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Abstract

Calibration tests were made on the T1 and T2 telescopes of the CANGAROO collab-
oration in 2001 to 2003, using a custom-made LED light flasher apparatus to test the
two (T1 and T2) telescope responses to a fixed amplitude light signal. The flasher
apparatus was set up (a kilometre distance from the telescopes), to trigger the tele-
scopes with a 10 nanosecond or 20 nanosecond pulse width flash, running at a rate of
1 kilohertz. Measurement of the light intensity of the flasher was achieved by using
a custom-made PIN diode monitor coupled to the flasher output. After data analy-
sis, it was found that the principal flasher signal amplitude variation (from month to
month) as measured by a telescope, was due to errors in the encoders upon slewing
and parking the telescope. This effect was found and measured by taking the two
dimensional cross-correlation of the flasher pixel images (acquired in the camera of the
two telescopes), taken monthly. Measurement of the T1 telescope energy threshold
was attempted, using cosmic ray showers at the zenith, on two separate occasions.
Finally, 2313.9 on-source minutes of data on the HBL Lac. blazar, Markarian 421 data
was acquired by T1 in 2001 to 2003, and 1013 on-source minutes of data on the BL
Lac. blazar EXO 055625-3838.6 were acquired in 2002 and 2003, by T1. From alpha
plot distributions (where alpha < 40°), it was found that the TeV gamma ray signal
significance for Markarian 421 was 2.8 ¢ (in 2001-03); 3.3 ¢ (in 2001) and 0.4 o (upper
limit in 2002-03). Furthermore, from (alpha < 20°) to maximize signal over noise,
the significance for Markarian 421 was found to be 3.5 ¢ (2001-03); 3.5 ¢ (in 2001)
and 1.2 o (upper limit in 2002-03). The TeV gamma ray signal significance (where
alpha < 20°), was 2.2 o for EXO 055625-3838.6 over 2002-03.



Declaration

This thesis does not contain work which has been accepted for any other award in
any university. Nor does it contain work which has previously appeared elsewhere,
except where referenced within the text. It is available to be photocopied /downloaded
and lent from the University (Barr-Smith) Library. I give permission for digital ver-
sions of this thesis to appear on the internet, provided all acknowledgments to the
author and reference to this work are made, and no changes to this thesis is permitted

without written authorization from the author.

David Swaby

December, 2010

vi



Acknowledgments

[ would like to thank Prof. Roger Clay (University of Adelaide) for his assistance and
advice with the analysis work and thesis on this project, overall, showing consider-
able patience throughout. I would also like to thank Dr. Greg Thornton (University
of Adelaide) for his advice with the flasher calibration image analysis and Dr. John
Patterson (University of Adelaide), for his concept and involvement with the flasher
project (1999-2002). Furthermore, I would like to thank technical staff at the Univer-
sity of Adelaide; Neville Wild (electronics) and Graham Eames (fabrication), for their
contribution to the flasher calibration apparatus and PIN diode monitor. Finally I
would like to thank Japanese colleagues; Dr. Satoshi Hara and Dr. Kimihiro Okumura
(University of Tokyo) for their assistance with the data acquisition data banks from
CANGAROO and also for assistance with the gamma ray source analysis algorithm

(Dr. Satoshi Hara).

Non est ad astra mollis e terris via.

vil



Preface

In the following chapters, most italicized words with the first letter capitalized, rep-
resents a trade name (or experiment name), for a component (electronic) module or
software, e.g. Nichia. Words in standard capitals are usually abbreviations, e.g. CAN-
GAROQO (see the list of abbreviations, units and symbols tables at the beginning of this
thesis). Words that are in bold text often represent: 1. Raw or calibrated telescope
data format, e.g. caliblOa. 2. A measured variable, e.g. ievent. 3. An ion e.g.

