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Abstract

In the last 20 years the ground-based telescopes have opened a new observation window at very high
energies(VHE) between 100 GeV and 10 TeV, with the application of imaging air Cherenkov
technique. Here the Cherenkov light from secondary particles produced in electromagnetic cascades,
initiated from a primary y-photon or a charged particle, is measured. As these Cherenkov light flashes
are very faint and short, a large reflector as well as a high sensitivity photo-multiplier camera is used.
From the images of the air shower, the identity and energy of the primary particle could be
reconstructed. The base for this reconstruction is the comparison with artificial air showers produced
by Monte Carlo simulations and processed through a complete detector simulation. The current
generation of large Imaging Air Cherenkov telescopes, as MAGIC or H.E.S.S is not practical for long
time monitoring of certain sources, mainly for cost reasons. Therefore a new instrument is proposed,
which is dedicated to long time observations of bright nearby blazars. It is based on a technical upgrade
of one of the former Cherenkov telescopes of the HEGRA experiment. The observation targets are
extragalactic objects, that show non-thermal broad band emission from the radio band up to VHE
gamma-rays. Among the most extreme astrophysical objects, blazers emit most of their energy at vy-
rays and show time variability in scales from years down to several minutes. So far, long term
monitoring lack from the small sampling of the light curve at VHE. For the ongoing studies of the
instrument and coming data analysis, a new detector simulation is necessary. In this work, the reflection
of Cherenkov photons, produced with the air shower simulation program CORSIKA [Heck et
al.(1998)], at a user-defined reflector with user-defined properties is simulated and introduced in the
existing framework MARS. The detector simulations presented in the end show comparable results to
the MAGIC reflector.
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Chapter 1: Introduction

1.1 Project Overview

MAGIC (Major Atmosphere Gamma-ray Imaging Cherenkov telescope) is an Imaging Atmospheric
Cherenkov telescope designed to observe Very High Energy(VHE) gamma rays from astrophysical
sources. It is located on the Canary Islands of La Palma (28° N and 17° W), Spain at about 2200 meters
above sea level.

As a new generation of imaging atmospheric Cherenkov telescope, the first design proposal of MAGIC
is presented in 1995 (Brad et al.,1995) with the lowest possible threshold energy. Based on the
experience acquired with the first generation of Cherenkov telescope, the whole construction of
MAGIC has been completed in 2003 supported primarily by the funding agencies BMBF (Germany),
MPG (Germany), INFN (Italy), CICYT (Spain) and SNF (Switzerland). Since 2004, it has been
operated under the MAGIC collaboration of 17 institutes [1] around the world.

Figure 1: The 17 m diameter MAGIC telescope on the Canary Island of
La Palma. Taken by R.Wagner.

MAGIC telescope collects very short flashes of atmospheric Cherenkov radiation (< 10 nsec in
duration) emitted during the development of the air showers produced in the interaction of the gamma
rays with the atmospheric nuclei. As the world largest single dish reflector, MAGIC telescope (see
Figure 1) has

> A 17 m diameter parabolic mirror with f/ D= 1.
> Areflecting surface of 236 m? consisting of 50 cm % 50 cm reflectors.

> A camera as a hexagonal array of 577 fast-response photomultiplier tubes (PMTs) which has a
quantum efficiency (QE) around 30%.



> An active mirror control (AMC) system that is able to correct the mirror pointing on-line for
dish deformations.

> A multilevel trigger and a 300 MHz FADC system for pulse digitalization (replaced by a 2GHz
digital system in February 2007).

> Signal transmission by using analog optical fiber signal.

The research target of MAGIC telescope include [2]:
> The study of Active Galactic Nuclei (AGN).
> Observation of Gamma Ray Bursts (GRBs) in the new energy window.

> The study of galactic gamma sources such as supernova remnants, pulsars and binary systems.

Since its commissioning in 2004, numerous new sources have been detected at VHE level. Currently a
second telescope is under construction on the same site for stereoscopic observations with the aim of
lowering the energy threshold and increasing the sensitivity. Its foundation, frame and drive equipments
are already in place and it is expected to start commissioning in 2008.

1.2 Task Statement

For the construction of future IACT detectors, two main issues in principle have to be considered: the
astrophysical significance (observing targets); and the experimental feasibility (cost).

The discovery of new, faint objects has become the major task for the new generation telescopes.
Blazars are highly compact and variable sources associated with supermassive blackholes at the center
of a galaxy. Blazars are believed to be a subclass of Active Galactic Nuclei (AGN) (shown in Figure 2)
[4] and can be divided into two groups: highly variable quasars and BL Lacertae objects. Among all
AGN:s, blazars emit over the widest range of frequencies being detected from radio to gamma-ray.

Long term observations of bright blazars are the key to obtain a solid database for variability
investigation. However observations with telescopes like MAGIC are very expensive and impractical
for long term run, only possible with a dedicated instrument. A small imaging air Cherenkov telescope
is currently being built. It is based on the upgrade of the former CT3 of the High Energy Gamma-Ray
Array (HERGA) with low-cost but high sensitivity. Assuming the performance of the new telescope
comparable to the HEGRA — telescope, it is suited for long term monitoring of the following targets

[3]:
Mrk421

Mrk501

1ES 2344+514
1ES 1959+650
H 1426+428
PKS 2155-304

VvV Vv V VY V V
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Figure 2: Blazars are AGNs which has one of its relativistic
jets pointed toward the Earth so the emission being observed
is dominated by phenomena occurring in the jet region
accounting for the variability and compact features of both
types of blazars. Central black hole capture the gas, dust and
stars creating a accretion disk which generates huge amounts
of energy in the form of elementary particles. Also a large
opaque torus extending from the center black hole. The cloud
will absorb and emit from regions closer to the black hole and
it can be detected on Earth as emission lines in the blazar
spectrum. A pair of relativistic jets, which is perpendicular to
the accretion disk, carry a high energy plasma away from the
AGN. The “direction”of jet is depending on the combination
of magnetic fields and winds from the accretion disk and
torus. Referred to [4].

More details regarding the technical set up of the dedicated telescope can be found in [3].

For future studies of the instruments and analysis of the data, a new detector simulation is necessary. A
new modular method will be implemented into the existing software framework “MARS” (Magic
Analysis and Reconstruction Software). In this work, the reflection of Cherenkov photons simulated
with CORSIKA at a user-defined reflector with user-defined properties is implemented into the existing
analysis tool. The programming language is C++. The reflection code is based on the CERN's analysis
package ROOT and fit into MARS framework.

1.3 Layout of the paper

In the following chapter, a brief review regarding very high energy gamma ray astronomy is reviewed.
Chapter 3 suggests the algorithm in MARS of reading CORSIKA file. Simulations of the reflector and
analysis of the results are presented and discussed in chapter 4. The final chapter holds the conclusion
and future work suggestion.



