose, two bakelite sheets of

the same grade (P302 OLTC) of dimension ~240 cm x 120 cm x 0.3 cm were procured. The
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Figure 6.15: Shows the variation of the noise rate with applied high voltage of the fabricated bakelite
RPC.

following section discusses the development and various test results of the large RPC in details.

6.3.3 Development and testing of large-size (240 cm x 120 cm x 0.2 cm) oil
free bakelite RPC

The bakelite electrodes used in the development of a large-size oil-free bakelite RPC are of the
same grade and quality as that of the small prototype, discussed in the previous section. The
dimensions of the sheets are ~ 240 cm x 120 ¢cm with a thickness of 0.3 cm. This is the largest
dimension of bakelite sheets available in Indian market. Several obstacle were faced during the
initial development of such a RPC like improper glue, dimensions and number of button spacers,
number of gas nozzles to be used, painting of the electrode surface with semi-conductive paint
and so on. These problems led us to carry out further investigations in the respective areas. It
so happened that the initial fabrication was unacceptable and the RPC had to be dismantled.

Further investigations led to the problems mentioned below.

e How to paint such a large surface area with semi-conductive paint with acceptable unifor-

mity in painting ?
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e It was found that the gas flow through the chamber was not proper which led to optimize

the number and size of button spacers as well as the number of gas nozzles to be used.

e What about the conductivity of the glue which is used to stick the button spacers, side

spacers and gas nozzles ?

e It was experienced that a large and well leveled platform was needed where the RPC had

to be fabricated.
e How to provide sufficient mechanical strength to the chamber ?

The following subsections discusses the solutions and detailed development procedure along

with the cosmic ray test results.

Electrical properties of different glue samples

The glue applied on top of the spacers while fabricating the chamber primarily provides required
mechanical strength at the joints, however, the electrical properties of the glue plays an impor-
tant role in deciding the chamber properties. Since the glue contributes to leakage current of
the RPC, the conductivity of the glue used should be much less than that of the electrodes.
Table shows the resin and hardener specifications used in preparing six different glue
samples. The bulk resistivity of the glue samples have been measured. Figure shows the
variation of the bulk resistivity of the samples with the applied voltage. It is seen that the

resistivity of most of the glue samples are higher compared to that of the electrodes.

Glue sample | Resin Specifications | Hardener Specifications
Sample-1 Dobekot 520F Hardener 758
Sample-2 Araldite Araldite hardener
Sample-3 Dobekot 520F Hardener 758
Sample-4 Dobekot 520F Fevitite hardener
Sample-5 Bicron BC-600 Hardener 758
Sample-6 BC-600:Araldite::1:1 BC-600 hardener

Table 6.2: Resin and hardener specifications of different glue samples[28].
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Figure 6.16: [Colour online] Bulk resistivity of different glue samples as a function of the applied
voltage[28].

Table summarizes the mixing proportions (by mass) of the resin and hardener for different
glue samples and their respective bulk resistivities. The bulk resistivity of Sample-6 (~ 10
Qcm) has been found to be ~100 times higher than that of the bakelite electrode (~ 102 Qcm).

Hence this particular glue has been used to fabricate the chamber.

Glue sample | Resin:Hardener (by mass) | Average p (Qcm)
Sample-1 1.0: 0.8 ~ 6.773 x 10U
Sample-2 1.0: 1.0 ~ 2.164 x 10%3
Sample-3 11.0: 1.0 ~ 8.376 x 10'?
Sample-4 21.0 : 2.0 ~ 2.014 x 1013
Sample-5 1:1 ~ 6.62 x 10"
Sample-6 4:1 ~ 1.157 x 101

Table 6.3: Mixing ratio and bulk resistivity (p) of different glue samples[28].

Fabrication of the chamber

The fabrication of such a large-sized oil-free chamber has several challenges which include
(a) maintaining the planarity of such large-sized electrodes (b) uniformity in coating the
surface with semi-conducting paint (c) preventing the electrodes from sagging by using spacers

at proper locations (d) ensuring continuous and uniform gas flow through the detector (e) proper
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Erection of a suitable assembly platform

Filing the edges and chamfering the corners of the electrodes

Cleaning the electrode sheets with de-mineralized water and alcohol

Painting of surfaces with conducting paint using spray gun

Measurement of surface resistance over the entire painted surface

Placing the bottom electrode on the erected platform

l

Attaching the side spacers, button spacers and
gas nozzles on the bottom electrode using glue

J

J

J

J

J

J

l |
T ]
|

J

|

J

J

J

l

Applying glue on the top surface of the
spacers and placing the top electrode

l

Giving ~1 day to settle the glue

l

Turning the chamber upside down after allowing the glue
to settle and re-glue the side spacers for better result

