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ABSTRACT

The majority of the known extragalactic very high energy (E>100 GeV) gamma ray
emitting objects are blazars, active galactic nuclei with relativistic jets aligned close to
the line of sight. Due to this geometry, the location of the gamma-ray emission along
the jet is unclear. M 87 is a nearby radio galaxy with its jet misaligned with the line of
sight. The proximity of M 87 and the jet misalignment allow detailed studies of spatially
resolved emission regions in the radio, optical, and X-ray wavebands. The jet is unresolved
in the gamma-ray regime, but contemporaneous flux variability measurements with other
wavelengths provide a unique opportunity to constrain the emission origin and mechanisms
responsible for high energy gamma-ray emission from an active galactic nucleus.

Ground-based imaging telescopes are used to observe the gamma-ray sky by detecting
the Cherenkov light from the electromagnetic cascade initiated by gamma rays interacting
with the Earth’s atmosphere. The Very Energetic Radiation Imaging Telescope Array
System (VERITAS) has monitored very high energy gamma-ray emission from M 87 since
2007. Over 170 hours of M 87 observations have been performed by the VERITAS array
between 2007 and 2010. Flaring activities have been observed in 2008 and 2010 with flux
variability in the time scale of days and with flux level up to 10 times the average nonflaring
flux of M 87. The shortest variability time scale observed by VERITAS is 0.9 days, which
constrains the size of the emission region. Simultaneous multiwavelength observations from
radio to TeV gamma rays during the 2009 nonflaring period yielded a spectral energy
distribution that is better described by leponic models instead of hadronic or large scale
models. The details and implications of the VERITAS M 87 result are presented in this

dissertation.
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CHAPTER 1

INTRODUCTION

Gamma rays are the most energetic photons in the electromagnetic spectrum, spanning
at least 8 decades of energy from 10%eV to greater than 10'*eV. While cosmic rays are
the most energetic particles observed in the sky, they are composed of mostly protons and
therefore affected by the interstellar and intergalactic magnetic fields. A gamma-ray photon
does not experience this interference and is one of the most energetic radiation that leads
back to its emission origin. Gamma rays can also be produced via cosmic-ray interaction
in the interstellar medium. Through the study of gamma rays, we can gain insights into
particle acceleration processes and environments of both galactic and extragalactic objects.
Neutrinos, being charge-free, also have the same properties. They are products of hadronic
interactions. However, currently there are only two known neutrino sources, the Sun from
its core nuclear reactions, and the supernova SN 1987A. Neutrino astronomy is still in its
early development stage.

Due to the large interaction cross section of gamma rays, the Earth’s atmosphere is
opague to them and cosmic gamma-ray photons cannot be directly observed from the
ground. One solution is to go outside the Earth’s atmosphere, either via satellite in space
or balloon-borne experiment. Cosmic gamma-ray sources typically have energy spectra
that follow a power-law distribution, which means the higher energy photons will have a
lower flux than the less energetic photons. Therefore, space-based detectors are only viable
up to 10" eV energies due to the small collection area. Unlike optical space telescopes,
in which optical photons are reflected by mirrors onto the detector to increase collection
area, gamma rays cannot be reflected. Therefore the collection area is determined by the
detector size. Currently there are two gamma-ray space telescopes, AGILE, sensitive from
30 MeV to 50 GeV with a 2.5 steradian field of view (Tavani et al., 2009), and the Fermi
Gamma-ray Space Telescope, sensitive from 20 MeV to 300 GeV with a 2.4 steradian field
of view (Atwood et al., 2009) .

To observe the very high energy (VHE, 10'! — 10%eV) gamma rays, ground-based
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imaging telescopes are used instead to observe the secondary products of the interaction
between VHE gamma rays and the Earth’s atmosphere. In 1948, Blackett suggested that
cosmic-ray particles travelling through the atmosphere should produce a small contribution
of light in the night sky due to Cherenkov radiation. Several years later, Galbraith & Jelley
(1953) discovered light pulses associated with cosmic radiation with an experiment of a
photomultiplier placed at the focus of a mirror and Geiger counters looking for coincidence
between light pulses and cosmic particles. In the 1960s, the supernova remnant Crab Nebula,
the radio galaxy M 87, and the starburst galaxy M82, were proposed as detectable sources of
gamma rays (e.g., Rieke & Weekes, 1969). Initially gamma-ray source detection was scarce
and unreliable due to difficulties in distinguishing gamma-ray signal from the cosmic-ray
background signal. It was not until the detection of the Crab Nebula above 700 GeV at a
statistical significance of 9 standard deviations (o) above the background signal, reported
in 1989 using a technique that rejects 98% of the background (Weekes et al., 1989), that
the imaging atmospheric Cherenkov technique was validated. Currently there are three
operating imaging atmospheric Cherenkov arrays, VERITAS in the US, MAGIC in the
Canary Islands, and HESS in Namibia.

1.1 The gamma-ray sky
1.1.1 Galactic objects

Within our galaxy, there are several types of VHE gamma-ray sources: supernova
remnants, pulsar wind nebulae, X-ray binaries, and unidentified objects. Supernova is a
potential ending of a star’s lifecycle. When an aging star with mass > 8 solar masses (Mg)
runs out of hydrogen for nuclear fusion and begins burning higher mass elements, eventually
the reaction becomes endothermic and the core of the star collapses due to gravity and
results in an explosion (Ostlie & Carroll, 1996). If the star’s initial mass is > 25Mg), a
black hole is formed after the supernova; if the initial mass is < 25 Mg, a neutron star is
formed instead. The star’s material ejected from the core-collapse supernova would then
become part of the supernova remnant (green circles in Figure 1.1). Pulsar wind nebulae
(pink circles in Figure 1.1) are supernova remnants with a rotating neutron star (also called
a pulsar) at the center. Gamma rays may be produced via inverse Compton scattering from
electrons accelerated by the shockwave of the supernova or the strong rotating magnetic
field of a pulsar, or by cosmic-ray interaction with the supernova remnant. The environment

of a supernova remnant is believed to be capable of accelerating protons and other charged
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Figure 1.1. An image of the gamma-ray sky in galactic coordinates (reprinted with
permission from Wakely & Horan (2008)). The map origin shows the center of our galaxy.
The background image is the gamma-ray sky seen by the Fermi Gamma-ray Space Telescope
in energy range between MeV and hundreds of GeV. The circles are gamma-ray sources
detected in energy range between 100GeV and tens of TeV by ground-based imaging
atmospheric Cherenkov telescopes. The greyed region shows the part of the sky that is
observable by the VERITAS telescopes located in southern Arizona, USA. The different
source types are listed in the legend on the right: pink is pulsar wind nebula, yellow is
X-ray binary, red is active galactic nucleus, green is supernova remnant, orange is starburst
galaxy, grey is unidentified, and blue is star cluster.
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particles to ultra high energy through Fermi acceleration and is a major source candidate
for cosmic-ray acceleration.