Chapter 2: Background

2.1 Brief review of VHE Gamma-ray Astronomy

2.1.1 Introduction

Cosmic Rays were discovered by Austrian scientist Victor Hess (Nobel Prize, 1936) in the beginning of
20™ century through a balloon experiment of the ionizing effect on airtight vessels of glass enclosing
two electrodes with a high voltage between them. The ionizing effect increased as the balloon climbed
up and therefore it demonstrated that the radiation must come from the outer space. So the term Cosmic
Rays was dubbed. Since then, various of experiments and observations have been carried out
worldwide and this new field of astrophysics has been rapidly developing.

Figure 3: Left: In the form of a flashlight beam, a jet of electrons and protons traveling near the
speed of light seen in Hubble's image. The beam is gushing outward from the center of the
galaxy M8&7 that lies around 50 million light-years away from Earth. Referred to [5].

Right: Crab Nebula, as the remnant of a star began its life with about 10 times the mass of Sun.
Referred to [6].

Cosmic rays are energetic charged particles that possess a large range of energies from 10° electron-volt
(eV) to more than 10*°eV. Cosmic rays mainly consist of high energy nuclear particles (protons as well
as heavier atomic nuclei), a small fraction of electrons and an even smaller fraction of photons in the
form of gamma-rays (< 10*) which are important for astronomers when trying to find out the origin of
cosmic rays.

Until now, the origin of cosmic rays is still not well understood. The charged components of cosmic
rays are deflected by the galactic or intergalactic magnetic fields and hit the Earth from all directions.
Therefore, the charged component can not be used to trace the particles back to their origin, only
possible with the neutral components such as gamma rays, which have no electrical charge and arrive
at the Earth undeflected. With the direction information, gamma ray particles make the search and
investigation of cosmic ray sources possible.



Very High Energy (VHE) gamma-ray astronomy is the study of photons in the 10 GeV to 100 TeV
energy range (see Table 1).

Table 1: Classification of the energy regions in gamma-ray astronomy. Taken from [7].

Energy Range Classification Detecting Technique
0.1 — 10 MeV Low Energy (LE) Space-based

10 - 30 MeV Medium Energy (ME) Space-based

30 MeV — 10 GeV High Energy (HE) Space-based

10 GeV — 100 TeV Very High Energy (VHE) Ground-based

100 TeV — 100 PeV Ultra High Energy (UHE) Ground-based

100 PeV — 100 EeV Extremely High Energy (EHE) | Ground-based

The photons are produced by the exotic objects in the universe among the detected source categories.
Following are several types of astrophysical objects that could emit gamma-rays:

>

Active Galactic Nuclei (AGN): A supermassive black hole at the center of a galaxy attracts
matter by gravitational force.

Supernova Remnant (SNR): the remains of a supernova explosion bounded by an expanding
shock wave.

Pulsars: a rotating neutron starts that generates regular pulses of radiation at its spin rate.

Gamma-ray bursts (GRB): intense flashes that radiate tremendous amounts of energy in the
form of gamma rays.

Binary systems: Cataclysmic variables (CV), X-ray Binaries (XRB) and microquasars.

High-energy gamma radiation are produced via the following main processes as:

>

Inverse Compton scattering: Interaction of high energy (relativistic) electron with low energy
photon. The net energy is transferred from electron to the photon.

Pion decay: The neutral meson decays due to electromagnetic force. n° decays into two gamma
rays with a probability of 99%.

Bremsstrahlung: Electromagnetic radiation produced by a sudden slowing down of charged
particles passing through matter in the vicinity of electric fields of atomic nuclei.

Synchrotron radiation: A special case of inverse Compton scattering. Radiation occurs when
charged particles are following a curved trajectory - for example the charged particles under the
influence of a magnetic field.

The study of VHE y-ray may help to determine the source of cosmic rays, allow us to understand how
matter and radiation interact with each other under extreme conditions. It provides a completely
different view of the universe from other types of radiation. VHE vy-ray astronomy reveals the
extraordinary relativistic objects which offer a sensitive study of fundamental physics and astrophysical
processes.



2.1.2 Detecting Technique

Gamma rays are detected and measured with balloon flights, satellites and ground arrays. The
instruments-chosen depend strongly on the energy range of the primary particles.

Space-based detectors

The detecting technique of a given energy range of gamma-rays is depending on its arrival rate which
varies enormously with their energy. The drop rate of LE and ME gamma-rays flux is many thousands
per square meter every second that makes the direct measurement possible.

The atmosphere absorbs most of the gamma-rays before they reach the ground. To measure the primary
gamma-rays directly without atmospheric disturbances, the detection equipment should be placed
above the atmosphere, which can be accomplished by carrying the instruments aboard the high-altitude
balloons or Earth-orbit satellites. The first gamma-ray telescope sensitive to energies greater than 50
MeV was carried into orbit on the satellite “Explore XI *“ in 1961. Since then, more detectors were sent
into orbit providing spectacular discovery. However, the poor resolution of the instruments limit the
further development. After the launch of the Compton Gamma-Ray Observation (CGRO), the situation
has been improved. Planned and built by NASA, CGRO went into orbit in April 1991 and continued to
operate until June, 2000. The telescope EGRET (Energetic Gamma Ray Experiment Telescope), one of
the four payloads on board, covers the energy range from 30 KeV to 30GeV. It greatly improved the
spatial and temporal resolution and provided the best look of gamma-rays ever since, which improves
the understanding of high energy processes in the universe. The third EGRET Catalog consists of 271
sources (E >100 MeV): 5 pulsars, 1 solar flare, 66 high-confidence blazar identifications, 27 possible
blazar identifications, 1 likely radio galaxy (Cen A), 1 normal galaxy (LMC) and 170 unidentified
sources as shown in Figure 4.

Third EGRET Catalog
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Figure 4: The third EGRET catalog. Referred to [8].

As one of the next generation gamma-ray observatory, GLAST (Gamma-ray Large Area Space
Telescope) is designed to probe for gamma-ray bursts, black hole particle jets and other celestial



sources in the energy band extending from 10 KeV to more than 300 GeV, the broadest energy
coverage ever provided by a single spacecraft for gamma-ray studies. It is scheduled to launch in
January, 2008 by the cooperation of NASA with United States Department of Energy. During the last
years numerous sources in GeV range have been localized with the aid of space-based detectors.

Ground-based detectors

Above the VHE region, the gamma-rays are rare and the flux drops to below one particle per square
meter per year, which makes direct measurements impractical. The only possible solution is to observe
the y-ray induced air showers by ground-based telescopes with the application of the Imaging
Atmosphere Cherenkov Technique (IACT). In this case, the Earth's atmosphere is served as the
detection medium, implying a collection area of many hundreds of square meters. The IACT, proposed
by Weekes and Turver in 1977, works by imaging the very brief flash of Cherenkov radiation generated
by the cascade of charged particles produced when a VHE gamma-ray hits the atmosphere. The shower
of charged particles, known as an Air Shower, is initiated at a height of about 20 km. The total area on
the ground illuminated by the flash is usually corresponding to many hundreds of square meters — the
majority of secondary particles is within ~ 200 m distance to the shower axis.