l

Giving ~1 day to settle the glue

Placing the pick up panels and flushing the gas mixture for ~3 days

Testing the module

— N N N N N (YN O (YN ([N (/YN ([N Y Y

Figure 6.17: Flow-chart of steps followed during fabricating of large RPC
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sealing of the chamber to ensure the detector is gas-tight. In this section how these challenges
were overcome during the fabrication procedure have been discussed. The fabrication procedure
consisted of the following steps (a) erection of a suitable assembly platform (b) filing the edges
and chamfering the corners of the electrodes (c) cleaning of the electrodes (d) painting of the
electrodes with semi-conducting paint (e) measurement of leveling of the electrodes (f) pasting
the spacers on the lower electrode and application of glue (g) installation of the upper electrode.
For the procedure of 0il coating the electrodes, a step is likely to be added in between (c) and (d).
For uniform oil coating of such a large surface, a specialized jig was to be made and specialized
coating procedure required to be adopted. This becomes an additional step which we avoided by
not using any kind of oil. Figure [6.17] shows various steps involved in the fabrication procedure
of the RPC in the form of a flow chart. During the fabrication of the RPC, the electrode sheets
have been kept on a well leveled platform. In order to maintain a constant gas gap, we used
two types of spacers- side spacers and button spacers. These spacers have been fixed on the
bakelite sheets with the help of the chosen glue. The button spacers helped to maintain the
gas gap while the side spacers additionally helped to seal the chamber from all sides. For such
a large-sized RPC, the spacers served the important purpose of providing mechanical support
along with defining the gas gap. The surface area of the spacers in contact with the electrodes
should be adequate enough to provide excellent mechanical strength to the RPC. The option
was to increase either the number or the surface area of the button spacers. Initially, the number
of button spacers was increased which led to the accumulation of gas in certain regions of the
chamber. The enhanced gas pressure in these regions led to the popping out of the button
spacers. Therefore, it has been decided to increase the area of each button spacer. A similar
problem, bulging of the chamber due to accumulation of gas was seen initially when there were
two gas inlets and two gas outlets. A change in the number of gas inlets and outlets from two to
four helped to solve the problem. Also, 1.5 cm broad polycarbonate strips of proper length were
pasted along the edges of the electrodes to ensure sufficient mechanical support to the chamber.

In the discussions to follow, some of the steps of fabrication have been described in detail.
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Leveling measurement

In order to fabricate such a large RPC, a platform of good planarity and of comparable dimen-
sions as that of the chamber was needed. A good, plane platform ensures that the bakelite sheets
do not sag and the spacers stick properly onto both the electrodes. We built a special platform
placing cardboard sheets, foam and a thick (2 cm) glass plate of dimensions ~(240 cm x 120
cm) on top of each other. These components ensured a well leveled surface for the assembly of
the chamber. 128 different locations were marked on the bottom electrode in the form a (16
x 8) matrix and the local heights of the electrode at those positions were measured with the
help of a dial gauge indicator. After gluing the button spacers on those 128 locations, the local
heights of the glued buttons pasted on the bottom electrode were measured, the distribution of

which is illustrated in Figure It is seen from Figure [6.19] that the gap thickness remains

uniform.

240 cm
236 cm

Gas input from this side

w911
wd ozl

] ] L] - - - L] ] ]
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] ] [ ful ] ] EC—E—E ] = b @ a ] i
~ 14cm‘L ~1ldcm
] u L} ] ] ] L} ] | ] » ] ] ] = -

Gas output from this side

Figure 6.18: [Colour online][Not to scale] A schematic view of the side spacers and button spacers pasted
on the bottom electrode. The green coloured boundary and the small red rectangles show the locartions
of the side and button spacers respectively. There are 4 gas input and 4 gas output channels.
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Figure 6.19: [Colour online] Variation of local height (mm) of glue and button spacers pasted on the
lower bakelite sheet[28)].

Assembly of the chamber

As a first step of the preparation of the electrodes, all the edges of both the bakelite sheets were
filed properly for smoothening. All the surfaces of both the sheets were then properly cleaned
with de-mineralized water and alcohol. After cleaning the sheets, one surface of each sheet was
spray-painted with a black semi-conducting paint mixed in the ratio 1:1 by volume with a special
dry thinner, both manufactured by Kansai Nerolac, India. The resistance profile of the painted
surfaces was measured with the help of a jig made of two brass rods of 9 cm length, separated
by a distance of 9 cm from each other. Figure [6.20] and Figure [6.21] show the surface resistivity
profile of the painted surfaces of the two electrodes.

Figure[6.22)and Figure[6.23|show the uniformity of painting on the two surfaces in terms of the
distribution of the measured resistivities. Even though the RMS values of the two distributions
(31% and 25%) indicate relatively larger variation, the deviations are mostly at the edges where
the paints are relatively non-uniform at the end of the spray-gun runs. The RMS widths are
~5% and ~6% after excluding the tails. The applied field is therefore expected to be uniform
over the entire area.

Two copper tapes each of dimension (16 cm x 2.5 cm) were pasted at the edges of the
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Figure 6.20: [Colour online] Surface resistivity profile of the painted surface of the lower electrode[28].
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Figure 6.21: [Colour online] Surface resistivity profile of the painted surface of the upper electrode[28].

painted surfaces of the electrodes. The tapes are used to apply high voltages on the surfaces.

The painted surfaces were then isolated properly with mylar sheets and kapton tapes. The side

spacers, button spacers and the gas nozzles were glued subsequently. A total of 128 button

spacers each of size 1.5 cm x 1 cm , 6 side spacers each of ~80 cm in length, 8 gas nozzles (4 for

gas input and 4 for gas output) and 2 side spacers each of ~120 cm in length have been used.

The distance between any two button spacer is ~14 cm. Some of the components have been

illustrated in Figure

The upper electrode was installed after the application of glue on top of all the spacers. A
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Figure 6.22: Surface resistivity distribution of the lower bakelite surface|[28].
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Figure 6.23: Surface resistivity distribution of the upper bakelite surface[2§].