He™t.
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AGN
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CANGAROO
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CCMP
CGRO
CIB
CMB
CMOS
CPU
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DSM
DVM
EGRET
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EBL
EIC
EXO
FoV
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GPS
HBL Lac.
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HESS
HV
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ICRR
1D

3

LED
MAGIC
MC

ND
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Op. amp.
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PDM
p.e.
PMT(s)

Alternating Current

Analogue to Digital Conversion

Active Galactic Nuclei

Advanced Satellite for Cosmology and Astrophysics

Bayonet Neill-Concelman connector

Computer Automated Measurement And Control

Collaboration between Australia and Nippon (Japan) for a GAmma Ray Observatory
in the Outback

Charge-Coupled Device

Cross-Correlation Maximum Position

Compton Gamma Ray Observatory satellite

Cosmic Infra-red Background

Cosmological Microwave Background

Complementary Metal-Oxide Semiconductor

Central Processing Unit

Digital to Analogue Conversion

Digital Audio Tape format

declination: Degree angular coordinate north or south of the celestial equator (see RA)
Direct Current

Discriminator and Summing Module

Digital Volt Meter

Energetic Gamma Ray Experiment Telescope

Extensive Air Showers (atmospheric particle showers by cosmic/gamma rays from space)
Extragalactic Background Light
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European X-ray Observatory satellite

Field of View

Full Width at Half Maximum

Gamma-ray Large Area Space Telescope satellite

Global Positioning System

H (H=high; GeV-TeV energy peaked) BL Lacertae blazar sources
High Energy Gamma Ray Astronomy collaboration.

High Energy Stereoscopic System collaboration

High (DC) Voltage

Imaging Atmospheric Cerenkov Telescope

Inverse-Compton

Institute for Cosmic Ray Research, at the University of Tokyo, Japan
IDentification

Infra Red

Light Emitting Diode

Major Atmospheric Gamma Imaging Cerenkov collaboration
Monte Carlo

Neutral Density polymer film broad spectrum light filter

Nuclear Instrumentation Module

Night Sky Background

Operational amplifier

desktop Personal Computer

PIN Diode Monitor

photo-electron

Photo Multiplier Tube(s)
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p-n
PRR
P/V
RA
RMS
ROSAT
RXTE
SED
SI
SSC
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T1

T2

T3

T4
TDC
Uuv
VERITAS
VME
VR
mA
UA

dB

eV
MeV
GeV
TeV
uF

nF

pF

Hz
kHz
MHz
GHz

positive (p-type) and negative (n-type); combined (p-n) semiconductor diode junction
Pulse Repetition Rate

Peak-to-Valley ratio of a single electron spectrum peak in a photomultiplier tube
Right Ascension: Celestial equatorial coordinate in hours, minutes & seconds (see dec.)
Root Mean Square

ROentgen SATellite

Rossi X-ray Timing Explorer satellite

Spectral Energy Distribution

Le Systeme International d’unités, International System of (metric) Units
Synchrotron Self-Compton

Solar Tower Atmospheric Cerenkov Effect Experiment

the CANGAROO-II telescope (first (T1) telescope in the CANGAROO-III array)
second (T2) telescope in the CANGAROO-IIT array

third (T3) telescope in the CANGAROO-III array

forth (T4) telescope in the CANGAROO-III array

Time to Digital Conversion

ultraviolet

Very Energetic Radiation Imaging Telescope Array System collaboration
Versa-Modular Eurocard

Variable Resistor

milliampere = 10~3 ampere, SI unit of electrical current

microampere = 107% ampere

decibel, dimensionless logarithmic unit of intensity measurement

electronvolt =~ 1.6 x 107 joule, SI energy unit

megaelectron volt = 108 electronvolts

gigaelectron volt = 10° electronvolts

teraelectron volt = 102 electronvolts

microfarad = 1076 farad, SI unit of capacitance

nanofarad = 10~ farad

picofarad = 1072 farad

hertz, SI frequency unit

kilohertz = 102 hertz

megahertz = 10% hertz

gigahertz = 10° hertz

jansky, radio astronomy unit of electromagnetic flux density = 1072 Wm=2Hz
megajansky = 100 jansky

micrometre = 1075 metre

ohm, ST unit of impedance or resistance (DC)

kilohm = 10% ohms

megohm = 10% ohms

nanosecond = 10~ second

steradians, SI solid angle unit

millivolt = 1073 volt, SI electrical potential difference unit

watt, SI unit of power = kg m?s™3

watt per square metre

nanowatt = 1079 watt

velocity of light in a vacuum constant; 3 x 108 m s~
electrical current: ampere. (Unless I is specified as intensity or flux amplitude)
wavelength: metres
frequency: hertz
electrical potential: volt
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buses, and controlling & recording computers for T2. From Kubo et al. (2003) [104].