The Whipple 10m telescope is the first IACT telescope to be operated. The first VHE y-ray source it
detected was presented in 1989 when gamma-ray emission from Crab Nebula (shown in Figure 3) was
observed. Since then, several other IACT telescopes have been built and the catalog of detected y-ray
sources has been increased to nearly 20 objects (Horan and Weekes, 2004).

Among the second generation of IACT telescopes, notables are (distributions as shown in Figure 5 ):

> HESS (High Energy Stereoscopic System): an European collaboration that is building an array
of initially four and eventually 16 telescopes in Namibia.

> MAGIC: the largest single imaging telescope in the world.

> CANGAROO-III (Collaboration between Australia and Nippon for a Gamma Ray Observatory
in the Outback): an Australian-Japanese collaboration that is building four telescopes in
Australia.

> VERITAS (Very Energetic Radiation Imaging Telescope Array System): located in Arizona now
the most sensitive y-ray telescope in the northern hemisphere with an array of seven telescopes.

Until now, numerous galactic and extra-galactic VHE gamma-ray sources have been detected. A
number of next generation ground-based telescopes are either being built or starting to operate around
the world.

2.2 Cherenkov Radiation

Cherenkov radiation was discovered and characterized by P.A.Cherenkov from 1934 through 1938. The
theoretical explanation was given by [.M.Frank and I.Tamm in 1937. For a complete account of the
history and application of Cherenkov radiation through the 1950s see [9].
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Cangeroo

Figure 5: A world map of the next generation Cherenkov telescope
experiments. Referred to [10].

The principle of Cherenkov radiation can be described as a charged particle, most commonly an
electron, passes through a dielectric medium and polarizes the medium whenever it comes close to a
molecule that is within its Debye length. The circles in Figure 6 represent the atoms of the medium and
normally they are undistorted. Once the electron passes by, it interacts with the atoms and induces an
electric field. Therefore the medium becomes momentarily polarized about each point. For the slowly
moving electron, the polarization field is symmetric around and along the trajectory, so there is no
resultant electric field and thus no radiation. When the electron moves at a speed comparable to the
speed of light in the medium, the polarization is no longer symmetric along the axis of motion. There
will be a resultant dipole field set up at each point along the motion. Each element will then radiate an
electromagnetic pulse.
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Figure 6: Left: Electron passing through a dielectric medium at low speed
Right: Electron passing through a dielectric medium at a speed comparable
to speed of light. Referred to [11].

For a charged particle moving with a constant velocity v inside a medium characterized by an index of
refraction n > 1, electromagnetic radiation can be emitted if the following criterion
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v>cln (1)

is satisfied according to [12], where c is the velocity of light in vacuum. The index of refraction
depends on frequency which means that the condition can only hold for a finite range of frequencies,
typically in the optical range.

The emission of Cherenkov light can be described by the superposition of spherical waves using
Huygen's principle. The resulting cone-shaped wavefront is similar to the shock wave produced by
supersonic jets.

Figure 7: Huygens Construction of
Cherenkov radiation. Referred to [13].

As seen in Figure 7, the radiation is only observed in a characteristic cone with a particular angle ¢
between the particle velocity and the emission direction.

The Cherenkov angle ¢ then can be computed as the following:

cos(¢p) = = ln with B :E (2)

The particle emits Cherenkov light while v > ¢ /n (f > v/ ¢), so the minimal velocity for a given
refractive index n is calculated by:

, o c 3)
n

min

or

Bmin -

I |-

(4)
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For f = 1, the maximum Cherenkov angle is given by the following equation as:

¢, = arccos (%) (5)

As a consequence of the height dependence of the index of refraction, € increases with the decreasing
height. In the atmosphere at ground level with n = 1.00029, the maximum radiation angle can be
calculated as @ma= 1.38°.

For Cherenkov radiation that happens at an altitude of 10 km above the sea level, the light is spreading
over a large area on the ground, typically a circle with a diameter around 250 m.

The minimum energy for a charged particle with rest mass m, to emit Cherenkov light could be
calculated as:

2
m.c

E = —
min \/l_i (6)
2
n

According to [12, p.389], the number of photons dN emitted per unit path length dz of a particle
satisfied the following condition as:

A (7)

Condition 7 implies that in a distance of 137 wavelengths, one photon is emitted. In the visible
spectrum, where 4 ~ 10 cm, about 10° photons/cm are emitted.

2.3 Hadronic and Gamma-ray Air Shower

An air shower is an extensive cascade of ionized particles and electromagnetic radiation produced in
the atmosphere when a primary cosmic ray with extremely high energy enters the Earth. The energy of
the primary particles are converted all the way to the secondary particles. The process of multiplication
continues until that the mean energy of the particles is unable to create more in the subsequent
collisions. Only a small part of the particles will fall down on the ground level. The number depends on
the energy and type of the incident particle.

y- induced air shower

For every thousand air showers there is one gamma-ray initiated. In this case, the particles produced
would be purely electromagnetic (see Figure 8). Gamma-rays interact with the atmosphere and their
energy is converted via the following three main processes during the development of air showers:

13



Figure 8: CORSIKA simulations of air shower developments in the
atmosphere. Left: Electromagnetic air shower induced by 100 GeV gamma-
ray. Right: Hadronic air shower induced by 100 GeV primary proton, which
are much less concentrated and spread over a volume larger than for an
electromagnetic shower. Referred to [14], F. Schmidt, "CORSIKA Shower
Images".
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> Pair production: The photon is converted into an electron-positron pair in the strong field of a
nucleus: y —> ¢ +e¢"

> Bremsstrahlung: If the energy is sufficient, the resulting electron-positron pair emit gamma rays
when they pass through the atmosphere: e”+ e"— y

> Photoproduction: The cross section of photon production increases with the increasing photon
energy, but is still 300 times smaller than that of pair production: y + nucleus — hadrons

If the secondary gamma rays have enough energy, they will create another electron/positron pair which
will undergo further Bremsstrahlung interactions. Therefore, the result of a gamma-ray induced air
shower is a cascade of high energy secondary photons, electrons and positrons. All the particles
continue to travel along the original direction of the primary gamma ray and share its total energy. Most
electrons and positrons have velocities faster than the velocity of light, thus yielding the Cherenkov
radiation.

Hadron-induced air shower

A high energy proton collides with a nucleus in the air creating large number of secondary particles.
About 90% of these particles are pions, 10% kaons and anti-protons.

With a short lifetime (t_~ 8.3 - 10" s), the neutral pions decay immediately into two photons before
interaction: ©° — vy +vy

The energetic photons then create electromagnetic showers. In a cascade of multiple hadronic
interactions a large fraction of the primary energy is eventually transformed into the electromagnetic
shower components.