Figure 6.24: [Colour online] Components (not to scale) used in the fabrication of large bakelite RPC.
The side spacer is a sample piece of the large side spacers used|28].
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Bakelite sheet
after painting with
Gluing process of side and conducting paint.
button spacers.

Placing the top bakelite sheet on
the bottom sheet.

Weights placed on the RPC under test

top plate.

Figure 6.25: [Colour online] Various steps involved during the development of large oil-free bakelite
RPC.

Figure 6.26: [Colour online] Photograph of the large bakelite RPC[2§].

number of weights (12) each of ~ 2.350 kg, placed over the mylar surface on the top electrode
and kept for one day to ensure better clinging. We then re-glued the side spacers to ensure gas-
tightness of the chamber. The chamber was then ready for testing with gas and High Voltage.

Figure [6.25| pictorially shows the steps involved in the development of the RPC. Figure [6.26
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Figure 6.27: [Colour online] Photograph of the large bakelite RPC with pick-up panel[2§].

shows the photograph of the complete RPC and Figure shows the complete RPC with the
pick-up panels on it. The pick-up panels are made of ~(125 cm x 105 cm x 0.15 cm) FR4
sheet sandwiched between ~(125 cm x 105 cm x 0.0035 cm) copper sheets. The copper pick-up

strips are 2.5 cm in width, with a gap of 0.2 cm between adjacent strips.

Cosmic ray Test set-up

The RPC has been tested with cosmic rays in a standard test set-up. We have used three plastic
scintillators - two paddle scintillators (20 cm x 8.5 cm) and one finger scintillator (7 cm x 1.5
cm). The overlap area between the scintillators has been used to obtain the cosmic ray efficiency
for a particular set-up.

High voltage (HV) was applied to the chamber using the CAEN A1832PE and A1832NE
modules in the CAEN SY1527 crate. The current was monitored from the panel of the HV
supply. The signal from the chamber was tapped with the help of LEMO connectors soldered
on the copper strips of the pick-up panel. A CANBERRA QUAD CFD 454 constant fraction
discriminator (CFD) has been used to digitize the signals from the scintillators with a threshold
of -20 mV and the RPC. The coincidence of the three scintillator logic signals form the 3-fold
master trigger. Further coincidence with the RPC logic signal forms the four-fold signal. The

efficiency is defined as the ratio of the 4-fold counts to the 3-fold counts during a fixed time
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interval. For timing measurements, the master trigger i.e. 3-fold was connected to the TDC-
START and the RPC logic signal was sent to the TDC-STOP after a fixed delay. A CAMAC
based data acquisition system has been used in our setup. The average master trigger rate was

~ 0.008 Hz/cm?.

Test results and discussions

During the entire testing period, the laboratory temperature has been maintained at ~ 20°C
and the relative humidity has been maintained at ~45% - 55%. All the tests have been done in
the streamer mode of operation of the RPC with a gas composition of Argon:Freon(R134a):Iso-
butane::34:57:9 by volume. A typical gas flow rate of ~0.75 liters/hour has been maintained over
the entire test period resulting in ~3 changes of gas volume per day. The current of the detector
has remained stable over the period of ~120 days during which the chamber has remained in

operation.

I-V characteristics

The I-V characteristics of the fabricated bakelite RPC is shown in Figure [6.28] Two distinct
slopes in the I-V characteristics have been obtained with a breakdown voltage at ~7000 V. From

the Ohmic part, the calculated bulk resistivity of the chamber was found to be 1.72x10" Qcm.
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Figure 6.28: I-V characteristics of the chamber. The figure in the inset shows the I-V characteristics
at low voltage region[28].
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Efficiency and noise rate

We have studied the efficiency and the noise rate of the chamber at a signal threshold of -20 mV.

Figure [6.29) shows the variation of efficiency with the total applied voltage showing a plateau of

>95% above 8400 V. The noise rate variation as a function of the applied voltage is shown in

Figure During this test, the noise rate of the RPC has been found to be ~0.75 Hz/cm? at

9000 V. The noise rate is comparable to the value reported in [14].
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Figure 6.29: Efficiency of the chamber as a function of the applied voltage. The error bars are within

the marker size[28].
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Figure 6.30: Noise rate of the chamber as a function of the applied voltage. The error bars are within

the marker size[28].

The efficiency of the chamber has been measured at 16 different locations of the detector at

9000 V, 8 at the edges of the RPC and 8 away from the edges. Figure[6.31]shows these locations
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Figure 6.31: [Colour online] Locations on the RPC plane where efficiencies have been measured, with
the measured efficiency values[28].
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Figure 6.32: Efficiency measurement at various locations on the RPC surface[28].

over the RPC surface with the measured efficiency values and Figure[6.32shows the distribution
of efficiency measured at these locations. The figure clearly shows two distinct groups, the edges
of the RPC are relatively low efficient as the probability of distortion of the electric field and
the non-uniformity of gas-flow are higher at these regions. The average efficiency is found to be

>95%.
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Time resolution

The time resolution of the RPC has been measured only at a central location of the chamber with
the 16 channel PHILIPS SCIENTIFIC 7186 TDC module. Figure [6.33| shows the uncorrected
time spectra of the RPC at 9000 V.
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Figure 6.33: [Colour online] Raw TDC spectra of the RPC at 9000 V. The red curve shows the Gaussian
fit[28].