This diagram shows the data bus and discriminators for the Discriminator and Sum-
ming Module, (DSM) (or TKO module), taken from the CANGAROO observation
manual, Gunji (2006) [73]. The box labeled, “AC”, in the diagram is the (Digital)
to Analogue Converter, DAC. . . . . . . . . . . . . . ..o
Left diagram: The LSUM and NHIT discriminator data bus; threshold control
for nhit_disc discriminator. Right diagram: The ASUM data bus to the CAMAC
C285 & LeCroy 4413 NIM crates; threshold control for the CAMAC and nbox_disc
discriminators, [73]. . . . . . . .. ...
The left diagram is the data bus for the TKO DSM, (Hoshin 2548, [127]). Circuitry
within the dashed line boxes are not included in T1. The right diagram shows

the data bus acquisition trigger, which is an extension of the LSUM and ASUM

discriminator logic gates shown in the left diagram, from Kubo (2001) [105]. . . . .

Photograph of the flasher apparatus above (top figure), including a design sketch of
Unit 1 (bottom figure), from Patterson, Swaby & Wild (2001) [136]. . . . . . . .
Circuit diagram of the Nichia blue LED flasher calibration apparatus. For clarity,

this figure is shown enlarged in Appendix A, Figure A.1. . . . . . . . . . . . ..
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4.3

4.4

4.5

4.6

5.1

5.2

Sketch of the PIN diode flasher monitor apparatus. The circuit is held in a die cast
metal box; 11.3 cm x 3 cm X 6.2 cm shown. The PIN diode monitor circuit is shown
in Figure 4.4. . . . . . . oL L oL e e e e e e e
Circuit diagram of PIN diode monitor apparatus to measure the flasher output. For
clarity, this figure is enlarged in Appendix A, Figure A.2. . . . . . . . . . . . ..
PIN diode monitor output voltages, testing the linearity of the light intensity output
of the flasher using neutral density filters. . . . . . . . . . . . . . . . .. ...
PIN Diode monitor output voltage measurements of the flasher, taken at the 10
ns & 20 ns setting, using the unit 2 emitter. Weighted means of the voltage were
calculated, usually because two or more readings were taken at the time of calibration
(see equation 4.2, for weighted mean definition). The open symbols indicate where
the sticky tape (semi-opaque film), on unit 2 was not changed immediately before

taking PIN diode readings. . . . . . . . . . . . . . ..o

Background light peak (left peak on both histograms) with added flasher signal (right
peak both histograms), taken in 1999 from the airport tower. Left: Histogram plot of
raw ADC count values for all 256 pixels in the inner T'1 camera, for all events. The
number of event triggers in this run (99071204), is 5719. The flasher unit triggers at
33 Hz, interspersed with many background light event triggers without the flasher
signal present. Right: Histogram of; Zfiﬁ (sum of raw ADC counts of the inner T1
camera pixels for each event), for all events (number of events is 5719). The data file
is the same as the left histogram. The sum ADC (flasher signal) histogram peak at
~ 20000 counts, is explained in Section 5.1.3. . . . . . . . . . . . .. ... ..

_(@—p)?

L_ exp [ 5o2 }, where o is the

Gaussian or Normal distribution; f(z;p,0) = —=

Population Standard Deviation and the mean is, u, Bevington (1992) [32]. These
three curves are based on this statistical function only and not flasher data, for
illustrative purposes. Typically, while p # 0 for a signal, these three curves show
flattening when the FWHM, I', widens with increasing background noise level, where
I'; has the lowest background noise level (smallest FWHM), to I's, which has the
highest (largest FHWM). All three curves have the same mean or maximum “signal

amplitude”, p="0. . . . . . . . L. e e e e e
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2.3

5.4

2.5

2.6

5.7

2.8

A LED calibration (or scan) plot result for a single PMT pixel (number 1), produced
by calib10, Okumura (2000) [132]. The mean ADC (the average summed ADC counts
of every camera pixel shown on the z-axis), is plotted against their individual ADC
count value on the y-axis. The two circle points on each graph is a LED run; the
slightly higher value pixels is a LED data file set to 0 dB, and the lower value is LED
1 dB. These points are closely spaced due to the standard output of flat-fielding
calibration. The equation; y = P2x + P1, describes the fitted line through these two

points, results shown in the upper right box. . . . . . . . . . . ... L.

LED scan result for 16 PMTs (pixels) in Box number 1, produced by calib10, [132].
PMT 1 is shown larger in Figure 5.3. Each graph is a LED scan in ADC counts for

the i*® pixel number (ADC pixel numbers 1 to 16 in this case). . . . . . . . . . .