The charged pions have a longer lifetime (t.- = 2.6 - 10* s), so they could interact with another nucleus
before decaying into muons and neutrinos: ©° — p'+ v,

Due to their long lifetime (t, = 2.2 - 10 s) and small interaction cross section, most of the muons are
able to reach the ground. Together with the neutrinos these muons remove part of the shower energy.

Consequent processes are similar to the primary interaction and will lead to a cascade of secondary
particles called hadronic shower.

Therefore a hadron-induced air shower consists of three components:
> Hadronic air shower generated by the interaction of charged pions and atmosphere.
> A set of electromagnetic sub-showers mainly originating from the m, decaying.

> A fraction of muons and neutrinos

2.4 Detecting Air Showers with Imaging Air Cherenkov Telescope

When a high energy particle interacts with the atmosphere, it could initiate an air shower. The electrons
and positrons produced within the air shower emits Cherenkov light which can be detected by an
imaging air Cherenkov telescope located within the light pool on the ground (as shown in the Figure 9).
The mirror of the telescope collects a certain amount of the Cherenkov light and reflects it onto the
PMT (photomultiplier tube) camera located in the focal plane of the mirror. The camera is triggered

15



when a light level above a preset threshold is detected within a short integration time. The light level of
all pixels are recorded digitally and the images are analyzed to determine whether it has the expected
characteristics of a gamma-ray shower.

Gamma- Detection of
high-energy
gamma rays

ray

Particle
shower ) 4 using Cherenkov
telescopes

Figure 9: Schematic of detecting gamma rays with
Cherenkov telescopes. The Cherenkov light is beamed in
the air shower and can be collected with optical detectors.
Referred to [15].

High energy gamma-rays that can be recorded by telescopes are relatively rare events. They have to be
discriminated against a cosmic ray background several orders of magnitude more abundant.

The discrimination is based on two factors:
> Geometry: the gamma ray images have roughly elliptical shape.

> Physics: the hadronic shower images will be more broader and more irregular than the image of
electromagnetic shower (Figure 8).

As early as 1985, M.Hillas proposed the idea of reflecting the modeling of the image by a two-
dimensional ellipse. The parameterization of images was performed in terms of a moment analysis of
the recorded pixel signal amplitudes. The Hillas parameters are derived from the light distribution in
the camera and can be defined as follows (shown in Figure 10):

> Length L : a measure of the length of an EAS, corresponding to the RMS value of the light
distribution along the major axis of the shower image.

> Width W: a measure of the width of an EAS, corresponding to the RMS value of the light
distribution along the minor axis of the shower image.

> Orientation angle a: the angle between the major axis of the shower image and the connecting
line from the camera center to the center of gravity of the image.

> Size (the image amplitude): light content of the shower.

16



> Nominal distance d: distance between the center of the camera and the image center of gravity.
It gives the information of the impact parameter of the shower related to telescope.

The orientation angle o depends on the relative angle of the orientation of the telescope axis and the

shower axis. If the shower axis of an air shower and the telescope axis lies within one plane, the o
becomes very small (a = 0°).

With different properties reflecting in a Hillas parameterization image, the y-ray induced shower can be
distinguished from the hadron showers. For a comparable Size, the y-like image has in general a smaller
Length, Width and Orientation angle value.

Figure 10: Geometry definition of Hillas Parameters.
Referred to [16].

17



Chapter 3: Reading CORSIKA File

3.1 Monte Carlo Simulation

Monte Carlo methods are widely used classes of computational algorithms for simulating the behavior
of various physical and mathematical systems. They are distinguished from other simulation methods
by being stochastic usually by using random numbers.

For understanding of the performance of IACT telescopes like MAGIC, a detailed Monte Carlo
simulation of air showers as well as the detector response is required. The simulation must take into
account the development of the air showers in the atmosphere, the reflectivity of the mirrors; and the
response of the photo detectors.

The simulation for a MAGIC -type telescope can be divided into three stages:

> The first stage includes simulating the development of gamma-ray and hadron-induced air
showers with CORSIKA (Cosmic Rays Simulation for KAscade), using VENUS model for
hadronic interactions and US standard atmosphere. Information of Cherenkov photons arriving
at the observation level contains all their characteristics, such as position, direction and
wavelength are stored in binary files.

> The second stage of the simulation is the Reflector program, performing the reflection of the
photons hitting the mirror dish onto the camera plane.

> The camera program simulates the behavior of the MAGIC photomultiplier camera, trigger
system and data acquisition electronics.

3.2 Analysis Tools

MAGIC Analysis and Reconstruction Software (“MARS”) has been developed for use with the
MAGIC telescope, to convert raw data into physics and from FADC output to fluxes. The software is
an event-based analysis package developed on the base of the well known ROOT-package [17]. ROOT
implements a large number of basic features and a wide range of tools. MARS is a collection of
definitions for basic interfaces, pre-defined algorithms and data structures and can be used for online
analysis, standard analysis of data from cosmic sources. Owing to ROOT's C++ interpreter, specific
user-defined analysis tasks can be implemented without the need to recompile MARS. More details
regarding the structure of MARS can be found in [18].

3.3 CORSIKA 6.500

3.3.1 Introduction

Most of our understanding of the evolution and properties of air showers come from detailed studies
made with Monte Carlo simulations. CORSIKA (COsmic Ray SImulation for Kascade) [19] is a
detailed Monte Carlo program to study the air shower in the atmosphere. It is originally developed to
perform simulations for the Kascade experiment [20] at Karlsruhe in Germany, but during the time it
becomes a tool that is used by many groups. Its applications range from Cherenkov telescope
experiments (Eo~ 10" eV) up to giant cosmic ray surface experiments at the highest energies observed
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(Eo>10% eV).

CORSIKA 6.500 [21] allows to simulate the interactions and decays of nuclei, hadrons, muons and
photons in the atmosphere up to energies of some 10* eV. These particles are tracked through the
atmosphere until they undergo reactions with the nuclei in the air. The program gives type, energy,
location, direction and arrival times of all secondary particles that are created in the air shower and pass
a selected observation level.

The CORSIKA program is a complete set of standard FORTRAN routines and consists basically four
parts:

> The first part handles the input and output, performing decay of unstable particles and tracking
of the particles taking into account ionization energy loss.

> The second part treats the hadronic reactions of hadrons with air nuclei at higher energies.
> The third part simulates the hadronic interactions at lower energy.
> The fourth part describes transport and interaction of electrons, positrons and photons.

For latter three parts, CORSIKA contains several models that maybe activated with varying precisions
of the simulations and consumption time of CPU.

3.3.2 Program model options

The hadronic interactions at high energies may be described by the following six reaction models
alternatively:

> HDPM: a set of routines to simulate high-energy hadronic interactions produced by
Capdevielle [22] and inspired by the Dual Parton Model.

> VENUS: to simulate ultra-relativistic heavy ion collisions.

> QGSIJET: a quark-gluon-string model using quasi-eikonal Pomeron parametrization for elastic
hadron-nucleon scattering amplitude.