The final RPC time resolution (o$%55°*ed) has been extracted from the Gaussian fit after
removing the contribution of the three scintillators [23]. Figure shows the variation of time
resolution (ogggded) of the large RPC as a function of the applied voltage. The best value of
the time resolution has been found to be ~0.83 ns at 9000 V which is comparable to the values
reported in [I],[25]. From Figure it is clearly seen that the time resolution of the RPC
improves with increasing high voltage, as expected. But further increase of the high voltage
may worsen the time resolution.

The above tests were done within a period of ~ 1 month. During the entire testing period
the current of the chamber was monitored. The bulk resistivity of the chamber was calculated
from the monitored current. An abrupt behaviour in the chamber current results in sudden
change in the chamber bulk resistivity. Figure shows the variation of bulk resistivity of
the chamber during the testing period. The variation of efficiency, temperature and relative

humidity during the testing period is shown in Figure [6.36
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Figure 6.35: [Colour online] Variation of bulk resistivity of the chamber with time.
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6.3.4 Long term performance testing of large oil-free bakelite RPC :-

After the successful development of the large sized oil-free bakelite RPC, the long term per-
formance of its various parameters were also studied. The long term operation of a RPC may
cause ageing problems in the detector due to several reasons like the variation of the electrode
resistivity, the integrated charge. In general there are three reasons of ageing effects in a RPC
- ageing of the electrode material, aging due to the integrated charge generated in the gas gap
which results in the increase in current in the detector and ageing due to irradiation on the
detector. However, for low rate neutrino experiments like INO, ageing due to irradiation might
not be significant but ageing due to the others remain a major issue. Increase in the leakage
current, bulk resistivity of the chamber, reduction in efficiency are the prominent symptoms of
an aged RPC. It is therefore important to perform the long term test of the detector as in an
upcoming large underground neutrino experiment like INO-ICAL, the RPCs will run for several
years.

After the RPC was initially tested for its various parameters like I-V characteristics, effi-
ciency, time resolution, noise rate and so on, the detector was kept in gas flow with high voltage
ON at overall 9000 V (£ 4500 V) for ~ 8 months i.e from May-2015 to December-2015. Then,
for the next two months the long term performance of the RPC was monitored continuously.
The same scintillator based cosmic ray test set up was used for the test. All the electronics
and gas flow configuration was the same as discussed before. During the entire testing period,
the laboratory temperature has been maintained at ~ 10°C and the relative humidity has been
maintained at ~35% - 40%. For long term performance studies, the chamber was operated at
9000 V with a signal threshold of -20 mV. The following subsections discuss the same start-
ing with the current stability followed by the bulk resistivity, efficiency, noise rate and time
resolution measurement of the chamber.

Before starting the long term performance test, the variation of efficiency and noise rate
of the chamber as a function of applied high voltage was established but at different signal

threshold and compared with the previous results.
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Figure 6.37:  [Colour online] Comparison of cosmic ray detection efficiency of the RPC at different
thresholds. The error bars are within the marker size [29].
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Figure 6.38: [Colour online] Comparison of noise rate of the RPC at different thresholds. The error bars
are within the marker size [29].

From Figure it is seen that the plateau was reached at >8400 V and >9700 V with an
efficiency value of >95% with a threshold of -20 mV and -50 mV respectively. Figure shows
that the noise rates of the chamber were found to be ~0.75 Hz/cm? and ~0.40 Hz/cm? with a
threshold of -20 mV and -50 mV respectively. From both the figures, it is quite clear that the
efficiency and noise rate curves shift to the right with an increase in the threshold, which is as

expected, as the genuine but low amplitude signals are being cut off.
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Current stability

Figure [6.39] shows the variation in the electrode current for both the electrodes. The top and
middle figures show the current variation for the first and second electrodes respectively whereas
the bottom figure shows the average current of both the electrodes. The bulk resistivity of the
chamber was calculated from the average current values which is shown in Figure The
bulk resistivity of the chamber was found to be ~ 9 x 10'® Qcm.
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Figure 6.39: Current stability of the electrodes of the chamber over a peroid of 60 days [29].
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Figure 6.40: [Colour online] Variation of bulk resistivity of the chamber with time [29].
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Efficiency and noise rate

The efficiency and noise rate of the chamber were also monitored for 60 days. The values of
efficiency and noise rate have been shown in Figure [6.41] and Figure respectively. The
efficiency and noise rate of the chamber was found to be >95% and ~ 0.75 Hz/em? respectively.

Both remained quite stable over the entire testing period.
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Figure 6.41: Efficiency of the chamber over a period of 60 days. The error bars are within the marker
size [29].
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Figure 6.42: [Colour online] Noise rate of the chamber over a period of 60 days. The error bars are
within the marker size [29].
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Time resolution

Figure shows the variation of time resolution (o) over the entire testing period. We have
taken one TDC spectra in a week. The details of the time resolution (o) calculations have been
discussed in reference [28]. The average time resolution of the chamber was found to be ~ 0.83

ns.
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Figure 6.43: [Colour online] Time resolution (o) of the chamber over a period of 60 days [29].

