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Abstract

Master Thesis

by DANG VIET TAN

The Cherenkov Telescope Array (CTA) project is an very-high-energy gamma-ray ground-
based observatory using three sizes of Imaging Atmospheric Cherenkov Telescopes (IACT)
with different diameters. By placing about 100 IACTSs in the Southern and Northern
hemisphere, CTA can observe the whole sky, achieve ten times the sensitivity of current
gamma-ray telescopes and expand the observable energy band from 20 GeV to 300 TeV.
There are more than 1200 researchers in 32 countries around the world participating in
CTA now. The CTA-Japan team is mainly conducting research on Large-Sized Telescopes
(LSTs).

When a high energy primary particle such as gamma ray or high-energy cosmic
ray enters the Earth’s atmosphere, it will interact with nuclei in the atmosphere and
generate a series of reactions called air shower. The generated charged particles travel
through dielectric atmosphere and cause the Cherenkov light. The CTA then observes
this Cherenkov light and detects the high energy primary particle as gamma ray or cosmic
ray. Among the IACTs of CTA project, the LSTs play an important role in observing
gamma rays in the lowest energy range from 20 GeV to 1 TeV. Because the total number
of generated Cherenkov photons is almost directly proportional to the gamma-ray energy,
the amount of Cherenkov light at low energy levels are quite low. So various factors of
LST are being studied in order to improve the light collection performance and detect

more Cherenkov light as much as possible.

In this research, we are developing the light concentrator, an important optical part
which collects the Cherenkov light reflected from LST main mirror to camera. The LST
camera consists of 1855 photomultiplier tubes (PMT) as light detector. Each PMT has
a spherical entrance surface, which creates a gap with the adjacent PMT and loses a
lot of photons. By mounting a light concentrator in front of each PMT, this gap can be
reduced well and more Cherenkov photons can be detected. Moreover, light concentrator
also plays an important role in eliminating terrestrial background light from outside the
field of view (FOV).

The LST light concentrator has a particular structure. It is hand-made by combining
an ESR (Enhanced Specular Reflector) as reflecting material with a hexagonal cylindrical
cone. In current design, the thin ESR protrudes from the entrance of cone in order to max-

imize the light detection surface. However, because the ESR protruding part is warped,
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the reflective surface is distorted and the measurement results showed that the perfor-
mance dropped. In addition, the warped part is structurally weak. When attaching to
the interface plate, it is pushed by other adjacent light concentrators, deforms the surface
or forms a gap. In order to correct this warpage, the reinforcements by two-side tapes,
polyethylene terephthalate (PET) films and Stainless special Used Steel (SUS) films were
studied and executed. As result, the warpage was eliminated best by SUS film reinforce-

ment, and the performance of the light concentrator was improved.

On the other hand, light concentrators are also measured the light collection effi-
ciency carefully one by one to evaluate clearly its performance. One light concentrator
can be evaluated by 2 measurements: on-axis measurement and rotation measurement,
with three light-emitting diodes (LEDs) of 310 nm, 365 nm and 465 nm in peak wave-
length, respectively. The on-axis case is a fast measurement at 07, while the rotation
case is a time-consuming measurement checking angle by angle from j40™ to 40~. In
current experimental system, there was a problem that about 1.6% difference in the light
collection efficiency always occurs between the measurement results of on-axis case and
rotation case at 0. Besides, a lot of systematic errors sometimes occur during the rotation
measurement. In order to solve these problems, the experimental system was established
entirely, namely the rearrangement, rewriting the measuring scripts, change in replace-
ment steps and more. As result, the 1.6% difference disappeared and the systematic er-
rors reduced well. These factors are very important and significant to evaluate correctly

the collection efficiency of light concentrator.
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Chapter 1

Introduction

1.1 Cosmic ray and the signi cance of gamma-ray observa-

tion

Cosmic ray is an indispensable object in the current astronomy. First discovered in 1912
by Victor Hess, cosmic ray is still one of the unresolved important issues until now. Com-
ing from the outside of Solar system, almost 90% of cosmic rays are protons, 9% are
helium nuclei and 1% nuclei are heavier elements. Before coming to Earth, cosmic rays
pass magnetic elds in space and their directions are bent, so it is dif cult to identify
where they came from. Due to many experiments over the world, energy spectrum of

cosmic rays is shown as Figure 1.1 and extends beyond 10 20 eV.