X-ray binaries (yellow circles in Figure 1.1) are so called because they are the brightest
X-ray sources in the galaxy. They are binary systems of a compact object, such as a black
hole or a neutron star, in orbit with a star. Gamma rays may be produced via interaction
between the pulsar and the star or via charged particle acceleration by the black hole
relativistic jet. Unidentified gamma-ray objects (grey circles in Figure 1.1) are gamma-ray

detections with no clear association with known sources at the same location.

1.1.2 Extragalactic objects

Outside of our galaxy, the potential TeV gamma-ray emitters are active galactic nuclei
(AGN), starburst galaxies, galaxy clusters, gamma-ray bursts, and dark matter. In contrast
to normal galaxies, which mostly emit thermal radiation in optical wavelength, AGN
(red circles in Figure 1.1) are more luminous and their emissions extend over the entire
electromagnetic spectrum. They are most likely powered by a black hole at the center
surrounded by an accretion disk, with collimated jets of relativistic outflow. This type of
object is discussed in more detail in the following chapter.

Starburst galaxies have high star formation and supernova rates, up to 10 times more
than a normal galaxy. Since cosmic rays are believed to be accelerated by supernovae
shockwaves, and gamma rays are expected from the interaction between cosmic ray and the
interstellar medium, starburst galaxies are potential gamma-ray emitters. Currently two
starburst galaxies have been detected in VHE gamma rays: M82 (VERITAS Collaboration
et al., 2009), with a reported VHE flux that is compatible with theoretical models based
on cosmic-ray acceleration in starburst galaxies, and NGC 253 (Acero et al., 2009), which
suggested the starburst nucleus outshines the rest of the galaxy and implied a higher energy
density of cosmic rays than our galaxy.

Gamma-ray burst (GRB) is the brightest phenomenon observed in any wavelength where
it is detected. It was discovered in the early 1960s in the MeV energy range by a US
satellite designed to monitor the testing of nuclear weapons. The origin and the radiation
processes are still debatable, and various temporal structures have been observed within its
burst-like behavior. Unfortunately, GRBs have yet to be detected in energy range greater
than 100 GeV and only flux upper limits have been reported.

Galaxy clusters are the largest gravitationally bound structures in the Universe. Gamma-

ray emission is predicted as a result of proton interactions with the ambient gas, of electron
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interactions with the cosmic microwave background photons, or of dark matter annihilation.
Currently only upper limits have been established for galaxy clusters in the gamma-ray
energy range. Indirect search of dark matter particles can be performed by ground-based
gamma-ray telescopes. Gamma-ray photons are expected from the decay or interaction of
the weakly interacting massive particles predicted by the extensions of the standard model
of particle physics. Dwarf spheroidal galaxies are one of the leading source candidates for
the gamma-ray community. These are objects with high dark matter density, located nearby
(tens of kiloparsecs), with negligible gamma-ray flux produced by conventional processes
other than dark matter particle interaction. Currently only upper limits have been reported

from ground-based gamma-ray observations of dwarf spheroidal galaxies.

1.2 Dissertation outline

This dissertation will first continue with the descriptions of AGN and radio galaxies in
more depth in Chapter 2, and review the reasons why M 87 is a unique object to study
particle acceleration mechanisms and emission processes in relativistic jets.

In Chapter 3, the imaging atmospheric Cherenkov technique is discussed, along with
hardware and software information of the VERITAS array.

In Chapter 4 and 5, work on the distant laser calibration system and gamma-ray
data analysis technique are presented. The analysis of the Crab Nebula data observed
by VERITAS from 2007 to 2010 are also presented to demonstrate the robustness of the
VERITAS array and the analysis algorithms used.

In Chapter 6, the results from VERITAS observation of M 87 from 2007 to 2010 are
presented in detail, with separate sections dedicated to each flaring episode.

In Chapter 7, the radio, optical, and X-ray observations of M 87 during the multiwave-
length campaign with VHE gamma-ray experiments are presented.

In Chapter 8, current models for M 87 and interpretation of the multiwavelength results
are presented. A description of other radio galaxies that have been detected in VHE gamma

rays is also given.



CHAPTER 2

ACTIVE GALACTIC NUCLEI (AGN)

AGN are galaxies with active nuclei and are very luminous across the entire electromag-
netic spectrum, from radio to gamma rays. Unlike a normal galaxy where the majority of
the emission is in optical and is of thermal origin. The luminous electromagnetic radiation
of an AGN is believed to be generated in a compact volume close to a supermassive black
hole with typical mass of 10879 Mg (Weekes, 2003).

The AGN category is subdivided by observation characteristics. The first division comes
from radio observation. Radio-loud AGN are more luminous in radio than optical emission
by more than a factor of 10, and are about 15-20% of the AGN population (Urry & Padovani,
1995). Within the radio-loud AGN, there are blazars with their small viewing angle
(essentially looking down the jet) and lack of emission lines, radio quasars with emission
lines, and radio galaxies with twin radio-bright lobes.

Within the radio-quiet category, AGN are further divided by emission lines: Seyfert 1
with broad emission lines, Seyfert 2 with narrow emission lines. The difference in emission
line widths are due to Doppler broadening from molecules moving around the central object.
Then there are the radio-quiet quasars called quasi-stellar objects (QSOs). QSOs are named
so because they appear to be galactic stars due to their extreme luminosity and compactness,
but measuring their distances via redshifts reveals them as extragalactic in origin.

Figure 2.1 shows a schematic diagram of an AGN, with relativistic jets emerging from
the central black hole, which is surrounded by an accretion disk that may be obscured by
a dusty torus depending on the viewing angle. The current classification scheme of AGN
assumes the different characteristics observed in individual sources are due to geometry,
i.e., the angle between the jet and the observer’s line of sight, rather than different physics
(Urry & Padovani, 1995).

Many AGN are observed to have narrow jets emerging from the center, as illustrated in
Figure 2.1. The jets are believed to be collimated by strong magnetic field near the black

hole. Particles are accelerated to relativistic speeds in these jets and produce nonthermal
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Figure 2.1. Schematic diagram of an active galactic nucleus, with relativistic jets emerging
from the central black hole that is surrounded by an accretion disk (adapted from Urry &
Padovani (1995)).

radiations across the electromagnetic spectrum. Radio lobes are sometimes observed near
the end of jets in these radio-loud AGN. Thermal radiation is expected from the accretion
disk, with infrared as the dominant radiation from the dusty torus.