Calib10 bad channels as represented by the T1 camera. Crossed pixels are flagged
as bad channels, square ([ |) pixels are accepted (not bad channel) pixels and the
asterisks are printing padding. PMT boxes information for T1 camera is found in
Figure 3.7. The left figure is from July 2001 (data file no. 1071712), and the right

figure from Feb. 2002 (data file no. 2020705). . . . . . . . . . . . ... .. ..

A sketch of the Neutral Density (ND) holder for the flasher. The arrows show where
the aluminium sheet is folded over at the edges to enable the ND filter film to be

held in place when slotted in. . . . . . . . . . . .. ..o

Geometry of the knife-edge diffraction, acting as an interferometer. From Kumar et

al. (2007) [L06]. . . . o o e

Two dimensional cross-correlation results for T1 flasher calibration by the calibration
month, shown in the cross-correlation transform space of x-shift (delta, 0), y-shift
(epsilon, €). Flasher calibration month shown as the first month above each slide
with the slide number on the top left, e.g. slide 1 is the April 2001 calibration. The
concentric rings centre position in these slides (numbers 1 to 8), is the position of the
cross-correlation maximum. This maximum position is shown in § and €, in Table
5.4. Slide no. 8 shows the autocorrelation function (cross-correlating October 2003

with itself). For clarity, this figure is enlarged in Figure E.4, Appendix E. . . . . .
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5.9

5.10

5.11

5.12

Mean ADC over all calibration months. The eight selected inner camera linear pixels
used are (by ADC ID-number); 60, 64, 73, 74, 154, 227, 228, 236. Flasher settings
are 10ns (solid lines), and 10ns ND 0.4 filter (dotted lines), recorded in calibl0a
data format. Each point and line, pertinent to its particular pixel, is indicated by
the table on the right of the graph. Each monthly mean ADC value is corrected
using the PDM derived ratio values, shown in Table 4.3. For clarity, this figure is

also shown enlarged in Figure F.1, Appendix F. . . . . . . . . . .. ... ...

Normalized ratio of average mean ADC of the eight selected T'1 camera pixels over all
calibration months for the 10ns setting with T1 cross-correlation maximum position
distance (where 1.0 indicates the camera centre position and a lower value, further
away from it). See Table 5.5. Both these quantities plotted together are unit-less.
The average mean ADC datum point from June 2003 has been left out due to mirror

dewing. This figure is enlarged in Figure F.2 (Appendix F), for clarity. . . . . . .

Plot of cross-correlation maximum position distance from 1.0 (see Figure 5.10), versus
ratio of average mean ADC of the eight selected T1 camera pixels over all calibration
months for 10ns setting to test the hypothesis, that of correlation, between these two
variables. The least linear squares fit result equation is shown in the lower right of

the figure. . . . . . . . .. L. e e e e

Comparison of 10ns flasher hit-map contour images with the calibration in Feb. 2002,
compared to July 2001 . Slide A is July 2001 (unit 2), slide B is Feb. 2002 (unit
2), slide C is July 2001 (unit 1), slide D is Feb. 2002 (unit 1). The number of
equidistant contour lines are fixed at 10. Contour colours are false and not set to any
level. Contour levels are determined from the maximum pixel value to zero. This

figure is enlarged in Appendix E, Figure E.2. . . . . . . . . ... o000
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5.13

5.14

0.15

5.16

5.17

T1 flasher mean ADC two dimensional pixel map (top two slides), and mean sum
ADC (bottom two histograms). The data for all four figures is 20ns (no ND filters)
from T1 in June 2003. The colour scale on the right hand side of the top slides
is mean ADC count where, e.g. yellow indicates a mean ADC pixel count between
1000 to 1999. The isolated bright (> 7000 mean ADC counts) pixel in the lower
right hand corner of the pixel maps is a scaling reference pixel only, and is not a real
data point. “Flashercut” and “saturated” were an early attempt at pixel correction,
where “saturated” are uncorrected pixels, see Section 5.2.5. This figure is also shown

(enlarged) in Figure E.3, Appendix E. . . . . . . . . .. ..o

ADC count histograms per pixel (in T1) from box number 10. The ADC pixel
number is shown above each histogram (i.e. 145 to 160). These histograms are used

to show examples of malfunctioning PMTs. . . . . . . . . . . .. . . .. ...