However, celestial high-energy sources which generate the cosmic rays also emit
high-energy gamma rays. Unlike cosmic rays, high-energy gammas rays are electrically
neutral so they can go directly through the space's magnetic elds without any effect.
This means that high-energy gamma rays detected on Earth come directly from celestial
source where they were emitted. By observing gamma ray sources, we can study the

origin of cosmic ray and its acceleration mechanism.
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FIGURE 1.1: Observed energy spectrum of primary cosmic rays [1]. The spectrum is
expressed by a power law from 10 ! to 102 eV with a slight change of slopes around
1055 eV (knee), 10178 eV (second knee), and 10'°¢V (ankle).

1.2 Gamma ray

1.2.1 Overview

Gamma rays own short wavelengths about 0.01 nm and smaller, which are shorter than
X-rays in the known electromagnetic spectrum. As shown in Figure 1.2, gamma rays also
possess a wide energy range from about 100 keV (10 ° eV) to more than 100 EeV (10 20 eV).
Table 1.1 shows the detail gamma-ray bands in very high energy astronomy. These bands

are de ned by the interaction phenomena and detecting techniques.

Band Low/Medium High Very High Ultra High
Energy Energy Energy Energy

Shorthand LE/ME HE VHE UHE

Range 0.1-30 MeV 30 MeV-100 GeV 100 GeV-100 TeV  E100 TeV

Typical energy  keV-MeV MeV-GeV TeV PeV-EeV

Environment Space Space Ground-based Ground-based

TABLE 1.1: Gamma-ray bands [2].
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FIGURE 1.2: Electromagnetic spectrum showing the gamma-ray part from the full band

2].

1.2.2 Gamma-ray production mechanisms

Charged particles interact in various ways in the interstellar space and perform electro-
magnetic radiation. In particular, gamma rays emitted by interaction with interstellar
substances indicate directly the presence of high energy particles such as cosmic rays.
Figure 1.3 shows the spectrum of radiation mechanisms. The mechanisms of ¥ meson
decay, electron bremsstrahlung and inverse Compton scattering are mentioned as below,

as the main production mechanisms by which high-energy particles emit gamma rays.

FIGURE 1.3: Spectrum difference by radiation mechanisms [3].

1.2.2.1 ¥ meson decay

The cosmic ray protons collide with interstellar medium (ISM) such as molecular clouds,
and generate 3 kinds of Ymesons as ¥ meson, £ meson and ¥ meson. Among them,

the £ meson decays and emits gamma rays. Because the lifetime of 4 is very short as
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8.4£ 101 17 s, it almost immediately collapses to 2 gamma rays.

pcosmic_rayA pism! PA pAl/fAl/i AP

2 o Ae

The mass of proton m, the mass of meson my, and the kinetic energy E of cosmic

ray proton must satisfy the following condition [?].

u
My,

Epi Mpc?- 2myc® 1A —2 /280 [MeV]
4mp

The rest energy of the %2 meson is myc?® = 135 MeV. After collapse, 2 generated
gamma-ray photons have energy of mu,c?/2 = 67.5 MeV in the stationary system of ¥

meson and y in opposite directions to each other.

FIGURE 1.4: Schematic diagram of ¥ meson decay.

1.2.2.2 Electron bremsstrahlung

When the cosmic ray electrons approach the nucleus in the ISM, their directions are
bent and accelerated by the electric eld. At this time, gamma rays are emitted. This
phenomenon is called electron bremsstrahlung radiation. The bremsstrahlung radiation
spectrum is a continuously distribution in the range of 0 - h° . E, where E is the energy
of the electron, ° is the frequency of the electromagnetic wave radiated and h is Planck's
constant. Assuming that the surrounding substances are completely ionized, the energy

change rate of relativistic electron is expressed as follows:

Hag T 3
i AE—¥rc®Z(ZA1)N[log® A0.36]E (1.1)
dt Brems 2
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where Z is the atomic number of the nucleus, and N is the number density, Yar is the
Thomson scattering cross section (0.665 £ 10i 2 m?), and ® is the ne-structure constant

(1/137).