The majority of the extragalactic VHE gamma-ray sources are blazars, AGNs with jets
aligned along the line of sight to us. Superluminal motion has been observed in these jets.
The apparent speed of the jet structures is greater than the speed of light due to Doppler
boosting and the observed transverse velocity is related to the angle along the line of sight

0 and the true velocity (see Figure 2.2 for diagram):

Atops = At — vAtcos/c

S vAt sind
obs — Atobs
/Bobs = Uobs/c (21)
B=v/ec
sinf
/Bobs = ﬁi
1 — B cosh

Hence for 6 ~ 0, § ~ 1 and SByps > 1.
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Figure 2.2. Diagram of perceived superluminal motion. A cartoon picture of an emitting
blob traveling at an angle 6 towards us (Earth). See equation 2.1 for derivation of observed
superluminal speed.

The relativistic Doppler factor 4 is given by:

5 1
(1~ Beosh) (2.2)
y=(1-p)"

The observed luminosity is enhanced by factors of § depending on the spectral index of
the emission and the geometrical assumption of the emitting object. Relativistic beaming
allows the gamma-ray photons to escape before being absorbed through photon-photon
pair production, apparent superluminal motion in the emitting source, enhanced flux and
shortened time variability due to special relativity effect.

The majority of VHE gamma-ray extragalactic objects are BL Lacertae (BL Lac) ob-
jects, blazars with no emission lines. The first two TeV extragalactic source discoveries,
Markarian (Mrk) 421 (Punch et al., 1992) and Markarian 501 (Quinn et al., 1996), belong
in this subclassification of AGN. They are observed to have variable flux and spectra, with a
time scale as short as minutes in some flares (e.g., Galante & the VERITAS Collaboration,
2011; Acciari et al., 2011b; Abdo et al., 2011b, and references therein). The flaring timescale
provides constraints on the size of the gamma-ray emission region.

Spectral energy distribution (SED) can be obtained from multiwavelength observations
and helps constrain the environmental parameters in the emission modelling work. The
VHE gamma-ray flux of Mrk 421 is observed to correlate with X-ray, which suggests both
emissions originate from the same region and same population of charged particles. However,

flaring activity in X-ray with no corresponding strong TeV gamma-ray activity and vice
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versa, termed orphan flares, are also observed. The observed broadband spectral energy
distribution (SED) of BL Lac objects can be described by standard one-zone synchrotron
self-Compton model, where the double-peaked feature of SED can be explained by the
synchrotron radiation of relativistic electrons and the inverse Compton emission of the same
population of electrons and photons (Acciari et al., 2011a). The modelling work done by
Acciari et al. (2011b) requires a large relativistic Doppler factor § to describe the observed
SED and rapid flux variability.

Gamma-ray photons are subjected to interaction with other photons and undergo pair
production and create a pair of electron/positron. Due to this photon-photon interaction,
the visibility range of VHE gamma rays is limited to a redshift z~1, or on the order of
10? parsecs (pc) (Aharonian, 2004). For spectral studies of distant objects, absorption
correction must be done by assuming an extragalactic background radiation model in order

to study the intrinsic source spectra.

2.1 Radio galaxies

AGNs with nonthermal radio emission and radio jets extending from the central black
hole are called radio galaxies. The nonthermal radio emission is synchrotron emission of
charged particles moving through the magnetic field of the AGN. Fanaroff & Riley (1974)
gave two classifications to these extragalactic radio sources based on their morphology.
Class I represents galaxies with bright radio emission close to the center of the galaxy while
class II represents galaxies with peak radio emissions further away. From the subset of the
Third Cambridge Catalogue of Radio Sources (3CR) that (Fanaroff & Riley, 1974) sampled,
a luminosity threshold of ~ 2 x 10?° WHz 'sr~! at 178 MHz is observed to distinguish class
I and class IT galaxies from each other. According to the unification scheme (Urry &
Padovani, 1995), FR I radio galaxies are likely misaligned BL Lac objects. If this is indeed
true, then multiwavelength observation of radio galaxies can help constrain the location of
VHE emissions within the jet, which is not resolved by current VHE instruments.

Currently there are 4 radio galaxies detected in VHE gamma rays: M 87, Centaurus
A, NGC 1275, and IC 310. This work focuses on the VHE gamma-ray observation of M 87
using the VERITAS array with a brief description of the other three radio galaxies since
Centaurus A is not visible to the VERITAS telescopes, while NGC 1275 and IC 310 are not,
yet detected by VERITAS.
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2.1.1 MS87

M 87 is the 87th object in the Messier catalogue published by Charles Messier in 1781.
It is an FR I radio galaxy near the center of the Virgo cluster at right ascension (RA)
12730m49.4% and declination (§)12°23'28"” (J2000). Its distance, obtained from the ACS
Virgo Cluster Survey, is 16.7+0.2 Mpc (Mei et al., 2007), making M 87 as one of the closest
extragalactic objects observed in VHE gamma rays at a redshift of 0.0044 (Wakely & Horan,
2008). The distance quoted from Mei et al. (2007) is determined by the surface brightness
fluctuations method, which measures the variance of a galaxy’s surface brightness and is

related to the galaxy’s distance as a function of stellar population age and metallicity.

The core of M 87 is believed to be powered by a supermassive black hole of mass (6.6 £
0.4) x 109 M assuming a distance of 17.9 Mpc (Gebhardt et al., 2011). The black hole mass,
derived from stellar kinematic data, scales linearly with the assumed distance as stated by
Gebhardt et al. (2011). Using the distance assumption of 16.7 Mpc, the corrected black hole
mass is (6.0 £0.5) x 10? M. This difference in mass does not impact the interpretation of

VHE gamma-ray observations significantly.