> DPMIET: describe high energy hadronic interactions of hadronic-nucleus and nucleus-nucleus
collisions using two-component DPM.

> SIBYLL: simulation hadronic interactions at extreme high energies based on QCD mini-jet
model.

> NEXUS: extensions of enabling a safe extrapolation up to higher energies based on VENUS
and QGSJET.

Hadronic interactions at lower energies are simulated with one of the following models:

> FLUKA: a package of routines to follow energetic particles through matter by Monte Carlo
method.

> GHEISHA: a package that has been proven to describe hadronic collisions up to 100 GeV.
> URQMD: to treat low energy hadron-nucleus and especially nucleus-nucleus interactions.
The interactions of electrons and photons can be treated with the shower program:

> EGS4: following each particle and its reaction explicitly.
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» NKG: formulas to obtain electron densities at selected locations and the total number of
electrons at up to 10 observation levels.

Besides the above models, there are several models simulating Cherenkov radiation as well.

> Cherenkov Standard Option: The Cherenkov photons are considered within a wavelength band
specified by the upper and lower limits. It records only the photons at the lowest observation
level.

> Cherenkov Wavelength Option: the index of refraction is made wavelength dependent in the
CERWLEN option.

> Imaging Atmospheric Cherenkov Telescope Option: routines treating the Cherenkov radiation
for IACT.

> Imaging atmospheric Cherenkov telescope extension option: extended by parameters describing
the emitting particle with the IACTEXT option.

> Cherenkov light reduction option: with the CEFFIC option, light absorption within the
atmosphere, telescope mirror reflectivity are taken into account.

> INTCLONG and NOCLONG option: preprocessor option for selecting modes of longitudinal
distribution of photons.

> STACEE option: the output of the Cherenkov file is generated in a format used for STACEE
experiment.

In principle, most options can be combined. In this thesis, Cherenkov Standard Option is used. The
routines treating the Cherenkov radiation is supplied by the HEGRA Collaboration. The Cherenkov
light produced by electrons, positrons, muons and charged hadrons is considered in the subroutine
cerenk. By default, atmospheric absorption of the Cherenkov photons is not taken into account. Only
Cherenkov photons arriving at the lowest observation levels are recorded.

More detailed description of CORSIKA program frame, the used cross-sections, the hadronic
interaction model HDMP, the electromagnetic interaction models and the particle decays can be found
in [21].

3.3.3 Data Files
Input

To run a simulation one need to read in several input files [21. p.18]. Besides the data files, CORSIKA
needs the input of steering keywords to select the subject and the parameters of the simulation.

The simulation of the air showers is steered by the keywords in the input card image format. Following
is an input card example including CHERENKOYV option of CORSIKA 1999/12/31/cer000001.log

INPUTCARD
RUNNR 1
PRMPAR 1
ERANGE 50 2000
EVINR 1
NSHOW 10
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ESLOPE -3

THETAP 2 10

PHIP O 0

DIRECT /home/operator/mctest/montecarlo/corsika/1999/12/31
SEED 100

SEED 200

SEED300

OBSLEV 2200.E2
RADNKG 200.E2
MAGNET 29.5 23.0
ECUTS 0.3 0.3 0.02 0.02
MUADDI F

MUMULT T
LONGIT10.TF
MAXPRT 0

ECTMAP 1.E4
STEPFC 0.1

DEBUG F 6 F 1000000
CWAVLG 290. 600.
CSCAT 1 0. 12000
CERSIZ 1.

CERFILT

FIXCHI 280

DATBAS F

CERTEL 1
0.0.0.0.0.1800. 1700.
USER operator
ATMOSPHERE 11 T
EXIT

Output
There are two major output files produced by a simulation run.

> Control printout (list file): The simulation run produces a printout that allows to control the
simulation and informs about the general run, the program version with interaction model,
steering keywords, physical constants, the atmosphere model and the primary particle.

> Particle output file: The particle and Cherenkov photon output files contain information about
the simulation run and about all particles reaching observation levels, that to be further analyzed
for detail energy spectra and distributions. By using the keyword CERFIL and setting its
parameter LCERFI to true, two separated data files “DATnnnnnn” and “CERnnnnnn” which is
the output of normal particles and of the Cherenkov photons respectively, can be obtained. The
“DATnnnnnn” contains the information of all the particles in the list (see [21]) that reach the
ground level.

The Cherenkov photon output files are structured as shown in Table 2.
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Table 2: Block structure of Cherenkov photon output files. Referred to [21].

Run Header
Event Header 1
Data Block 1
Data Block 2

Event Endl1

Event Header 2
Data Block 1
Data Block 2

Event End2

Event Header nevt
Data Block 1
Data Block 2

Event End nevt

Run End
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Table 3: Structure of the run header sub-block. Referred to[21].

Run Header sub-block (once per run)

Number of |Contents of word ( as real number R*4)

word

1 'RUNH'

2 Run number

3 Date of begin run(yymmdd)

4 Version of program

5 Number of observation levels

5+1 Height of level i

16 Slope of energy spectrum

17 Lower limit of energy range

18 Upper limit of energy range

19 Flag for EGS4 treatment

20 Flag for NKG treatment

21 Kinematic energy cutoff for hadrons

22 Kinematic energy cutoff for muons

23 Kinematic energy cutoff for electrons

24 Kinematic energy cutoff for photons
Physical constants and interaction flags

24 +1i C(@), i=1, 50

74 +1i 0,1=1, 20

94 +i CKA(), i=1, 40

264 + 1 CATM(), i=1, 5

270 NFLAIN

271 NFLDIF

272 NFLPIO+100* NFLPIF

273 NFLCHE+100*NFRAGM
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The information is stored unformatted in a fixed block structure with a block length of 22932 bytes
[21]. A block consists of 5733 words, each 4 bytes long. Each block consists of 21 sub-blocks of 273
words. The sub-blocks are Run Header, Event Header, Data Block, Event End and a Run End sub-
block. All quantities are written as single precision real numbers. Structure of other sub-blocks can be
found in appendix A.

3.4 Algorithm
Algorithm of C++ binary file 1/0

A binary file is a computer file that may contain any type of data, encoded in binary form for computer
storage and processing purposes. Usually binary files are treated as sequences of bytes.

Input and output with files in C++ are usually performed by using objects of the fstream classes
provided in its standard library:

> ifstream: stream class to read from files
> ofstream. stream class to write to files
> fstream: stream class for both reading and writing from/to files
All these classes are derived from the classes istream and ostream and defined in <fstream.h>.

File stream classes are designed such that a file is viewed as a stream or array of uninterpreted bytes.
Each file has two positions:

> The current reading position, which is the index of the next byte that will be read from the file.
This is called as “get pointer” since it points to the next character that the getr method will
return.

> The current writing position, which is the index of the byte location where the next byte will be
replaced. This is called as “put pointer” since it points to the place where the put method will
place its parameter.