Sketch showing any T1 camera pixel (except edge pixels). The central pixel is grey

shaded, with eight adjacent pixels. The two crossed pixels are “bad” pixels.

Box numbering PMT pixels in the T2 camera. . . . . . . . . . . . . . ... ..

Two dimensional cross-correlation results for the T2 flasher calibration by calibration
month, shown in the cross-correlation transform space of x-shift (delta, d), y-shift
(epsilon, €). The centre of the concentric rings in these slides (numbers 1 to 6), is
the position of the cross-correlation maximum. This maximum position is shown in
0 and €, in Table 5.7. Slides 1 to 3 are the 10 ns flasher setting and slides 4 to 6 are
10 ns ND 0.4 flasher setting. The cross-correlation months (shown above each slide)
as January and June 2003 with slides 3 and 6 showing the auto-correlation function
(cross-correlating October 2003 with itself). For clarity, this figure has been enlarged

in Appendix E, Figure E.5. . . . . . . ... 00000 Lo oL
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5.18

5.19

6.1

6.2

7.1

7.2

Showing: 1. Normalized ratio of average mean ADC of the 192 inner T2 camera
pixels for the calibration months, January, June & October 2003, for 10 ns & 10 ns
settings. 2. Normalized T2 cross-correlation maximum position distance from 1.0°,
for 10 ns & 10 ns ND 0.4 settings. All results from other months are normalized to
the sum ADC and cross-correlation maximum values from October 2003. Error bar
size is explained in the main body of the text. This figure is enlarged in Figure F.3

(Appendix F), for clarity. . . . . . . . . . ..o Lo

Plot of cross-correlation maximum position distance from 1.0°, versus ratio of average
mean ADC of the 192 inner T2 camera pixels over January & October 2003 for 10 ns
and 10 ns ND 0.4 settings, to test the hypothesis (that of correlation), between these
two variables. The least linear squares fit result equation is shown in the centre left
of the figure. The data from June 2003 has been left out due to mirror dewing on

thismonth. . . . . . . . . . e e e

Zenith cosmic ray shower run from July 2001 from calib10. The abscissa range is

10000 to 150000 sum ADC counts. . . . . . . . . . . ...

Zenith cosmic ray shower run from Feb. 2002, uncalibrated. The abscissa range is

60000 to 150000 sum ADC counts. . . . . . . . . . . . ...

T1 dish tracking plot of the zenith angle of one Mkn 421 on-source data file (number
01012619) as an example. The zenith angle is 90° minus the dish degree elevation
angle. The ievents number is the number of the telescope triggered events, propor-

tional to the exposure time. . . . . . . . . . . . .. L. L0

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for Markarian 421: Showing the Hillas parameter distance (dis, bottom left histogram
and given in units of degrees), amongst other results. The assumed spectral index

for this source is 3.0, the zenith angle is 70° and the number of events simulated is



7.3

7.4

7.5

7.6

7.7

7.8

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for Markarian 421: Showing the Hillas parameter length (len) and width (wid), all
given in units of degrees, amongst other results. The assumed spectral index for this

source is 3.0, the zenith angle is 70° and the number of events simulated is 1 x 10°.

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for Markarian 421: Showing the Hillas parameter alpha (top left histogram, given in
units of degrees), amongst other results. The spectral index for this source is 3.0,

the zenith angle is 70° and the number of events simulated are 1 x 10%. . . . . . .

Plot of elapsed data acquisition seconds from the start, versus trigger rate for the
calib10a data file; 01012809 (Mkn 421, see Table H.1, Appendix H). Trigger rate is

the number event triggers per second (rate per sec.). . . . . . . . . . . . . ...

Camera image pixels as they appear for each event trigger in the the T1 telescope.
The pixels are TDC data, where the light grey pixels are un-triggered low value pixels,
while coloured pixels are detected EAS Cerenkov photons or random background
noise photons. The relative scale of TDC pixel amplitudes is shown on the right of
each camera image box. The left figure shows what NSB noise may typically appear
like, i.e. a few randomly scattered pixels. The right figure is an example of an EAS
shower caused by a cosmic ray EAS in this case. In EAS events, the camera pixels

are usually clustered around the shower core image. . . . . . . . . . . . . . ..