Equation 1.1 also represents the emissivity of the electromagnetic wave, which is
proportional to the number density N. In the central part of the galaxy where the material
density is higher than that surrounding region, an expanded gamma-ray source region
has been observed. The observed energy region is from about several tens of MeV to
several GeV. Among them, gamma rays in the low energy side (several hundreds MeV or
less) are thought to mainly originate from cosmic ray electron bremsstrahlung, while in

the higher energy side are thought to be generated by ¥ meson decay.

FIGURE 1.5: Schematic diagram of electron bremsstrahlung.

1.2.2.3 Inverse Compton scattering

Inverse Compton (IC) scattering is the phenomenon that relativistic electrons scatter low
energy photons and raise the photon energy up to high energy. Like the bremsstrahlung,
it is a gamma-ray radiation mechanism originating from electrons. This process is called
inverse Compton scattering because it is regarded as an inverse process of Compton scat-
tering (a process in which the high energy photons scatter stationary electrons and turn
into low energy photons). The energy change rate of electrons due to inverse Compton

scattering is expressed as follows

e

4 2-2
—  [FE-¥cC° U 1.2
e 53 s ph (1.2)

where ¥y, °, — Av/c, Up, are the Thomson scattering cross section, the Lorentz factor
of electron, the ratio of electron velocity to the speed of light, and the energy density of

the radiation eld, respectively.
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FIGURE 1.6: Schematic diagram of inverse Compton scattering.

1.3 Gamma-ray detector

In different energy regions, gamma rays are detected by various ways. Gamma rays below
30 MeV are detected by Compton telescope, whereas by using arti cial satellite in the
high energy (HE) range. Since being launched into space in 2008, the Fermi Gamma-ray
Space Telescope (see Figure 1.7) has been running until now, detecting more than 3000
high energy objects. On the other hand, the incidence frequency of gamma rays ranging
from tens of GeV to TeV is low so a wider effective area is required. Because the effective
area of satellites launched into space is limited, it is dif cult to observe these gamma rays
by satellites. Therefore, there is a method to observe gamma rays indirectly on the ground
separately from the observation in space by using arti cial satellites. When very high
energy (VHE) gamma rays arrive at the Earth, they interact with atomic nuclei in the
atmosphere and generate Cherenkov light. By observing this Cherenkov light by using
Imaging Atmospheric Cherenkov Telescope (IACT) on the ground, we can reconstruct the
directions and the energies of the gamma rays arrived. There are some IACT arrays in
operation now like MAGIC, H.E.S.S. and VERITAS as shown in Figure 1.8. The largest
IACT arrays will be the Cherenkov Telescope Array (CTA) which is under construction

and will be mentioned in more detail in the next chapter.

FIGURE 1.7: Fermi Gamma-ray Space Telescope [4].
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FIGURE 1.8: Top: The H.E.S.S. (High Energy Stereoscopic System) telescope array [5].
Middle: The VERITAS (Very Energetic Radiation Imaging Telescope Array System) tele-
scope array [6]. Bottom: The MAGIC (Major Atmospheric Gamma Imaging Cherenkov)
telescope array [7].

1.4 Gamma-ray observation by IACTs

This section describes how gamma ray and cosmic ray go through the Earth atmosphere

and how to observe gamma rays separately from cosmic-ray background.

1.4.1 Electromagnetic cascade

High energy primary particles entering the Earth's atmosphere will generate secondary
particles by interaction with nuclei in the atmosphere. The secondary particles further
produce particles by interaction. A series of such reactions repeatedly occurred, and the
collection of particles generated is called an air shower. In the case that the primary
particle is gamma ray, it is called electromagnetic shower, and in the case that the primary

particle is proton, it is called hadron shower.
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» Gamma-ray shower (Figure 1.9, left)

In the case the primary particle is high-energy gamma ray, gamma ray interacts
with atomic nuclei in the atmosphere and cause electron-positron pair production.
The generated electron and positron further emit gamma rays by bremsstrahlung,
and emitted gamma rays cause electron-positron pair production again. This loop
is repeated until the energy of the emitted gamma ray falls below the energy that
electron-positron pair production dominates (about 83 MeV due to the Earth's at-

mosphere).