The jet of M 87 is misaligned along the line of sight and is the first ever observed plasma
jet (Curtis, 1918). This jet misalignment, coupled with the proximity of M 87, allows for
high resolution studies of M 87 jet structures in different wavebands. The morphology of
the M 87 jet is well studied in radio (e.g., Biretta et al., 1995; Ly et al., 2007; Kovalev
et al., 2007; Cheung et al., 2007), optical (e.g., Biretta et al., 1999; Perlman et al., 2003),
infrared (e.g., Perlman et al., 2001), and X-ray (e.g., Marshall et al., 2002; Wilson & Yang,
2002; Perlman & Wilson, 2005; Harris et al., 2009). The M 87 jet is 2 kilo-parsecs (pc)
long (Owen et al., 2000). There are multiple jet features termed “knots” in the M 87 jet
(see Figure 2.3) seen in radio, optical and X-ray. Bicknell & Begelman (1996); Perlman &
Wilson (2005) suggested that the formation of these knots are due to instabilities in the
jet outflow, which then result in formation of shocks in the jet. The jet morphology is
similar in these wavebands, but displacements and brightness variations are seen in several
knots in X-ray when compared to their radio/optical counterparts (Wilson & Yang, 2002;
Perlman & Wilson, 2005). The closest feature to the nucleus is the knot HST-1, which is
0.86” (70 pc, projected) away. Further away, there are several knots ranging from 3” to 20”
(240 to 1600 pc, projected) from the nucleus with knot D and A being the most luminous
in X-ray among these knots. Wilson & Yang (2002); Harris et al. (2003, 2006) proposed

that leptonic synchrotron radiation as the most likely process for the nonthermal emission
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Figure 2.3. Image of M &7 jet (Perlman & Wilson, 2005) (reproduced by permission of
the AAS). Top panel: Radio (VLA 15 GHz). Second panel: Optical (HST). Bottom panel:
X-ray (Chandra).

associated with the jet based on the observed spectra of the various knots. Tsvetanov
et al. (1998) suggested M 87 is a misaligned BL Lac object due to the observed featureless
power-law continuum spectrum with spectral index typical of BL Lac objects. Unlike a
typical BL Lacs, M 87 nucleus is faint due to the large angle between the jet axis and the

line of sight and would not have been detected as a BL Lac if it were further away.

Despite the misalignment of the jet axis along the line of sight, apparent superluminal
motion has been reported for different jet features and the jet angle can be constrained
from the observed speed in the relativistic jet model. In radio, Biretta et al. (1995) deduced
the line of sight angle =~ 43° using superluminal speed observed in knot D and the presence
of a narrow linear feature in knot A; Cheung et al. (2007) observed multiple unresolved
components within the knot HST-1 and constrains the jet angle at the location of the knot
HST-1 less than 26° + 4°. In optical, Biretta et al. (1999) constrains the jet angle to less
than 19° along the line of sight using the largest apparent speeds observed within the knot
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HST-1.

Flux variability has been observed in radio, optical, and X-ray in the nucleus and the
knot HST-1. In radio, Chang et al. (2010) reported flaring activities from the nucleus in
2008 and the knot HST-1 in 2005. In the optical, Biretta et al. (1999) reported year-scale
changes in the brightness of the knot HST-1. Perlman et al. (2003) reported month-scale
flux variability in the nucleus and the knot HST-1 in both optical and X-ray. Harris et al.
(2003) also reported X-ray month-scale variability in the nucleus and the knot HST-1. The
observed time scales of these flares help constrain the modelling parameters for the M 87
jet environment (e.g., Harris et al., 2009).

Little evidence is found for thermal emission in infrared from the dusty torus of M 87
(Perlman et al., 2001). This suggests gamma-ray interaction with IR photons should be
negligible. Bai & Lee (2001) suggested gamma-ray emission should be detectable for nearby
FR I radio galaxies such as Centaurus A and M 87 according to the unified scheme of
BL Lac objects. FR I radio galaxies should exhibit similar double-peaked structure in
the spectral energy distribution as BL Lac objects. The double-peaked structure is likely
due to synchrotron and inverse Compton emissions. Since the nonthermal X-ray emissions
observed from M 87 are most likely associated with synchrotron radiation, Bai & Lee (2001)
predicted the M 87 Compton emission peak at ~ 0.1 TeV. The following chapters describe
how gamma rays are observed from ground-based telescopes, before going into details of

the VHE gamma-ray observations of M 87 and their implications.



CHAPTER 3

IMAGING ATMOSPHERIC CHERENKOV
TECHNIQUE

Gamma rays above a few MeV cannot be gathered and focused via reflection or refraction
because the photons will interact with the reflecting/refracting material and will lose their
energies or be completely absorbed. Therefore the collection area of a gamma-ray telescope
in space is limited by the actual detector’s size. Since gamma-ray emission is nonthermal,
it follows a power-law distribution in which the flux decreases by order of magnitude that
is equivalent to the power law index as energy increases. At over 100 GeV, the gamma-ray
flux from an object is so low that it is impractical to observe VHE gamma rays from space.

In 1948, Blackett suggested Cherenkov radiation produced by cosmic-ray particles trav-
elling through the atmosphere should make up ~ 10~* of the night sky background (Jelley,
1958). An extensive air shower (detailed in the next section) triggered by a cosmic ray
generates a large number of particles which in turn produce a burst of Cherenkov light that
is much more intense than the night sky background. Galbraith & Jelley (1953) confirmed
that the Cherenkov light pulses from the night sky are related to cosmic-ray showers using
a set of mirrors, photomultipliers, and Geiger counters. This led to the development of a
series of ground-based array to detect atmospheric Cherenkov radiation initiated by gamma
rays in the following years (Weekes, 2003).

However, advancement of ground-based gamma-ray astronomy was hampered by the
overwhelming background of cosmic rays. It was not until the discovery of steady gamma-ray
emission from the Crab Nebula at 9.0 standard deviations above the cosmic-ray background
by the Whipple telescope in 1989 (Weekes et al., 1989) that the atmospheric Cherenkov
technique was demonstrated as a reliable way to detect gamma rays from astronomical

objects.
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3.1 Extensive air shower
Even though the atmosphere is opaque to electromagnetic radiation above 10 eV, cosmic
radiations at higher energies can still be observed via secondary products from interactions
with the atmosphere. The Earth’s atmosphere has a vertical thickness of 1030 g cm™2 above
sea level which is approximately 28 radiation lengths (Weekes, 2003). One radiation length
is the distance over which an electron loses all but 1/e of its energy via Bremsstrahlung

radiation, or 7/9 of the mean free path for pair production from a high energy photon.

3.1.1 Gamma-ray shower

For photons above 10 MeV, the dominant interaction with matter is via pair production
(Das & Ferbel, 2004), where a photon above 1.022MeV (equivalent to the mass of an
electron and a positron) can create an electron-positron pair. The pair production cross
section scales as the square of the atomic number of the medium (Z2), but at very high
energy (> 100 MeV), the cross section can be characterized by a constant mean free path
equivalent to the radiation length of electron. A radiation length is the distance at which
an electron loses all but 1/e of its energy via bremsstrahlung.

The resultant electron-positron pair then loses energy via ionization and Bremsstrahlung
(see Figure 3.1). When a charged particle is accelerated by the electric field of an atom
and changes its trajectory, a photon with the energy difference between the initial and final
energy of the charged particle is emitted. This is called Bremsstrahlung radiation.