The alpha image plot for all Markarian 421 T1 observation data from 2001 to 2003
(data files; see Tables H.1 and H.2, Appendix H). The solid line is the alpha plot from
on-source data and the overlaid dotted line is the alpha plot from off-source data.
These on- and off-source alpha plots in the above figure, can be viewed separately in

Figure J.1 (on-source) and Figure J.2 (off-source) in Appendix J. . . . . . . . . .

The alpha image plot for Markarian 421 T1 observation data from 2001 only (data
files; see Table H.1, Appendix H). The solid line is the alpha plot from on-source
data and the overlaid dotted line is the alpha plot from off-source data. These on-
and off-source alpha plots in the above figure, can be viewed separately in Figure J.3

(on-source) and Figure J.4 (off-source) in Appendix J. . . . . . . . . . . .. ..
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7.9

7.10

7.11

7.12

7.13

7.14

The alpha image plot for Markarian 421 T1 observation data from 2002 to 2003 only
(data files; see Table H.2, Appendix H). The solid line is the alpha plot from on-
source data and the overlaid dotted line is the alpha plot from off-source data. These
on- and off-source alpha plots in the above figure, can be viewed separately in Figure

J.5 (on-source) and Figure J.6 (off-source) in Appendix J. . . . . . . . . .. ..

T1 dish tracking plot of the zenith angle of one EXO 055625 on-source data file
(number 02110806) as an example. The zenith angle is 90° minus the dish degree
elevation angle. The ievents number is the number of telescope triggered events,

proportional to the exposure time. . . . . . . . . . . . ..o

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for EXO 055625-3838.6: Showing the Hillas parameter distance (dis, bottom left
histogram and given in units of degrees), amongst other results. The spectral index

for this source is 2.7, the zenith angle is 10° and the number of events simulated are

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for EXO 055625-3838.6: Showing the Hillas parameter length (len) and width (wid),
all given in units of degrees, amongst other results. The spectral index for this source

is 2.7, the zenith angle is 10° and the number of events simulated are 1 x 105. . . .

Histograms of primary gamma ray EAS Monte Carlo GEANT 3.21 simulation results
for EXO 055625-3838.6: Showing the Hillas parameter alpha (top left histogram,
given in units of degrees), amongst other results. The spectral index for this source

is 2.7, the zenith angle is 10° and the number of events simulated are 1 x 105. . . .

The alpha image plot for EXO 055625-3838.6 T'1 observation data from 2002 to 2003
(data files; see Table H.3, Appendix H). The solid line is the alpha plot from on-
source data and the overlaid dotted line is the alpha plot from off-source data. These
on- and off-source alpha plots in the above figure, can be viewed separately in Figure

J.7 (on-source) and Figure J.8 (off-source) in Appendix J. . . . . . . . . . . ..
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8.1

8.2

Al
A2

C.1

C.2
C.3
C4
C.5
C.6
C.7
C.8
C9

Plot of cross-correlation maximum position distance from 1.0 (see Figure 5.10), versus
ratio of average mean ADC of the eight selected T1 camera pixels over all calibration
months for 10ns setting to test the hypothesis, that of correlation, between these two
variables. The least linear squares fit result equation is shown in the lower right of
the figure. . . . . . . . L L L e e e
From Okumura et al. (2002) [133]: Differential energy spectra from CANGAROO
shown from Okumura et al. (2002) [133], Whipple and HEGRA (shown separately)
derived from the Mkn 421 TeV gamma ray observation dataset, during a flaring state
in late 2000/early 2001. The differential energy spectra is described by equation 8.2
(Whipple [103]), equation 8.3 (HEGRA [8]), and equation 8.4 (CANGAROO [133]) in
this section. The inset; “with the filled circles was used for the spectral shape fitting.
The fluxes plotted for the HEGRA group have been scaled in order to normalize it

to the Whipple flux at 1 TeV”, [133]. . . . . . . . . . . . . .. ... ...

Circuit diagram (rotated 90°) of the Nichia blue LED flasher calibration apparatus.

Circuit diagram (rotated 90°) of pin diode monitor apparatus to measure the flasher

ADC pedestals over 15 months. Box 1. Each figure shows 1-16 boxes of the T1 inner
camera (16 pixels per box). ADC pixel number is shown below each histogram.

Box 2. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 3. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 4. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 5. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 6. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 7. ADC pixel number is shown below each histogram. . . . . . . . . . . ..
Box 8. ADC pixel number is shown below each histogram. . . . . . . . . . . ..

Box 9. ADC pixel number is shown below each histogram. . . . . . . . . . . ..