FIGURE 1.9: Schematic diagram of gamma-ray shower (left) and hadronic shower (right)

[8].

» Hadronic shower (Figure 1.9, right)

In the case that the primary particle is high energy cosmic ray such as proton and
etc, the primary particle interacts with atomic nuclei in the atmosphere and gen-
erates ¥2 and ¥# meson. The neutral pion ¥4 collapses into two gamma rays, and

these gamma rays cause electromagnetic shower.

1.4.2 Cherenkov radiation

When a charged patrticle travels through a dielectric medium, it causes the Cherenkov
radiation in the case that speed of particle exceeds the speed of light in that medium. The
electrons and positrons in the air shower generated by gamma rays or protons exceed the
speed of light ¢/n in the atmosphere where c is the velocity of light, n is the refractive
index of the atmosphere, and they emit Cherenkov light. Generated Cherenkov light

possess wavelengths from the ultraviolet to visible light region. The angle p formed by
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the moving direction of Cherenkov light and particle is given by the following relational

expression

FAEarccos( ! ), /EV
H “n” c

where v is the speed of electrons and positrons.

FIGURE 1.10: The principle of Cherenkov radiation [9].

Due to that refractive index of the atmosphere changes according to the altitude,
Cherenkov light arriving at the ground level spreads like a circle of about 150 m in radius,
regardless of the altitude of air shower occurrence. This area is called a light pool. In the
Figure 1.11, the left picture shows the light pool observed at the ground level by a gamma
ray of 300 GeV. The total number of Cherenkov photons is almost proportional to the
energy of gamma ray. At 1 TeV gamma ray, the photon density on the ground in the light

pool is about 50 photons/m 2.

1.4.3 The principle of gamma-ray observation by IACTs

The IACT is composed of a main mirror as re ector and a focal-plane camera mounting
at focal point of the mirror. By placing IACT in the light pool, we can catch and collect
the Cherenkov photons re ected from mirror as shown in Figure 1.12. The amount of
light and the image of the shower are recorded as digital signals by detectors installed at

focal-plane camera.

« Distinction between gamma ray and cosmic-ray background
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FIGURE 1.11: Left: the light pool observed at the ground level by a  °-ray of 300 GeV
[10]. Right: simulation of the Cherenkov light as a function of the impact distance [11].

The solid and dashed lines show showers developing along to the earth magnetic eld
and 90* perpendicular to it, respectively.

FIGURE 1.12: lllustration of an Imaging Atmosphere Cherenkov Telescope (IACT) catch-
ing Cherenkov light [10].

Compared with fewer gamma ray events, the charged cosmic rays are overwhelm-
ingly large (about 10 2 10* times) and become almost the background from the
universe. However, because the image observed by IACT is different due to shower

development, the gamma ray can be distinguished. There are two differences in
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FIGURE 1.13: Difference in development of air showers by CORSIKA simulation [12].
Left: Gamma-ray shower development. Right: Hadronic shower development.

their shower developments. First, as shown in Figure 1.13, the image of gamma-
ray shower does not spread and it develops compactly, while the image of hadronic
shower spreads anisotropically. Second, if the gamma-ray shower axis and the op-
tical axis of the telescope match together, the image is rounded at the center of the
eld of view. If it is parallel, the image appears in an ellipse whose long axis in-
tersects the optical axis (see Figure 1.12). This feature does not exist in the case
of hadronic shower. Figure 1.14 shows the distribution of photons reaching the
focal-plane camera. The method identifying a gamma-ray shower from cosmic rays
background based on the differences in the image of Cherenkov light like this way

is called Imaging Atmosphere Cherenkov Technique (also called IACT).

FIGURE 1.14: Left: Camera pixel image when observing °-ray shower. Right: Camera
pixel image when observing hadronic shower [9].
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* The determination of gamma-ray energy and its arrival direction

FIGURE 1.15: Stereo observation using 4 IACTs [13].

Because the photon number density in the light pool depends on the magnitude of
the gamma ray energy arrived and it is almost constant, irrespective of the distance
from the pool center (see Figure 1.11, right). Thus, the energy magnitude of arrival
gamma ray can be estimated by only a part of photons detected from the light pool.
The minimum energy of gamma rays that can be observed is inversely proportional
to the light collecting area of the re ecting mirror. So for 1 TeV gamma ray, about

several hundred square meters of effective area are necessary.