When a gamma ray hits the top of the Earth’s atmosphere, it initiates a particle shower
(see Figure 3.2) by first creating an electron-positron pair, which then creates secondary
gamma rays via Bremsstrahlung. This cycle of pair production and Bremsstrahlung ra-

diation continues until the average energy of the charged particles drops off to ~ 80 MeV

i. Pair production ii. Bremsstrahlung

Figure 3.1. Particle interaction in matter: i) Pair production. ii) Bremsstrahlung.
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Figure 3.2. Development of a gamma-ray induced air shower. Left: Schematic of a
gamma-ray shower development in a simplified view. Right: CORSIKA shower image of a
1 TeV photon, longitudinal and ground projections (reprinted with permission from Schmidt
(2011)).

where ionization process begins to dominate and the number of electrons energetic enough
to produce secondaries decreases. At this point the shower cascade reaches its maximum
(shower maximum). The location of the shower maximum is dependent on the primary
energy of the gamma ray as the number of interactions before shower maximum depends

on the initial energy of the incoming gamma ray (Weekes, 2003).

3.1.2 Hadronic shower

When a cosmic-ray nucleus collides with a nucleus from the Earth’s atmosphere, pions
(7%, 7, and 77) are produced with large transverse momentum (see Figure 3.3). This
is one of the characteristics to distinguish gamma-ray induced versus cosmic-ray induced
shower cascades. 7V, with a mean lifetime of the order of 107'%s promptly decays into
two gamma rays, which in turn initiates corresponding gamma-ray shower cascades. 7"
and 7~ have a mean lifetime of 107%s and decay into muons. These muons then either

decay into electrons/positrons and neutrinos, or remain intact and arrive to the ground

(Longair, 2004). Since these muons can penetrate through the atmosphere, the Cherenkov
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Figure 3.3. Development of a cosmic-ray induced air shower. Left: Schematic of a
cosmic-ray shower development in a simplified view. Right: CORSIKA shower image of a
1 TeV proton, longitudinal and ground projections (reprinted with permission from Schmidt
(2011)).

light from these muons arrives earlier than the Cherenkov light produced by the secondary
gamma-ray shower cascade. The time spread of the Cherenkov light pulse is longer than one
originally initiated by a gamma ray as a result. However the Cherenkov image parameters
such as length and width are distinguishable enough between a gamma-ray cascade image
and a cosmic-ray cascade image that the timing information does not provide additional

discrimination in the analysis.

3.2 Cherenkov radiation

When a charged particle travels slowly through a dielectric medium, it temporarily
polarizes the surrounding atoms as it is passing through. The resultant polarization is
symmetric around the temporary position of the charged particle and no radiation is
emitted. If however the charged particle is travelling faster than the speed of light in

the dielectric medium, the resultant dipole field is asymmetric along the direction of the
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charged particle track. The wavefronts produced by this field adds up coherently and form
a cone wave at an angle 6. from the particle direction of propagation (Jelley, 1958). This
phenomenon is first observed by P. A. Cherenkov in 1934.

The Cherenkov angle 6, is derived from the geometry of Figure 3.4:

c
0. = — 3.1
cos — (3.1)

where n is the refractive index of the medium and v is the particle’s velocity.
The energy threshold for Cherenkov radiation is dependent on the refractive index of the
medium. Since the particle velocity is required to be greater than c¢/n to produce Cherenkov

radiation, the Lorentz factor can be rewritten as:

2
> (1212 1_i—1/2
- -

For example, at sea level in standard atmosphere, the refractive index of air is (n = 1.0003),
the energy threshold for Cherenkov radiation by an electron is then E = ymc? = 21 MeV,
and the Cherenkov angle 6. is 1.3° (from equation 3.1) (Longair, 2004).

The radiation output derived by Frank and Tamm in 1937 imposes no cut-off in frequency
(Jelley, 1958). In reality however, Cherenkov radiation is restricted due to the dispersion
of the medium. In X-rays the index of refraction is less than or equal to 1 depending on
the medium. Therefore no Cherenkov radiation is in the X-ray waveband. The infrared
waveband is mostly absorbed and scattered in the atmosphere, but the near ultraviolet and
visible wavebands are transmitted in the atmosphere.

The main scattering processes in the atmosphere are Rayleigh and Mie scattering.
Rayleigh scattering is the elastic scattering of light by particles much smaller than the
wavelength of the light. The incoming photon interacts with the particle and induces a

dipole moment. The resultant dipole radiation has a different angular distribution but the

_
v>con

Figure 3.4. Huygens’ construction of the Cherenkov wavefront.
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energy of the exit photon remains the same as the initial photon. This is explored further
in Chapter 4 Distant Laser where we measure the Rayleigh scattered light from a laser
and compare it to simulation. For particles bigger than the wavelength of the light, it is
described by Mie scattering, which is a solution to the Maxwell’s equations of scattering by
objects such as spheres and cylinders. Since Mie scattering is dependent on the shape and
size of the scatterer, the atmospheric composition, including aerosols such as dirt and other
impurities which may be time dependent, is needed to accurately predict Mie scattering of
the atmosphere. These are taken care of in Monte Carlo simulations of gamma-ray showers,
and are used in conjunction with data to accurately analyze Cherenkov images observed by
the ground-based telescopes.

The number of Cherenkov photons emitted per unit path per unit wavelength goes as
1/A? (see equation 3.2). The Cherenkov radiation peaks in ultraviolet after including effects
from atmospheric absorption and scattering processes.

dN? :27rozz2<1_ 1 )
dl d\ A2 B2n2(N\)

The charged particles produced from VHE gamma-ray shower cascade are energetic

(3.2)

enough to be travelling faster than the speed of light in the medium and produce Cherenkov
radiation, which allows us to observe VHE gamma-ray sources from the ground. As the
charged particles travel through the atmosphere, the index of refraction increases as the
charged particles get closer to the ground. Combining with multiple Coulomb scattering of
the charged particles, this results in a focusing effect of a blurred Cherenkov ring with radius
~ 120m. For more details on the lateral and longitudinal distributions of the Cherenkov
light from gamma-ray induced showers, see Hillas (1982a,b), or the gamma-ray astrophysics
review by Aharonian et al. (2008).

The VERITAS array has four telescopes situated approximately 100 m apart from each
other at the corners of a parallelogram to maximize the detection area while maintaining
multitelescope coincidence in detecting the Cherenkov radiation. The VERITAS array is

described in more details in the following section.