C.10 Box 10. ADC pixel number is shown below each histogram. . . . . . . . .. . .

C.11 Box 11. ADC pixel number is shown below each histogram. . . . . . . . .. . .

C.12 Box 12. ADC pixel number is shown below each histogram. . . . . . . . . . . .
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C.13 Box 13. ADC pixel number is shown below each histogram. . . . . . . . . . .. 228

C.14 Box 14. ADC pixel number is shown below each histogram. . . . . . . . . . .. 229
C.15 Box 15. ADC pixel number is shown below each histogram. . . . . . . . . . .. 230
C.16 Box 16. ADC pixel number is shown below each histogram. . . . . . . . . . .. 231

D.1 ADC pedestals differences over 15 months. Box 1. Each figure shows a box of the T1
inner camera, (16 pixels per box). “Pedestal difference” is the difference between the

sample mean ADC, see equation 5.4 (Section 5.1.6), and the mean ADC generated

by PAW, from the ADC histogram. . . . . . . . . . . . . . .. ... ... .. 233
D.2 Box 2. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 234
D.3 Box 3. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 235
D.4 Box 4. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 236
D.5 Box 5. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 237
D.6 Box 6. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 238
D.7 Box 7. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 239
D.8 Box 8. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 240
D.9 Box 9. ADC pixel number is shown below each histogram. . . . . . . . . . . .. 241
D.10 Box 10. ADC pixel number is shown below each histogram. . . . . . . . . . .. 242
D.11 Box 11. ADC pixel number is shown below each histogram. . . . . . . . . . .. 243
D.12 Box 12. ADC pixel number is shown below each histogram. . . . . . . . . . .. 244
D.13 Box 13. ADC pixel number is shown below each histogram. . . . . . . . . . .. 245
D.14 Box 14. ADC pixel number is shown below each histogram. . . . . . . . . . . . 246
D.15 Box 15. ADC pixel number is shown below each histogram. . . . . . . . . . . . 247
D.16 Box 16. ADC pixel number is shown below each histogram. . . . . . . . . . . . 248
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E.1

E.2

E.3

EA4

Hit-map of T'1 flasher images from Feb 7th 2002. This “hit-map” is a two dimensional
image map (of the T1 camera), where any PMT pixel recorded a “hit” during the
data acquisition run (see Section 3.2.6), hence hit pixels. The colour scale on the two
right hand side slides (slides B and D) is hit pixel count where, e.g. yellow indicates
a hit pixel count between 2000 to 3999. The number of equidistant contour lines are
fixed at 10. Contour line colours are false and not set to any level. Contour line
levels are determined from the maximum pixel value to zero. Slides A and B are
unit 2 at 20ns. Slides C and D are unit 2 at 10 ns. The FOV of the camera shown

in each slide is about 3 degrees by 3 degrees. . . . . . . . . . . . . .. ... ..

Comparison of 10ns flasher T1 hit-map contour images with the calibration in Feb.
2002, compared to July 2001. The number of equidistant contour lines are fixed at
10. Contour colours are false and not set to any level. Contour levels are determined
from the maximum pixel value to zero. Slide A is July 2001 (unit 2), slide B is Feb.

2002 (unit 2), slide C is July 2001 (unit 1), slide D is Feb. 2002 (unit 1). . . . . .

T1 flasher mean ADC two dimensional pixel map (top two slides), and mean sum
ADC (bottom two histograms). The data for all four figures is 20ns (no ND filters)
from T1 in June 2003. The colour scale on the right hand side of the top slides
is mean ADC count where, e.g. yellow indicates a mean ADC pixel count between
1000 to 1999. The isolated bright (> 7000 mean ADC counts) pixel in the lower
right hand corner of the pixel maps is a scaling reference pixel only, and is not a real
data point. “Flashercut” and “saturated” were an early attempt at pixel correction,

where “saturated” are uncorrected pixels, see Section 5.2.5. . . . . . . . . . . ..