These two file positions are independent from each other.
Generally, there are several steps for reading in a file:

> Open the file: A file stream can be opened by the “open ” method by supplying a file name
along with an /0 mode parameter to the constructor when declaring the object. In order to
manipulate binary files, the i/o mode as well as mode flags should be always specified.

> Check opening error: An opening may fail if the user has wrong permissions or the files do
not even exist. So after opening the file, the file objects should be tested to make sure the file is
properly opened.

> Reading from the file: Once a file has been successfully opened, one can read from or write to
it by using standard I/O commands. To read from a stream object, read (char®, int ) method is
used. This method takes two parameters: istream& read(char®, int). The read member function
extracts a given number of bytes from the given stream, placing them into the memory pointed
by the ' char* . The read method does not assume anything about line endings, neither does it
place a null terminator at the end of the bytes that are read in. In case of an reading error, the
stream is placed in an error state. All future read operation will fail if a stream goes into an error
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state.

> Repositioning the pointer: The seekg method can be used to change the file reading position
of the 'get' pointer of a stream object. The method moves the 'get' pointer to the specified
absolute file position. It also allows to specify a position relative to the current 'get' pointer
location, or relative to the end of the file.
» Close the file: When the reading is done, files must be closed by using the member function
close. It is important to do this step since the output sometimes is buffered.
Implemented in MARS

To read in CORSIKA binary files, the algorithm (source code in appendix B) is implemented in the
corresponding class of the "mraw" directory of MARS.

>

YV V V V

Directory mraw: raw data classes for storing the information from raw data files.
Class MRawRead: task to read the raw data binary file.

Class MRawRunHeader: storage container for general information

Class MRawEvtHeader: parameter container for raw event header

Class MRawEvtData: container to store the raw event data.

In the MRawRead class, there is a member function called “ReadEvent” that reads one event from the
CORSIKA Dbinary file. It calls the member function within the class MRawRunHeader,
MRawEventHeader, MRawEventdata to read in the corresponding binary file of Run Header, Event
Header, Cherenkov Photon Data.

The execution of the program for reading in one event is as following:
MRawRunHeader — ReadEvent
MRawEvtHeader — ReadEvent
MRawEvtData  — ReadEvent
MRawEvtHeader — ReadEnd

3.5 Results

Parts of the reading file results with the corresponding input card information are as following:

ReadDaq - MARS V<cvs>

MARS - Read and print daq data files
Compiled with ROOT v5.12/00f on <Jul 25 2007>

Open the file '/home/operator/mctest/montecarlo/corsika/1999/12/31/cer000001'

Preprocessing... MRead [MRawFileRead]... MPrint... PrintEvtHeader [MPrint]... PrintTime [MPrint]...
PrintEvtData [MPrint]... PrintEvtData2

[MPrint]...
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Eventloop running (all events)...
RunNumber: 1

Date Begin: 70521

Program Ver: 6.5

Slope: -3

Emin: 50

Emax: 2000

Reinit... MRead... MPrint... PrintEvtHeader... PrintTime... PrintEvtData... PrintEvtData2...
EventNumber: 1

Particle ID : 1

Total Energy: 431.186

Starting Altitude: 280

Number of First Target: 0

Height of First Interaction: 829867
Momentum in X direction: 27.0298
Momentum in Y direction: 0
Momentum in Z direction: 430.336
Zenith Angle: 0.0628065

Azimuth Angle: 0

printing from Cherenkov photon data block
Particle number: 301342

X Position: 1185.94

Y Position: -584.275

U Direction: 0.0647998

V Direction: -0.00106319

Interaction Time: 26566.9

Height of Bunch: 808692

printing from Cherenkov photon data block
Particle number: 301356

X Position: 354.069

Y Position: -956.171

U Direction: 0.0633998

V Direction: -0.00170524

Interaction Time: 26565.2

Height of Bunch: 808231

printing from Cherenkov photon data block
Particle number: 301506

X Position: 241.037

Y Position: -999.981

U Direction: 0.0632089

V Direction: -0.0017797

Interaction Time: 26565

Height of Bunch: 808226
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According to the parameter setting of the input card, this is a gamma-ray (particle identification as 1)
initiated air shower simulation. With the energy ranging from 50 GeV to 200 GeV. the primary particle
interacts with the atmosphere and generates numerous Cherenkov photons. The information of total
energy, position and direction of all the Cherenkov photons as well as other secondary particles are
given in the data blocks.

After reading in the CORSIKA file, a parameter container “MRawChePhoton” is created for storing all
the Cherenkov photon data. In MARS, a parameter container is a class inherited from MParContainer
and can be added to the parameter list MParList. In class “MRawChePhoton”, method “CreateVectors”
is implemented to form the three-dimensional vectors for describing the direction and position of each
photon.
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Chapter 4: Reflector Simulation

4.1 Introduction

A reflecting telescope (reflector) is an optical telescope which uses a combination of curved mirrors to
reflect light and form an image. Generally, a reflector fulfills two purposes: to increase the efficiency of
the instrument by deflecting light and to create specific patterns and qualities by redirecting light.

Parabolic reflector

A parabolic reflector, known as a parabolic dish or a parabolic mirror, is a reflective device, commonly
formed as the shape of a paraboloid revolution, a type of surface in three dimension described by the
following equation (for elliptical paraboloid opening upward) as:

INTLI ®)

With a = b, it becomes a paraboloid of revolution with a minimum point shown in Figure 11:

Figure 11: Paraboloid of revolution.
Referred to [23].

The parabolic reflector functions according to the geometric properties of the paraboloid shape: if the
incidence angle to the inner surface of the reflector equals to the reflection angle, any incoming ray
which is parallel to the main axis of the reflector will be reflected to the focal point of the reflector.
Cherenkov photons coming from space and hitting the mirror can be treated as parallel rays, which
will give a great concentration of light in a tight beam at focus. Many types of energy such as light,
sound or radio waves can be reflected in this way. The most common applications of parabolic reflector
are in satellite dishes, telescopes and so on. Larger parabolic reflectors project more light, making them
ideal for applications that are not restricted by available installation space.

Parabolic reflectors suffer from an aberration called coma which is of primary interest in the telescope
application because it requires sharp resolution of the axis. In a parabolic telescope system, there will
be a large amount of coma appearing in images that lie a short distance to one side of the axis. Light
from a point source in the center of the field is perfectly focused at the focal plane of the reflector.
However, when the light source is off-axis, different parts of the mirror do not reflect the light to the
same point which results in a point of light that is not in the center of the field appearing wedge-shaped.

28



The further off-axis, the worse this effect will be. Various suggestions have been made for the
correction of coma.

Spheric reflector

With a curved reflective surface, which may be either convex or concave, most curved mirrors have
surfaces that are shaped like a part of a sphere (see Figure 12).

If a light source is placed in the center of a spherical reflector, all of the rays will be reflected back 180
degree of their origin trajectory. Spherical reflectors are the simplest to make and also it is the best
shape for general-purpose use. However, it suffer from spherical aberration. Parallel rays in this case
do not focus to a single point. A parabolic reflector can do a better job for the parallel rays such as those
coming from a distant object.