3.3 The VERITAS array
The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an array
of four 12m diameter reflector telescopes situated at the Fred Lawrence Whipple Observa-
tory on Mount Hopkins near Tucson, Arizona. The array is sensitive from ~ 100 GeV to

more than 30 TeV gamma rays. The angular resolution of the array is 0.1° at 1 TeV (68%
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containment). VERITAS can detect a 1% Crab Nebula flux source at 5 standard deviations
(o) above the night sky background in less than 30 hours using the common VERITAS
data analysis and under the current layout as shown in Figure 3.5. Prior to the summer
of 2009, the array layout was asymmetric and requires about 50 hours for a 5o detection
of a 1% Crab Nebula flux source. Detailed technical information of the array is presented
in Holder et al. (2006) and Perkins et al. (2009). The 50 detection criterion arises from
multiple 3 o detection claims before the firm establishment of the ground-based gamma-ray
astronomy field. Those 3 o results are questionable due to the lack of careful treatment of
systematics of the hardware and analysis software. To avoid having disputable detections,
the criterion is raised to 5 ¢ where even with a lack of understanding of systematics, a 5o

result is unlikely due to background noise.

Each telescope has a total mirror area of ~ 110m?, with peak reflectivity at 320 nm

" e
| 3.5° FOV

S. Criswell, Whipple Observatory

Figure 3.5. Aerial view of the VERITAS array on Mount Hopkins, Arizona. Top left
insert shows a closeup picture of the 3.5° FOV camera on each telescope.
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exceeding 90 %. Each telescope camera has 499 photomultiplier tubes (PMT) arranged in
a hexagonal lattice covering a field of view (FOV) of 3.5° (see insert in Figure 3.5). The
PMTs are read out via a 500 MHz flash-ADC (FADC) system.

3.3.1 Triggering system

There are 3 levels of triggering systems for an event to be recorded by the telescope array
data acquisition system. The first level (L1) involves individual PMTs of each telescope;
if a PMT output is above a preset threshold, it passes the L1 trigger. The threshold is
determined by looking at the night sky background and cosmic-ray trigger rates (see Figure

3.6). This threshold is checked monthly and updated accordingly; the current threshold is

| Bias Curve For Run 50639 |

N 6 la
= 10 = Curve
@ — &3 % L3 Rate
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Figure 3.6. Trigger rate as a function of PMT trigger threshold (CFD threshold). The
dashed line indicates the night sky background, the solid line represents the Cherenkov
radiation.
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50mV. The second level (L2) trigger involves the individual camera; if three neighboring
PMTs pass the L1 trigger, the event is flagged and passes on to the third level (L3) trigger.
The L3 trigger involves the entire array of telescopes; if there are at least two telescopes
triggering the L2 within 50 ns, then the event is flagged as a possible gamma-ray event and

is recorded. See Figure 3.7 for an example of an event passing all three triggers.

3.3.2 Calibration techniques

Calibration of the VERITAS telescopes is done via measurements of individual elements
(Hanna, 2008). Routinely the mirrors and PMTs of the telescopes are replaced to maintain
steady performance in overall mirror reflectivity and quantum efficiency of the PMTs.
Batches of mirrors and PMTs remain in the laboratory for testing to ensure they are up to
specification and to provide detailed measurement of reflectivity and efficiency vital to the
analysis of VERITAS data. In addition, a nitrogen laser with 3.5 ns pulse width at 337 nm is

used to calibrate the performance each telescope camera. The laser provides uniform flashes

Figure 3.7. An example of an event passing all three triggers, where there are more than
two camera images with three neighboring pixels above CFD threshold.
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of light to each camera via optical fibers and diffusers. At the beginning of each observation
night, a 5-minute laser run is taken to record the response of each individual PMT for
each camera such that individual PMT gains and timing information can be determined to
compensate for a uniform performance across the entire camera. These laser data are then
incorporated into the analysis for the data taken in the same night.

A second identical laser has been used to explore the possibility of absolute calibration
of the telescopes. The details are described in the following chapter Distant laser (Chapter
4).



CHAPTER 4

DISTANT LASER

A more direct approach for calibration of the telescopes using a known light source was
first proposed and tested by Shepherd et al. (2005), inspired by ultra high energy cosmic-ray
experiments. Using the scattered light from a calibrated laser pulse, the detector response
from the telescopes can be compared to simulation to determine the efficiency and properties
of each detector.

As a laser shot travels upward through the atmosphere, the laser light is attenuated via
Rayleigh and Mie scattering from the particles in the atmosphere. In Rayleigh scattering,
the incident photon polarizes the molecules, creating a dipole. The resultant dipole radiation
has the same frequency as the incident photon but the propagation direction is redistributed.

The angular distribution of the Rayleigh scattered light is described by the phase function
3 2
Prqy(0) = Z(l + cos“0) (4.1)

where 0 is the angle between the original propagation direction and the scattered direction.
The phase function is defined as the ratio of energy scattered per unit solid angle in 6 to
the average energy scattered per unit solid angle in all directions, and the integral of the
phase function is normalized to 1 (McCartney, 1976).

The Mie scattering theory is the solution of Maxwell equations for interaction between an
electromagnetic wave and a spherical particle. The angular distribution is not in a general
analytical form but can be approximated as strongly beamed in the forward direction with
minimum at 90° angle with respect to the original propagation direction. Mie scattering
is dependent on the size and shape of the scatterers, which are usually approximated since
the actual distribution of aerosols is, in general, not known. Additional development in
scattering by nonspherical particles can be found in van de Hulst (1957) and Kerker (1969),
but are beyond the scope of this work.

Rayleigh scattering can be simulated accurately while Mie scattering, due to its depen-

dence on the aerosol conditions and properties, is usually estimated. Since aerosol layer
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is typically close to the ground due to its makeup of larger/heavier molecules, multiple
measurements over a range of altitudes throughout the observing season are necessary to
monitor atmospheric changes and to monitor the telescopes performances by looking above
the aerosol layer. If the telescopes are pointing at high elevation (the highest line in Figure
4.1), Rayleigh scattering would dominate after attenuation from the aerosol layer. If the
telescopes are pointed at lower elevation, the scattered laser light would have gone through
a longer distance in the aerosol layer and attenuated more via Mie scattering than at the

higher elevation.

4.1 Laser setup and data acquisition

A 300 pJ nitrogen laser with 4ns pulse width and 337 nm wavelength is mounted on
a movable rack with flexible beam collimation and intensity adjustment (see Figure 4.1).
The laser is fired pointing at zenith ~ 1.2km away from the VERITAS telescope array.
The array is aimed at a range of elevation from 20° to 60°, which translates to a range
of altitude between 0.5km and 2.2km. Both the laser and the array of telescopes are
externally triggered by GPS pulsers such that each recorded event contains an image of the
laser shot. The FADC (PMT read-out system) recording window is set to 244 samples, or
488 nanoseconds, instead of the normal read-out window of 24 samples. This is to maximize
the recording time of the scattered laser light moving across the camera, which has a range

of speed from 3.5 to 12.5°/us depending on the elevation.