Besides, one method called stereo observation allows measuring the arrival direc-
tion of gamma ray more effectively. When Cherenkov light is captured at a position
distant from the shower axis, parallax occurs between the gamma ray source and
the air shower. Therefore, the shower image captured on the ground level is slightly
deviated from the direction of the source and the long axis direction of the ellipse
crosses the source direction. By observing 1 gamma-ray event by multiple telescopes
and superimposing the images, it is possible to determine the arrival direction of the

source (see Figure 1.16).
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FIGURE 1.16: Up: Camera pixel image of each telescope when observing 1 shower using
4 1ACTs. Bottom: Principle of the stereo observation using 4 IACTs [14].

The stereo observation can be performed with at least two telescopes. However,
increasing the number of telescopes will increases the number of shower images,
so the arrival direction will be predicted with higher accuracy. Moreover, since the

stereo method can estimate the altitude of air shower occurrence by using the dis-
tance between the telescopes, it is possible to improve the accuracy of determining

the energy of gamma rays.






Chapter 2

Cherenkov Telescope Array (CTA)

project

2.1 Overview

FIGURE 2.1: CTA structure: a mixed array of different telescopes [1].

Cherenkov Telescope Array (CTA) project is an international plan constructing the
largest gamma-ray observatory in human history. By arranging about hundred Cherenkov
telescopes with different sizes in the northern and southern hemispheres, CTA can ob-
serve the whole universe and achieve sensitivity ten times beyond the current telescopes
(see Figure 2.2), with an observable energy range from 20 GeV to 300 TeV. Figure 2.1
shows the imaging structure of CTA project using different types of IACT. With the im-
plementation of CTA, it is expected to reach an observation of over thousand celestial
objects, bringing a new deployment to astronomical researches, such as activity of high-
energy celestial objects inside and outside our Galaxy, or evolution of galaxy's formation,

23
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and so on. Currently, more than 1300 researchers from about 32 countries around the

world are participating in this project.

FIGURE 2.2: CTA sensitivity by Monte Carlo simulation. Both northern and southern
site perform a deep sensitivity curve comparing with current arrays [1].

2.1.1 Telescope types

There are 4 classes of IACT designed for CTA. They are composed of Large-Sized Tele-
scope (LST), Medium-Sized Telescope (MST), Schwarzschild-Couder Telescope (SCT) and
Small-Sized Telescope (SST). Each types of telescope has been developed by an interna-

tional collaboration.

e Large-Sized Telescope (LST)

The LST will be described in more detail in the next section.

* Medium-Sized Telescope (MST)

The MST is a modi ed Davies-Cotton telescope using 90 hexagonal segmented mir-
rors as one primary mirror as shown in Figure 2.3. This primary mirror possesses
a diameter of 12 m and a focal length of 16 m (see Table 2.1). MST is an important
part of CTA covering the core energy range from 100 GeV to 10 TeV with a large
Field Of View (FOV) of 8 *. Two types of camera: NectarCAM and FlashCAM will be
used for MST.
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FIGURE 2.3: The MST structure [1].

» Schwarzschild-Couder Telescope (SCT)

As shown in Figure 2.4, the SCT is a dual mirror version of MST developed by insti-
tutes in the United States since 2006. Figure 2.4 shows the structure of SCT. The
2-mirror optical system is designed to cancel aberrations and de-magnify the im-
age of Cherenkov light. Moreover, SCT is equipped with a compact, high-resolution
camera. The SCT cover the same energy range with MST, from 100 GeV to 10 TeV

with a wider FOV of 8 .3*. Some main parameters of SCT are shown in Table 2.1.

Type LST MST SCT
Re ector type Parapolic Davies-Cotton | Schwarzschild-Couder
Focal length 28 m 16 m 56m
Dish diameter 23 m 12m 9.7m
(primary)
Mirror effective area 368 m? E88 m? 40 m?
Camera FOV 4.5* 8* 8.3*
Energy range 20 TeV-1 TeV 100 GeV-10 TeV

TABLE 2.1: Main parameters of LST, MST and SCT [1].

« Small-Sized Telescope (SST)
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