6.4 Summary

A suitable bakelite sample was found for the development of a RPC. A small prototype (30
cm X 30 cm) single gap RPC with 2 mm gas gap was successfully developed without using
any kind of oil on the inner surface of the electrode plates. This prototype RPC showed an
efficiency of ~98% in the operating region when tested with cosmic rays in streamer mode of
operation. Afterwards, A large sized (240 cm x 120 cm) oil-free RPC with a gas gap of 2 mm
was developed which might find its application in ICAL experiment. Special care was taken
during the fabrication process of the RPC. Several glue samples were made and tested in order
to find the suitable glue for the development of the RPC. On testing with cosmic rays, it showed

an efficiency >95%, noise rate of ~0.75 Hz/cm? and time resolution of ~0.830 nano-seconds at
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a signal threshold of -20 mV in its central region in streamer mode of operation. The efficiencies
at different locations of the RPC were also measured. The detector parameters like current,
bulk resistivity, efficiency and time resolution were monitored continuously over a period of 60

days and were found to be stable.
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Chapter 7

A Proof-of Principle for TOF-PET

Imaging using MRPCs

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are.
If it doesn’t agree with experiment, it’s wrong.

Richard P. Feynman

7.1 Introduction

Positron Emission Tomography (PET)[1], [2] is a nuclear medicinal imaging technique that is
used to observe metabolic processes in the body by the basic principle of detecting a pair of
back to back photons created by annihilation of a positron with an electron. The concept of
emission and transmission tomography was introduced by David E. Kuhl, Luke Chapman and
Roy Edwards in the late 1950s. Their work later led to the design and construction of several
tomographic instruments at the University of Pennsylvania. In 1975 tomographic imaging tech-
niques were further developed by Michel Ter-Pogossian, Michael E. Phelps, Edward J. Hoffman
and others at Washington University School of Medicine[3], [4]. Since then, the field of emis-

sion tomography has seen many many developments scientifically and technologically. A brief
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history of PET can be found in reference [5]. PET is based on the detection of very small (pi-
comolar) quantities of radio-pharmaceuticals labelled with positron emitting radio-nuclides like
1@, 150, 13N and '8F. Advantages of positron labelled substances are their very high specificity
(molecular targeting), the possibility of using biological active substances without changing their
behaviour by the label, and fulfillment of the tracer principle. Thus, the process of interest re-
mains unchanged during the measurement. Target structures of these molecules are e.g. glucose
metabolism, receptor binding potential, catecholamine transport, amino acid transport, or pro-
tein synthesis. All the above mentioned nuclides have very short radioactive half-lives (2 min for
O-15, 109 min for F-18), which necessitates a nearby cyclotron and radiochemistry facility. PET
is both a medical and research tool. It is used heavily in clinical oncology (medical imaging of
tumors and the search for metastases), and for clinical diagnosis of certain diffuse brain diseases
such as those causing various types of dementias. PET is also an important research tool to
map normal human brain and heart function, and support drug development.

Time of flight (TOF), as the name suggests, is the measurement of the time taken by an
object or particle or electromagnetic or other waves to travel a certain distance through a
medium. TOF technique has found several applications like TOF mass spectrometry, planar
Doppler velocimetry, neutron TOF scattering and so on in various fields. It has become one of
the most promising techniques for several R&D’s in science in today’s date. The application of
TOF in PET imaging dates back to 1976 when Louis Lavoie found that the fast response and
high scintillation yield of liquid xenon could be applied to PET and suggested the application of
TOF in PET imaging [6] [7]. A detailed development of TOF technique for PET imaging can be
found in reference [§], [9]. There has been significant development in the scintillator detectors for
TOF-PET systems. The evolution of scintillating crystals like Lutetium Oxyorthosilicate, LSO
and , Lutetium-Yttrium Oxyorthosilicate, LYSO crystals having good time resolution, fast and
reliable PMT’s along with the advancements in reconstruction algorithms have made the use of
TOF a realistic and reliable choice for PET imaging. The PET imaging technique is based on

the coincident detection of the two 511 keV gamma rays that are emitted in opposite directions
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as a result of annihilation of a positron emitted by the administered radio tracer nuclide with
an electron. The two gamma-ray interaction points define a so-called line-of-response (LOR) on
which the annihilation must have taken place. A precise measurement of the arrival times of
the coincident photons along with the time difference in flight-time of the two photons helps to
localize the annihilation event on the LOR. Figure[7.1]illustrates the basic working and detection

principle of any TOF-PET system.

Positron emitting

211 keV nucleus
photon “

-

511 keV
photon

(a) (b)

Figure 7.1: [Colour online] Imaging principle of PET: (a) Two 511 keV photons are emitted in (almost)
opposite directions after e™ annihiliates with e~; (b) The two photons are simultaneously detected within
a ring of detectors surrounding the patient. The line-of-response (LOR) connecting the two photons is
recorded. By recording many LORs the activity distribution can be tomographically reconstructed [10].

It can be shown that the position of the annihilation along the LOR may be identified with
an FWHM accuracy AL, given by [11]

(7.1)

where, o; is the rms timing resolution of the detecting element. As seen from the equation
the better the time resolution of the detector (o), the better will be the annihilation point
determination. An excellent time resolution of the photon detecting system also minimizes the

coincidence window (40¢), reducing the number of random coincidence events [12].