Rayleigh Scattering

Figure 4.1. Cartoon demonstration of laser setup and a picture of the laser.
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The geometry of the distant laser setup is shown in Figure 4.2. As the telescope points
higher in elevation, the vertical distance covered within the camera’s 3.5° of FOV increases
based on the geometry of the setup. Therefore the duration of the laser pulse increases
with the elevation of telescope pointing. Figure 4.3 shows the laser pulse recorded by
the telescope data acquisition at different elevations. At 20° elevation the pulse width is
~ 30samples (60ns) and at 60° elevation the pulse width is ~ 100samples (200ns). To
alleviate the problem of having fixed window width for data acquisition and the increasing
pulse widths, the pixels are configured to read out at different times such that all recorded
events from any elevation have a vertical line of triggered pixels spanning the entire camera.

The laser pulse width seen by a pixel, neglecting the intrinsic pulse duration of the laser
(4ns), can be calculated as follows:

_ Ot
~df/dt

dr (4.2)

where 6, is the angular pixel spacing, ¢ is the angular extent of the telescope as seen by
the laser beam, and df/dt is the angular speed of the laser beam, which can be calculated

as the following:

dt d h+d

- )

h=Dtan6
D (4.3)
~ cosf

g ¢ cos? 6

E_Bl—i—sinﬁ

VERITAS

Figure 4.2. Geometry of the distant laser setup. The laser a distance D away from the
telescope and the telescope is pointing at 6 in elevation. ¢ is the angular extent of the
telescope seen by the laser beam.
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Figure 4.3. Sample FADC traces of a distant laser event at different elevation pointings.
At higher elevation, the number of pixels triggered is reduced and the width of the pulse is
lengthened due to geometrical effects. With timing adjustments, the scattered laser light
can be captured with the entire length of the camera.
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For the distant laser setup with the VERITAS telescopes, which are 12m in diameter
and each pixel has an angular size of 0.15°, the pulse width as a function of telescope
elevation is expressed in equation 4.4 and shown graphically in Figure 4.4.

_Ohto
~ df/dt

dr

| (4.4)
12m cosf . D 1+sinf

D ) ¢ cos?6

= (0.15° +

This calculation agrees with what has been observed in the data and is used as a reference

to determine how high in elevation and how far the laser can be for the distant laser test.

4.2 Analysis and simulation
4.2.1 Analysis algorithm
The laser analysis algorithm is modified from the regular data analysis described in the
following chapter Analysis Technique (Chapter 5). The FADC trace is convolved with a
fixed 125-sample wide window (250 ns equivalent). The location of the integration window
is determined by going through all possible integration and finding the maximum signal. If
the true integration window falls outside of the FADC trace (see bottom panel of Figure 4.5
for example), the trace is considered truncated and discarded from the analysis. If the trace

passed the integration window check, the background to be subtracted from the integrated
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Figure 4.4. FADC signal pulse width as a function of telescope elevation pointing; laser
is situated at 1200 m away.
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sum is estimated by averaging the signal outside the integration window. This background
signal is also normalized to the width of the integration window since the background would

be 119-sample wide compared to the 125-sample integration window.

4.2.2 Simulation

The Rayleigh scattering simulation written by N. Shepherd follows closely the work of
Bucholtz (1995), which calculated Rayleigh scattering cross sections and optical depths for
1962 U.S. Standard Atmosphere. In the 1962 U.S. Standard Atmosphere at sea level, the
molecular number density Ny = 2.54743 x 10%° m—3, temperature T, = 15° C, and pressure
P, = 1013.25 mbars. The standard air index of refraction ng is calculated by Peck & Reeder
(1972):

(s — 1) x 10° = o791817 167909
S

= 4.5
238.0185 — A2 * 57.362 — \—2 (45)

For the laser light wavelength 337 nm, the index of refraction ngy = 1.00287 assuming
standard atmosphere at sea level.
The total Rayleigh scattering cross section is given by

2473 (n§—1)26+3p
o =
Ray = NIN2' 2127 6—17p

(4.6)

where ) is the wavelength and p is the depolarization factor which accounts for air molecule
anisotropy since an air molecule is not isotropically spherical particles.
The extinction coefficient due to Rayleigh scattering, assuming an ideal gas, is then
calculated as follows:
B(P,T) = 0RrayN(2)
. P(2) Ty (4.7)
Ray O
The temperature is approximated as a linear function of altitude (z) since the laser
measurements are within the first few kilometers of the atmosphere above ground. T'(z) =
Ty + az where T is the ground temperature and a is a constant temperature gradient which
is 9K/km. The pressure, as a function of altitude, is computed using the ideal gas law
P(2)V = N(2)kT(z).
Instead of the typical formula (equation 4.1) to describe the angular distribution of
Rayleigh scattered light, a more accurate formula for the phase function given by Chan-

drasekhar which accounts for molecular anisotropy (Bucholtz, 1995) is used in our simulation
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Figure 4.5. Sample FADC traces of a distant laser event. Top: FADC trace of a distant
laser event from a single pixel passing analysis. Bottom: A similar FADC trace with the
pixel signal considered truncated. The pink shaded region represents the 125-sample wide
integration window.
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instead. Figure 4.6 shows both the Chandrasekhar formula (equation 4.8) and the typical

formula (equation 4.1) for the angular distribution.

Pray(0) = [(14+3y) + (1~ V)COSQQ]

4(1 4 27) (4.8)

The GrISU(tah) software package (Duke & LeBohec, 2011) described in section 5.1
includes algorithms that simulate the detector response of the VERITAS array when a file
containing photon arrival information is inputted. Utilizing the detector response simulation
and photons generated by the Rayleigh scattering code developed by Shepherd (2005), the
simulated data are run through the analysis algorithm described above for comparison with
real data.

Mie scattering is not accounted for in the simulation, and should show up as discrepancy

between simulation and data. Photons scattered from lower elevation pass through a longer

] Rayleigh scattering angular distribution
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Figure 4.6. Angular distribution of Rayleigh scattered light, the typical formula (equation
4.1) and the Chandrasekhar formula (equation 4.8) which takes into account molecular
anisotropy.
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distance in the aerosol layer than photons scattered from higher elevation. Therefore with
Mie scattering unaccounted for, the lower elevation data should appear dimmer than the

higher elevation data.