Two dimensional cross-correlation results for the T1 flasher calibration by the cali-
bration month, shown in the cross-correlation transform space of x-shift (delta, §),
y-shift (epsilon, €). The flasher calibration month is shown as the first month above
each slide with the slide number on the top left, e.g. slide no. 1 is the April 2001
calibration. The centre of the concentric rings in these slides (numbers 1 to 8), is the
position of the cross-correlation maximum. This maximum position is shown in §
and €, in Table 5.4. Slide no. 8 shows the autocorrelation function, (cross-correlating

October 2003 with itself). . . . . . . . . . . ... oL
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E.5

F.1

F.2

F.3

F4

G.1

Two dimensional cross-correlation results for the T2 flasher calibration by calibration
month, shown in the cross-correlation transform space of x-shift (delta, 9), y-shift
(epsilon, €). The centre of the concentric rings in these slides (numbers 1 to 6), is
the position of the cross-correlation maximum. This maximum position is shown in
0 and €, in Table 5.7. Slides 1 to 3 are the 10 ns flasher setting and slides 4 to 6 are
10 ns ND 0.4 flasher setting. The cross-correlation months (shown above each slide)
as January and June 2003 with slides 3 and 6 showing the autocorrelation function,

(cross-correlating October 2003 with itself). . . . . . . . . . . . .. ... ..

Mean ADC over all calibration months, per pixel (rotated 90° to fit page). The eight
selected inner camera linear pixels used are (by ADC ID-number); 60, 64, 73, 74,
154, 227, 228, 236. Flasher settings are 10ns (solid lines), and 10ns ND 0.4 filter
(dotted lines), recorded in calibl0a data format. Each point and line, pertinent to

its particular pixel, is indicated by the table on the right of the graph. Each monthly

mean ADC value is corrected using the PDM derived ratio values, shown in Table 4.3.256

Normalized ratio of average mean ADC of the eight selected T'1 camera pixels over all
calibration months for the 10ns setting with T1 cross-correlation maximum position
distance (where 1.0 indicates the camera centre position and a lower value, further
away from it). Both these quantities plotted together are unit-less. The average

mean ADC datum point from June 2003 has been left out due to mirror dewing. . .

(Rotated to fit page). Showing: 1. Normalized ratio of average mean ADC of the 192
inner T2 camera pixels for the calibration months, January, June & October 2003,
for 10 ns & 10 ns settings. 2. Normalized T2 cross-correlation maximum position
distance from 1.0, for 10 ns & 10 ns ND 0.4 settings. All results from other months

are normalized to the sum ADC and cross-correlation maximum values from October

(Rotated to fit page). Monthly data of Outside Temperature, Dew Point and Hu-

midity from the Davis Weather Station at the T1 telescope. . . . . . . . . . ..

Page 1 logbook entry detailing flasher image analysis from 24/2/01 and 25/2/01

showing consistent dark bands through different flasher data files . . . . . . . . .
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G.2

I.1

I.2

I.3

[4

L5

1.6

Page 2 loghook entry, detailing flasher image analysis from 25/2/01 (and previous
month’s data on the 2nd January 2001), showing consistent dark bands through

different flasher data files. . . . . . . . . . . . ...

Histograms of primary proton EAS Monte Carlo GEANT 8.21 simulation results for
Markarian 421: Showing the Hillas Parameter distance (dis), amongst other results.
The spectral index for this source is 2.7, the zenith angle is 70° and the number of

events simulated are 1 x 10°. . . . . . . . . ...

Histograms of primary proton EAS Monte Carlo GEANT 8.21 simulation results for
Markarian 421: Showing the Hillas Parameter length (len) and width (wid), amongst
other results. The spectral index for this source is 2.7, the zenith angle is 70° and

the number of events simulated are 1 x 10°%. . . . . . . . . . . . . . ... ...

Histograms of primary proton EAS Monte Carlo GEANT 3.21 simulation results for
Markarian 421: Showing the Hillas Parameter alpha (top left histogram), amongst
other results. The spectral index for this source is 2.7, the zenith angle is 70° and

the number of events simulated are 1 x 105, . . . . . . . . . . .. . ... ...

Histograms of primary proton EAS Monte Carlo GEANT 8.21 simulation results for
EXO 055625-3838.6: Showing the Hillas Parameter distance (dis), amongst other
results. The spectral index for this source is 2.7, the zenith angle is 10° and the

number of events simulated are 1 x 105. . . . . . . . . . . .. ... ... ...

Histograms of primary proton EAS Monte Carlo GEANT 3.21 simulation results
for EXO 055625-3838.6: Showing the Hillas Parameter length (len) and width (wid),
amongst other results. The spectral index for this source is 2.7, the zenith angle is

10° and the number of events simulated are 1 x 10°. . . . . . . . . . . . . . ..
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