172



7.2 Development of 5 gap glass MRPCs

The detectors used in TOF-PET imaging should have time resolution in few hundreds of pico-
seconds as it exploits the time difference taken by the two back to back photons created by
the annihilation of electron and positron to determine the point of annihilation. The recent
developments in the present detector system for TOF-PET can be found in reference [13].
MRPCs have much improved timing resolution than the present day scintillator detectors used
in PET systems. Over the past several years, there has been attempts to develop RPC or MRPC
based PET systems [14], [I5], [16]. The advantages of using RPCs or MRPCs to develop a PET

system are as follows [17]

e The MRPCs have excellent time resolution (~20 pico-seconds for charged particles [18] and
~90 pico-seconds for 511 keV photon pairs [11]) which may result into better determination

of the annihilation point than the scintillators.

e For the case of RPC-PET, a position resolution in sub-millimeter region is achievable [15]

which may result into better determination of the Line Of Response (LOR).

e RPC’s and MRPC’s are unaffected by magnetic fields, hence they are compatible with
Magnetic Resonance Imaging (MRI) whereas the presence of PMTs in scintillator systems

makes them unfit for MRI.

e The fabrication of an MRPC is inexpensive and simpler than the scintillators. Hence,
development of large-sized MRPC detectors is quite feasible and the Field-Of-View at-
tainable with RPC’s or MRPC’s comes at a much lower cost compared to existing crystal

based systems.

e MRPC’s have naturally layered structure which is suited to photon conversion based on

the converter-plate principle [19].

e The particle detection efficiency increases and the time resolution of the MRPCs improve

with the increase in the applied high voltage. The applied high voltage has to be optimized
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for a good detection efficiency with proper time resolution.

Apart from the above mentioned advantages of RPC or MRPC based PET systems over the
present day scintillator based PET system, there are limitations. The major limitation being
the conversion efficiency of the RPC or MRPC which is defined as the number of 511 keV
~’s converted to the original number of 7’s incident on the detector. Being a gaseous detector,
RPC’s or MRPC’s have very good charged particle detection efficiency but have much lower
photon detection efficiency than that of the scintillators[16]. Hence, to develop a MRPC based
PET system, it is a major challenge to increase the photon detection efficiency. In spite of the
above fact, the choice of MRPC for TOF-PET imaging seems to be the practical choice for
the future as the current existing scintillator-based technology is very expensive increasing the
per-scan cost. In order to study the feasibility of using MRPCs in TOF-PET, two identical
5-gap glass MRPCs (Yellow MRPC or MRPC - I and Green MRPC or MRPC - II) have been
developed. The details of the development process has been discussed in section 3.7.7 of reference
[17]. Figure shows the photograph of the two MRPCs developed for the TOF-PET imaging

application. Table gives a brief summary about the two prototype MRPCs for TOF-PET.

| Yellow MRPC
| MRPC - I

Figure 7.2: [Colour online] Two identical prototype of 5-gap glass MRPCs with pick up panels developed
for TOF-PET imaging.
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MRPC parameters

Yellow MRPC

Green MRPC

Dimension 18 cm x 18 cm | 18 cm X 18 cm
Total number of gas gaps 5 )
Electrode thickness 700 pm 700 pm
Fach gas gap thickness 250 pm 250 pum
Mean of surface resistivity ~1.5 MQ/O ~0.8 MQ/O
of top painted electrode surface
Mean of surface resistivity ~1.0 MQ/O ~0.7 MQ/O

of bottom painted electrode surface

Table 7.1:  Specifications of the prototype MRPCs. In this thesis, Yellow MRPC has been tagged as
MRPC - I and Green MRPC as MRPC - II.

Both the prototypes have been operated and tested with a gas mixture of Freon (R134a)
: Isobutane :: 95 : 5 (by volume), in the avalanche mode. The I-V characteristics and the
variation of time resolution with applied high voltage have been studied for the prototypes.
The I-V characteristics of Yellow and Green MRPC has been shown in Figure and
respectively. Both the graphs show two distinct slopes with breakdown voltages at 13,000 kV
and ~12,000 kV respectively. The time resolution of the detector is very important to study
the feasibility of the same for TOF-PET imaging. Hence, the variation of the time resolution

with the applied high voltage was also studied for both the MRPCs. The method followed for

the study has been well described in reference [20] and also in section 6.3.3 of this thesis.
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Figure 7.4:

The time resolutions have been measured by a 16 channel PHILIPS SCIENTIFIC 7186
TDC module with scintillator 3-fold as TDC-Start and delayed MRPC logic pulse as TDC-
Stop. Figure and shows the study of time resolution variation with applied high voltage
for Yellow MRPC or MRPC - I and Green MRPC or MRPC - II respectively. From both the
figures, it can be concluded that the best time resolution obtained for Yellow MRPC is ~100 ps
at 15,800 kV and ~230 ps at 15,800 kV for the Green MRPC. The values of the time resolution
reported in Figure and have been corrected for the scintillator contributions. Figure

and shows the raw uncorrected TDC spectra of the MRPCs fitted with Gaussian function.
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Figure 7.6: [Colour online] The time resolution spectra of the Yellow MRPC or MRPC-I at 15.8 kV.
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Figure 7.8: [Colour online] The time resolution spectra of the Green MRPC or MRPC-II at 15.8 kV.
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Encouraged from the time resolution values of both the prototype 5-gap glass MRPCs, a
preliminary test to establish the basic proof of principle for TOF-PET imaging with these
MPRCs has been performed. The following sections discusses about the experimental set up

and test results in details.