4.3 Data and results

Three sets of data were taken in October 2007, February 2008, and December 2008. The
infrequency of data taking is due to the time needed and complexity of the experiment setup
requiring experts on hand, particularly during the earlier tests. For the earlier data taken
in October 2007 and February 2008, the timing adjustments were only done for elevations
50° and above due to software issues. Only 3 telescopes were available for the December
2008 dataset. Temperature and pressure during data taking were also recorded for all
three datasets. See Table 4.1 for conditions during data taking. The laser intensity was

accidentally not measured for the December 2008 dataset.

4.3.1 Lightcones measurements

Lightcones are installed in front of each camera to shield the PMTs from ambient stray
light and increase photon collection efficiencies by reducing the dead space between pixels.
On Oct 21, 2006, a series of five distant laser runs were taken with and without the lightcones
on the cameras to test the efficiencies of the lightcones. The laser was 3.47km away and
the telescopes were pointing at 20° in elevation. Throughout the five measurements (called
runs from now on), the lightcones were taken off/on one telescope at a time. Table 4.2
details the settings for each run. Unfortunately, data from run 31832 are corrupted and
only four runs are available for analysis. Telescopes 3 and 4 were still in construction phase
at that time.

The analysis was inconclusive at first, with little change in the signal sum whether the

Table 4.1. Atmospheric conditions and distant laser intensity of each data set.

Date Temperature | Atm. Pressure | Avg. Laser
[F] [mbar] intensity [uJ]
2007-10-19 57.9 1018 6.77 +0.09
2008-02-14 56.2 1010 497+0.13
2008-12-10 35.0 1023 N/A
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Table 4.2. Run-by-run lightcones configuration and measurements. The average signal
per pixel per event is normalized by the laser intensity, which flucuated by less than 5%.
Only two telescopes were available in 2006; the other two were still in construction.

run T1 | T1 average signal per pixel | T2 | T2 average signal per pixel
number | cones | [dc/pix/evt/laser intensity]| | cones | [dc/pix/evt/laser intensity]
31831 on 36.56 £+ 0.65 on 30.56 £+ 0.53
31832 | on N/A off N/A
31833 off 43.10 £ 0.09 off 32.81 £ 0.06
31834 off 32.71 + 0.06 on 29.00 £ 0.05
31835 on 33.27 £ 0.05 on 33.01 £ 0.05

lightcones were on or off of the camera. In an attempt to reduce the analysis systematics,
only pixels that contained the laser pulse more than 85% of the time in all four runs are
used, which corresponds to 10 pixels in T1 and 11 pixels in T2. The intensity of the laser
was measured before and after each run’s data taking and fluctuated by no more than 5%.
Between run 31833 and 31834 T1 lightcones were off in both runs but the signal sum showed
a 27% drop. The background signal appears to be constant throughout all four runs, but it
should be noted that each run was taken roughly 30 minutes apart due to the time needed
to maneuver the lightcones on and off the camera. The camera system is recommended to
have 1 hour of warm-up before data taking so it is unclear the effect of having the camera
turned on and off for the lightcones maneuver even though the camera has gone through
the 1 hour warm-up period at the beginning. The temperatures recorded for each run are
observed to have decreased by ~ 3°C over the duration of the entire dataset, from 12.3°C
at the beginning to 8.8°C at the end of the measurements. It is not clear the effects of the
temperature change in combination with the lack of electronics warm-up. Given the results

and the caveats of the setup, the lightcone efficiency study dataset is inconclusive.

4.3.2 Camera rotation

From the first dataset (Oct 2007), telescope 4 (T4) camera images of distant laser events
appear tilted from a casual examination by eye (see Figure 4.7). Using the standard analysis
routine which does a moment analysis of the image and output ellipsoidal parameters, the
angle between the camera vertical axis and the image major axis (¢) is measured for all

three datasets. A total of 19 runs is used and each data run contains several hundred laser
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Figure 4.7. Side-by-side comparison of camera images from a distant laser event in
telescopes 1 and 4. Red vertical lines are added as a guide.

events. The angle ¢ is averaged for each data run and the RMS spread of the ¢ distribution
is used to calculate the weighted average of ¢ for each dataset. The rotation comparison is
made relative within each dataset in case the laser was not firing at the same angle, since
between each dataset the laser was put away and had to be rebalanced each time it was set
up. Table 4.3 shows the weighted averages for each telescope in each dataset.

Rotation measurements using other techniques such as a plumb line and the pointing
monitor have provided more precise rotation measurements. In May 2009, camera clockwise
rotation is measured by pointing monitors mounted on each telescope. T1, T2, and T3 are
measured to be less than 1.2° while T4 is 3.1°. The uncertainty of this measurement is 0.2°.

While the distant laser data indicated the existence of camera rotation and appear to be

Table 4.3. Relative camera rotation measurements. The weighted averages of each dataset,
calculated from data taken in different elevations, are presented here.

dataset T1 T2 T3 T4
2007-10-19 | 0.84+0.3 20+08 | -0.24+0.3|3.3+0.3
2008-02-14 | 0.24+0.1 1.5+£0.2 | —0.1+£0.1]27+04
2008-12-10 | —=0.1£0.1 | —1.54+0.1 | —0.1+0.1 N/A
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consistent with the plumb line measurements, a more robust algorithm is needed to provide

precise rotation angle calculation.

During the construction of T4, an accident involving a broken joint weld in the structure
could be the cause of the camera rotation. In addition to the rotation, T4 was also observed
to have pointing hysteresis. Additional welding performed in 2010 appears to have remedied

the problems.

4.3.3 Relative calibration

Within each dataset, linear image brightness density (LIBD) comparison between tele-
scopes can show whether or not the telescopes have comparable efficiencies. LIBD is defined
by the signal sum of the pixels passing analysis divided by the length of the image. The
error bar shown in Figure 4.8 represents the RMS of the LIBD distribution within each run
divided by the laser intensity. The LIBD is in units of photoelectrons per degree per joule
(pe/deg/ud), except for 2008-12-10 dataset where the laser intensity was not measured and
therefore only the image signal/length is shown. The length of the image is converted to
degrees from the known angular size of the camera pixel, and the signal sum is converted
from digital counts (dc) to photoelectrons (pe) due to known differences in each camera’s
performance. The dc/pe ratio is extracted from the daily diagnostics of the standard laser
run. The respective ratios used are listed in Table 4.4. Even with the known differences in
camera performance accounted for, the LIBD of each telescope is still significantly different

from each other as shown in Figure 4.8.

T1 is the prototype of the array and its decreased performance in earlier dataset can be
due to older PMTs and mirrors. These components are now routinely replaced, as mentioned
earlier in Calibration Techniques (3.3.2). T2 consistently has the lowest efficiency of the
entire array, with the most recent measurement in late 2008 ~ 20% lower. The reason is
unknown as relat