Figure 12: Left: Parabolic reflector. Referred to [24].

Right: Spherical reflector. Referred to [25].

4.2 MAGIC Reflector

MAGIC is one of the second generation Cherenkov telescopes with the aim to fill in the observation
gap between 10 GeV and 250 GeV, which are the upper limit of space-based detectors and the lower
limit of ground-based detectors, respectively. Lower energy air showers emit even faint Cherenkov
light in the atmosphere and therefore requiring a more sensitive instrument. That is the reason of
building a big reflecting mirror, trying to collect as much light as possible. The overall reflector shape
of MAGIC is axially-symmetrical parabolic in order to minimize the time spread of the Cherenkov
light flashes in the camera plane. The preservation of the time structure of Cherenkov pulses is
important for increasing the signal to noise ratio with respect to the night sky background. For the
construction of such a big parabolic shape, MAGIC collaboration segmented the mirror into 956 small
elements of 0.495 m x 0.495 m covering a total area of 236 m?. The individual mirror is a sandwich of
aluminum honeycomb on a 5 mm plate of alloy (see Figure 13). The aluminum plate is diamond-milled
to achieve a spherical reflecting surface with a radius of curvature that is more adequate for its position
in the paraboloid. The reflecting surface is divided into several zones with different radii of curvature to
match the shape of the dish. The front plates are coated against aging after the diamond milling. All the
mirrors are grouped onto panels and each panel can be moved by an active mirror control system. A
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Figure 13: Exploded view of the mirror surface.
Referred to [26]. MAGIC mirrors are made of
AlMgSil.0 plates 5 mm thick, machined to a spherical
shape and polished by diamond milling. The plates are
glued together with a honeycomb inside a Al box.

large, high-resolution, dynamic range CCD camera is mounted on the mirror frame in a position that
allows simultaneous measurements of focal plane of camera and of the corresponding portion of the
sky. For a measurement, the telescope is directed at a point-like source and the CCD simultaneously
records the direct light spot and its reflection from the disk in the focal plane [26].

4.3 Algorithm

The reflector of the dedicated IACT is a f/D =1 telescope with a focal length of 17 meters, MAGIC-
type reflector.

Simulation steps:
Step 1: define the incident vector
The data obtained in CORSIKA of the Cherenkov photons are:

X position
y position
u direction cosine to X axis
v direction cosine to y axis

YV V V V

Those data describe the trajectory of the incoming photons and are relative to the coordinate origin of
the reflector on the ground. The prime task is to define the corresponding incident vectors.

The point-direction form for calculating the equation of a line is chosen as:
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As shown above, it is the best way to describe in terms of vectors, to get the incident line in three —

dimension space, where the vector(u,v,w) in the equation are the direction cosines pointing in the
direction of the line.

Direction cosines are defined as:

u = cos («) (10)
v = cos (B) (11)
w = cos (y) (12)

where the three angles o, B and v, are called the direction angles shown in the Figure 14 respectively.

The direction cosines, u, v and w represent the cosines of the angles formed between the vector and the
three coordinate positive directions.

—_—
-]

1=

i/
/ x
Figure 14: Illusion of vector space.

Referred to [27].

They satisfy the equation as:

cos (a)+cos (Bf+cos (y) =1 & > + v+ w =1 (13)

The value of w is chosen as the following expression:
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w = V1w (14)
since the angle between the positive z coordinate and the photon ray is always larger than 90°.

With Equation 9, the incident line of the photon passing through the incident point on the ground can
be obtained as:

x = (%)~z+x0 (15)

and

y = (S)zty, (16)

where zy = 0.

Step 2: define the equation of reflector

The dish's surface formed by rotating a parabolic curve about its axis is called a paraboloid of
revolution. The equation of the reflector as a paraboloid of revolution in the Cartesian coordinate
system (shown in the Figure 11 with the z- axis as the axis of symmetry), is:

X'ty = 4 fz (2>0) (17)
where the distance f is the focal length as 17 meters in this case. Choose the vertex (0, 0, 0) of the
reflector as the origin of the coordinate system.

Step 3: calculate the intersection point

Firstly check if the photon hits the mirror surface by using the 17 meters radius to see if the incoming
line is within the circle. If the photon is on the mirror, with Equation 15, 16 and 17 the two intersection
points on the paraboloid can be calculated. The three equations can be solved by using MATLAB
program. Two solutions are obtained and the one with a higher z value is disregard. The intersection
coordinate (x; y; z;) are shown respectively:

X:
n 2)~(2pw—yov—xou—\/(4p2w2—4pwy0v—4pwx0u+2y0vx0u—uzyé—vzxé))ero (18)
u+v

y:
e (2pW— yv— Xt = (4p W' —4pw o v—Apw x,u+ 2y, v Xy u—u = V' xp))+ ¥, (19)
u+v

Z:

1

(1240 '(ZPW—yov—xou—\/(4p2w2—4pwyov—4pwx0u+2y0vx0u—u2 yi—vixl)+w (20)
u+v
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The equations have a solution even if the photon does not hit the reflector. Most of the data will be
neglected because the intersection point is beyond the reflector scope.

Step 4: define the tangent plane and normal vector

The definition of tangent plane and normal line for a specific surface is: suppose the surface S has a
nonzero normal vector N at the point P. Then the line passing through P parallel to N is called the
normal line to S at P and the plane through P with normal vector N is the tangent plane to S at P.
Suppose S is a surface with the equation

F(x,y,z) = C (21)
and p(a, b, c) is the point on the surface where F is the differentiable, then the equation of the tangent
plane to S at P is:

Fla,b,c)(x=a)+F (a,b,c)(y=b)+F (a,b,c)(z—c) =0 (22)

and the normal line to the surface at P is (parametric form):

x = a+F_(a,b,c)t (23)
y = b+F (a,b,c)t (24)
z = ¢+F_(a,b,c)t (25)

And the differential (also known as the normal vector) of the reflector defined as 17 is:

v, = (2x;,2y, —4f) (26)

So the tangent plane and normal line at incident point (x; y; z;) on the reflector inner surface can be
calculated respectively as:

2x(x—x,) + 2y {y—y,) + (4f)(z—z) = 0 (27)

(x=x)  (v=»)  (z=2)
%~ 3y T —ar (28)

1

Step 5: calculate the reflecting vector

Once the light has been reflected from a reflective surface, the angle at which the light departs from the
surface is called the angle of reflection. This angle is measured from a perpendicular to the reflecting
surface to the departing ray of light and is always equal to the incident angle. So the reflecting vector
can be obtained from rotating the incident vector 180° around the normal vector.