7.3 Experimental set-up and test results

In present days, for PET imaging, positron emitting radio nuclides like ''C, 0, 13N and '®F are
used. these radio nuclides have a very short radioactive half lives. For the experiment presented
here ?2Na was used. 2?Na is a 41 or positron emitter but with a half life of ~2.6 years. It emits
positrons with maximum energy of 0.545 MeV accompanied by photons of energy 1.275 MeV.
These positrons annihilate immediately with nearby electrons, giving two back to back photons
or gammas each of energy 0.511 MeV. The details of the decay scheme of ??Na can be found
in reference [2I]. The aim was to detect these two back to back gammas with the prototype
MRPCs and also to sense a change in the position of the ??Na source. In order to do so, the
major challenge was to eliminate the cosmic muon background as MRPCs are known to have
very good charged particle detection efficiency and was successfully achieved by veto method
described as follows.

The two prototype MRPCs were kept horizontally and separated by a known distance as
shown schematically in Figure One ~ (30 cm x 30 cm x 0.5 cm) Aluminium plate was
placed on the top of the top MRPC and a second Aluminium sheet of nearly similar dimension
was placed at the bottom of the bottom MRPC, covering both the MRPCs completely. Two
plastic scintillators each of dimension ~ 50 cm x 25 cm were also used. Scintillator-I was placed
at the top of the top aluminium sheet and scintillator-II was placed at the bottom of the bottom
sheet. The ?2Na source was placed in between the two MRPCs. For the experiment, the distance
between the two prototype MRPCs was kept 17 cm and the source was moved by a distance of
11 cm. The first set of TDC spectra was taken when the source was placed 3 cm away from the

bottom or MRPC - IT and the second set was taken when the source was kept at 14 cm away

178



from the bottom MRPC. The actual experimental set up has been shown in Figure [7.10]

Scintillator - I
Aluminium sheet

MRPC -] S

Source Position -II e -

11 cm 17 cm

Source position-1 e -

MRPC - IT

Aluminium sheet
Scintillator - 11

Figure 7.9: [Colour online] Schematic of the experimental set up for TOF-PET with prototype MRPCs.

illator 11 Scintillator [ Yellow MRPC ~ Green MRPC £

Figure 7.10: [Colour online] Actual experimental set up for TOF-PET with prototype MRPCs .

The Aluminium sheets placed between the scintillators and the MRPCs ensured that the back
to back photons does not reach the scintillators as scintillators have good detection efficiency for
cosmic muons as well as photons. Hence, a suitable choice of the trigger may help to eliminate the

cosmic muon background as the interest is to collect the photon events detected by the MRPCs
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in coincidence. The chosen trigger will initiate the START of the TDC module. Figure [7.11
shows the electronic block diagram of the set up. The idea behind the trigger to be chosen is

the presence of MRPC - I signal when the coincidence of both scintillators is absent. Hence,

the presence of a digital ((Scintillator — I) - (Scintillator — IT)- MRPC - 1) logic signal formed
the trigger. To ensure this, CAEN N93B dual timer module was used. The coincidence of the
scintillators goes to the VETO and the digital output of MRPC - I goes to the INPUT of the
dual timer. The OUTPUT of the dual timer generates the trigger and goes to the START of
the TDC module. Delayed MRPC - II digital signal then goes to the STOP of the TDC.

Veto

. e _ | Coincidence Dual
Scintillator -I > LED ' Module Timer
l Input
Fast
MRPC-I — = CFD
Amplifier START
TDC
Delay
MRPC-lIl ™ Fast -—> CFD > STOPModule
Amplifier $ sTop  sTOP
Scintillator -1l » LED

Figure 7.11:  [Colour online] The block diagram of the experimental trigger and time measurement
logic.

As none of the detectors (scintillators and MRPCs) are 100% efficient to detect the cosmic
muons, the digital signals of the individual scintillators were also sent to separate STOP channels
of the TDC module. This helped to eliminate those cosmic muons which were missed by both
the scintillators but were detected by MRPC - 1. After selecting the suitable trigger scheme, the
22Na source were kept in positions I and II as shown in Figure and the data set were recorded
for both the positions. From the event by event timing information, those events which have
hits in either of the scintillators have been rejected while analyzing the data set. Figure[7.12|and

show the TDC spectra of MRPC-II when the source was kept at position-I and position-1I
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respectively.
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Figure 7.12: [Colour online] The TDC spectra of MRPC-II when the ??Na source was kept at position-I
as shown in Figure X axis is the TDC channel number. The resolution of TDC is ~24.4 ps / channel.
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Figure 7.13:  [Colour online] The TDC spectra of MRPC-II when the ??Na source was kept at position-
II as shown in Figure X axis is the TDC channel number. The resolution of TDC is ~24.4 ps /
channel.

The mean channel of the TDC spectra after a Gaussian fit was obtained to be 1479 for
Figure and 1514 for Figure Clearly there is a shift in the mean of the TDC spectra,
specially in the mean of the spectra by 35 TDC channels as the source was moved from position-I

to position-II by 11 cm. Assuming the velocity of photons to be ~30 cm/ns, a change in source
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position by 11 cm should give TDC channel difference of ~30 channels which is close to to the
obtained value of 35 channels. From another way of looking at it, a shift in the mean of the
TDC spectra of 35 channels should yield a change in the source position by ~ 12.8 cm which is

close to the actual change in source position by 11 cm.

7.4 Summary

MRPCs are known to have excellent time resolution. Hence, they can be a potential candidate
to replace the scintillators in existing PET systems. It is also expected that MRPCs may
give more precise results in comparison to scintillator based PET system as they have better
time resolution than scintillators. If successful, the cost per scan of PET imaging will reduce
drastically as MRPCs are relatively low cost detectors. As a first step towards this noble work,
we have successfully developed two 5-gap glass MRPCs with time resolution ~100 pico-seconds
and ~230 pico-seconds (without time-walk correction) respectively. These MRPCs have been
operated in avalanche mode of operation. We have tested these two MRPCs in a two-MRPC
coincidence set-up for the detection of back to back photons created by the anhiliation of positron
(emitted from Na?2 source) with a nearby electron. The change in distance in the source position

was succesfully estimated from the time spectra obtained by using both the MRPCs.
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Chapter 8

Summary and Outlook

8.1 Summary

Neutrinos are strange particles - small but fascinating. They are very much abundant in the
universe but elusive as they are very weakly interacting. There are several experiments like
Super-Kamiokande, Daya Bay, Ice Cube and so on studying various properties of neutrinos like
neutrino oscillations, mass determination and so on. The neutrino physics community in India
has taken an initiative to study the neutrino oscillations in the atmospheric sector. INO is an
upcoming facility in south of India which will house several experiments like ICAL, NDBD,
DINO to study the properties of neutrinos. ICAL, which will be a ~50 kt mangenized detector
with RPCs as active detectors, will look for the true mass hierarchy by studying the Earth
matter effects experienced by the neutrinos and the antineutrinos separately. ICAL will also
contribute in the precise measurement of o3 and |Am3,| and will look for new physics.
Primarily, ICAL will measure the momentum and direction of the muons produced by the
interactions of the incoming atmospheric neutrinos with the iron present in the ICAL. The
magnetization of the iron plates and the timing information provided by the RPCs in different
layers will help to separate between up-coming and down-going neutrinos and anti-neutrinos.

The oscillations in the up-coming atmospheric neutrinos will be more as compared to the down-
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going ones as the former will experience matter effects due to the earth enhancing the oscillation.
Studying the oscillation of the up-coming neutrinos with respect to the down-going neutrinos as
a function of log[L(km)/E(GeV')| proved to be a good tool to probe the density profile of the
inner structure of the earth, specially the core of the earth. A model based study by changing
the density of the core of the earth, with Up/Down ratio as a function of log(L/E) as an
observable has been performed to learn the deviation in the density of the core of the earth from
the standard PREM.

RPCs have been chosen as the active detectors in the ICAL experiment because they have
a time resolution ~1 nano-second and position resolution ~1 cm. The R&D program for the
ICAL is now running at a full pace. As a part of this programme, a large sized single gap
oil-free bakelite RPC of dimension 240 cm x 120 ¢m with a gas gap of 0.2 ¢m has been suc-
cessfully developed. The RPC has been tested in streamer mode of operation in a gas mixture
of Argon:Freon:iso-butane::34:57:9 (by volume) for its efficiency, noise rate, time resolution and
its long term performances with cosmic rays. Before developing the RPC, several bakelite sam-
ples were tested for their bulk and surface resistivities and small prototypes were developed
with those. Among them, the suitable sample was chosen and a small (30 cm x 30 cm) single
gap prototype RPC with a gas gap of 0.2 cm was developed successfully. The prototype was
also tested for its efficiency and noise rate in streamer mode of operation in a gas mixture of
Argon:Freon:iso-butane::55:40:5 (by volume).

Gas detectors like MRPCs may find potential applications in the field of medical physics like
PET imaging. Excellent time resolution, low development cost per unit area, robust in nature,
easy to operate make the MRPCs a suitable canditate to replace the scintillators in the present
day PET imaging systems. In order to establish the basic principle of PET imaging using TOF
technique, two nearly identcal 5-gap glass MRPCs have been developed. The I-V characteristics
and time resolution of these detectors have been studied in avalanche mode of operation in a
gas mixture of Freon:iso-butane::95:5 (by volume) with cosmic rays in a standard set-up. The

MRPCs have been used to detect the back to back photons created by the anhiliation of positron
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emitted from Na?? source with a nearby electron. A change in distance in the source position
was succesfully estimated from the time spectra obtained by using both the MRPCs, hence

extablishing the principle of TOF-PET imaging.

8.2 Outlook

This thesis work provides quite a few attractive future scopes. The ability of ICAL to probe
the inner matter density profile of the earth using atmospheric neutrino oscillations is very
unique. In our model based study of the density profile of the earth, the dop was taken to
be zero along with the ¥23 value to be 45.0°. More precise values of the oscillation parameters
along with improved ICAL detector parametrs like direction resolution, energy resolution, charge
identification efficiency, detection efficiency and so on will improve the model significantly. The
idea of studying the matter density profile of the earth using the oscillation dips may prove to
be more fruitful for very long baseline (~10000 km) experiments using ICAL. This may also
help in studying the non-standard interaction of the neutrinos with matter.

From the detector development for ICAL experiment part, the variation of time resoution
over the entire RPC surface and with the surface resistance profile will be an interesting area
to study. Very long term performance of the oil-free RPC should also be studied in order to get
an idea that how long it can perform without any degradation. The performance of the RPC in
avalanche mode of operation can also be studied. The variation of its performance with different
gas mixing ratios will be an interesting fact to look into. The RPC should also be tested with
proper electronics developed for RPCs in ICAL experiment.

The MRPC detectors have shown good time resolution and the proof-of-principle for TOF-
PET imaging have been successfully established. The time resolution can be improved further by
changing and optimising the gas mixture in order to narrow down the location of the anhiliation
point. The LOR has to be identified accurately. A proper MRPC based TOF-PET imaging

system has to be developed.
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