In the ROOT package, “TVector3” [28] is a general three vector class which can be used for the
description of different vectors in three-dimensions. Together with “TRotation”[29], a class describing
a rotation of objects of Tvector3 class, rotating a three dimension vector can be calculated by accessing
the member function as the following:
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v, = v..Rotate(TMath: : Pi,v,) (29)

Step 6: obtain the reflecting line

After the rotation around the normal, the three dimensional reflecting vector (also as direction cosines)

vr = (xr’yr’Zr) (30)
is obtained. The reflection line can be calculated by the equation:

(x—x) _ y=y) _ (z=2z)

xr - yr - Zr (3 1)
Step 7: define the focal plane
The focal plane of the reflector can be defined as:
z =17 m (32)

Step 8: draw the plot

The reflection vector intersects with the focal plane, therefore the projection of the photons within the
5° field of view can be plotted. The distribution of the Cherenkov photons hitting on the camera can be
obtained.

All the calculations above are done in the class “MRawReflector”. The object is passed to the member
function CalcReflection. If the photon is on the reflector, MRawChePhoton's direction vector output
will now change to the reflected direction and the position vector output will change to the position of
the intersection of focal plane. If the photon is within the field of view on the focal plane, the data of
the photon will be saved to an parameter array. If the photon is not on the reflector, no record will be
made.

4.4 Results and Discussion

The mathematical definition of the reflector are already explained. Simulation of different real muon
events and comparison with previous MAGIC reflector results will be presented in this section.

As discussed before, CORSIKA program could simulate several different particles event. Here muon is
chosen because of its storage ring which is easy to be distinguished.

All the data of position of muons that hit on the camera will be saved into a text file, which will be
loaded into MATLAB program to plot the distribution of muons for every event on the focal plane.
The experimental results will be compared with the MAGIC reflector program data.

Set the parameters of the input card to simulate the parabolic reflector as well as the MAGIC reflector:
> Simulation run number: 06001
> Particle Identification: 6 (muon)
> Energy Range: 10 — 20 GeV
> Slope: -2
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All the events simulated here are chosen randomly within the run.

Entries 1
Mean 40.16
RMS 356
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I 118
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Figure 15: Comparison of the simulation result of event 1 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A
full muon ring inside the mirror is shown. Down: distribution of
Cherenkov photons induced by muon on the focal plane.

Choose the simulation run number as 06001. Fig.15 gives the simulation result of event 1 with both
MAGIC reflector (upper) and user-defined parabolic reflector (down). The FOV of MAGIC is 0.60°
while the FOV of the parabolic reflector is 5°. The first event as well as event 7 and 10 shown in Fig.
16 and 17 respectively, all give the result as a complete muon ring with a shadow.
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Entries 1
Mean 34.39
RMS 29.67
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Figure 16: Comparison of the simulation result of event 7 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A
full muon ring inside the mirror is shown. Down: distribution of Cherenkov
photons induced by muon on the focal plane.
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Figure 17: Comparison of the simulation result of event 10 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A full
muon ring inside the mirror is shown. Down: distribution of Cherenkov
photons induced by muon on the focal plane.

The following events give part of the muon ring constructing in the reflector.
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Figure 18: Comparison of the simulation result of event 2 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A
full muon ring inside the mirror is shown. Down: distribution of
Cherenkov photons induced by muon on the focal plane.
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Figure 19: Comparison of the simulation result of event 3 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A
full muon ring inside the mirror is shown. Down: distribution of
Cherenkov photons induced by muon on the focal plane.
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Figure 20: Comparison of the simulation result of event 4 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A
full muon ring inside the mirror is shown. Down: distribution of
Cherenkov photons induced by muon on the focal plane.
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Figure 21: Comparison of the simulation result of event 5 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A

full muon ring inside the mirror is shown. Down: distribution of
Cherenkov photons induced by muon on the focal plane.
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Figure 22: Comparison of the simulation result of event 8 with MAGIC
reflector. Up: Real muon event simulated with MAGIC from run 60010. A full
muon ring inside the mirror is shown. Down: distribution of Cherenkov
photons induced by muon on the focal plane.
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Comparing the muon events in the user-defined reflector and the MAGIC reflector one can easily
match the results of muon ring with the corresponding events. There are some important points
regarding the algorithm needed to be discussed.

> The mathematic model of the user-defined algorithm is based on the geometry of the reflector
while the former reflector algorithm is more relying on stochastic methods, such as histogram,
random numbers. The new method could be used in any reflector due to its modular property.
Different parameters or other properties could be easily implemented in the header file class.

> There are several photon data in CORSIKA file given both of its direction cosines u and v as 0.
And it causes computational errors when calculating the intersection point using Equation 18,19
and 20. In this case, the photons that hit on the center of reflector are excluded in the final
figure. However, it will not affect the results in this work.

> The lead time time for a complete whole run includes reading data from CORSIKA file and
calculating with the algorithm and then writing file is around 10 minutes which is reasonable
for such a data processing program.
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Chapter 5: Conclusion and Future work

In this work, a new modular method for a user-defined reflector for Cherenkov photons in the MARS
environment is developed. The method has three main parts. First reading data file of Cherenkov
photons with CORSIKA program to get the position and direction vector of all the particles.

Then the reflection of Cherenkov photons (muon in this case) produced by CORSIKA, at a parabolic
reflector is simulated and implemented into the MARS environment.

In order to give the final image result, all the data after calculation are saved and written to data files
and exported to MATLAB program.

From the comparison of the simulations showed above, the algorithm has comparable results to the
MAGIC reflector, proving that the algorithm is correct.

The running time for calculating all the data within one COSIKA file (one run) is reasonable.

For future work, further components of the reflector could be included, such as: absorption of the entire
window of the camera, reflection of the light guides.
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Appendix: Data Structure of CORSIKA file

Table 4: Structure of event header sub block.

Event Header sub-block (once per run)

Number of |Contents of word ( as real number R*4)

word

1 'EVTH'

2 event number

3 Particle ID

4 Total energy in GeV

5 Starting altitude

6 Number of first target if fixed

7 Z coordinate of first interaction

8 Px momentum in x direction

9 Py momentum in y direction

10 Pz momentum in -z direction

11 Zenith angle

12 Azimuth angle

13 Number of different random number
sequences

152 Max. radius for radial thinning

153 Inner angle of viewing cone

154 Outer angle of viewing cone

155 Transition energy

156 - 273 Not used
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Table 5: Structure of event end sub block.

Event End sub-block (once per run)

Number of
word

Contents of word ( as real number R*4)

1

'EVTE'

2

event number

3

Weighted number of photons arriving at
observation level

Weighted number of electrons arriving
at observation level

Weighted number of hadrons arriving at
observation level

Weighted number of muons arriving at
observation level

Number of weighted particles written to
particle output file

i=1, 21 lateral distribution in x direction

i=1, 21 lateral distribution in y direction

Weighted number of hadrons written to
particle output file

Weighted number of muons written to
particle output file

267

Number of em-particles emerging from
preshower

268 - 273

Not used

Table 6: Structure of run end sub block.

Run End sub-block: (once per run)

Number of words

Contents of word

1

'RUNE'

2

Run number

3

Number of events processed

4...273

Not used
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